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Abstract The present review focuses on the brain structure of

male-to-female (MtF) and female-to-male (FtM) homosexual

transsexuals before and after cross-sex hormone treatment as

shown by in vivo neuroimaging techniques. Cortical thickness

and diffusion tensor imaging studies suggest that the brain of

MtFs presents complex mixtures of masculine, feminine, and

demasculinized regions, while FtMs show feminine,masculine,

and defeminized regions. Consequently, the specific brain phe-

notypes proposed for MtFs and FtMs differ from those of both

heterosexual males and females. These phenotypes have theo-

retical implications for brain intersexuality, asymmetry, and

bodyperceptionintranssexualsaswellasforBlanchard’shypothe-

sis on sexual orientation in homosexual MtFs. Falling within the

aegis of the neurohormonal theory of sex differences, we hypoth-

esize thatcorticaldifferencesbetweenhomosexualMtFsandFtMs

andmale and female controls are due to differently timed cortical

thinning in different regions for each group. Cross-sex hormone

studies have reportedmarked effects of the treatment onMtF and

FtMbrains. Their results are used to discuss the early postmortem

histological studies of theMtF brain.

Keywords Transsexualism � Sex differences �
Gender identity �Gender dysphoria �
Cross-sex hormone treatment �Magnetic resonance imaging

Introduction

Transsexuals seek or have undergone a social transition from

male to female (MtF)or female tomale (FtM), a transition that in

many,butnotall, casesalso involvesasomatic transitionbycross-

sexhormone treatmentandgenital surgery (AmericanPsychiatric

Association, 2013;Meyer-Bahlburg, 2010, 2013).

Although the etiology of transsexualism is unknown, biolog-

ical and environmental factors have been suggested to contribute

to gender identity variations (Cohen-Kettenis & Gooren, 1999;

Savic, Garcia-Falgueras, & Swaab, 2010; Lawrence & Zucker,

2014). Biological causes for gender dysphoria (GD) are sup-

ported by studies on familial groups (Gomez-Gil et al., 2010;

Green, 2000), birth order (Blanchard & Sheridan, 1992; Blan-

chard,Zucker,Cohen-Kettenis,Gooren,&Bailey,1996;Gomez-

Gil et al., 2011;VanderLaan, Blanchard,Wood,Garzon,&

Zucker,2015;Vasey&VanderLaan,2007),andtwins(McKee,

Roback,&Hollender,1976;Zucker&Bradley,1995).Areview

of the literature of twins concordant and discordant forGD sug-

gestsa role forgenetics in thedevelopmentofGD(Heylensetal.,

2012).Molecular genetics have been used to analyze peripheral

sex steroid-related polymorphisms in steroid receptors or steroid

enzymegenes (Fernandez et al., 2014a, 2014b;Hare et al., 2009;

Henningssonetal.,2005;Ujikeetal.,2009).Researchonprenatal

androgen exposuremarkers has provided some evidence of

transsexual differences based on the 2D:4D ratio (Schneider,

Pickel&Stalla, 2006;Wallien, Zucker, Steensma&Cohen-

Kettenis, 2008). Thefindings fromall the above studies suggest

that genetic factors could influencebrain andbehavioral phe-

notypes.
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In regard to environmental variables, parental and family fac-

tors have been reviewed (Lawrence & Zucker, 2014); parental

influences seem to be a contributing factor to the development of

GID (Cohen-Kettenis &Gooren, 1999) and play a role in social

gender transitioning (Steensma, McGuire, Kreukels, Beekman,

& Cohen-Kettenis, 2013).

With respect to the developmental course of GD and sexual

orientation,DSM-5indicates that inbothnatallymaleandfemale

children showing persistence, almost all are sexually attracted to

individuals of their natal sex. Moreover, there are two broad

trajectories for the development of GD: early-onset and late-

onset. Early-onset GD starts in childhood and continues into

adolescence and adulthood, while late-onset GD begins

around puberty or even much later in life. Adolescent and adult

natalmaleswithearlyonsetofGDarealmostalwaysandrophilic,

while most with a late onset are gynephilic. In natal females, the

most common course is early-onset GD; they are almost always

gynephilic, while the few with late-onset GD are usually andro-

philic (APA, 2013, pp. 455–456). Although DSM-5 criteria no

longer include diagnostic subtyping by sexual orientation, early

and late GD onset and sexual orientation have been stressed by

thoseauthorswhodistinguish twosubtypesofMtFsandFtMs

(Blanchard,1989a,1989b;Smith,vanGoozen,Kuiper,&Cohen-

Kettenis, 2005). Blanchard, taking into account the sex chromo-

somes at birth, has named androphilic MtFs homosexual and

gynephilic MtFs nonhomosexual (Blanchard, 1989a, 1989b).

However, Gooren had reservations about the use of the terms

‘‘homo’’- and‘‘nonhomosexual’’becauseMtFs do not view them-

selves as homosexuals, considering themselves women in their

sexual interaction with men (Gooren, 2006). The fact that two

subtypes of MtFs and FtMs can be distinguished has important

theoretical and clinical implications for the etiology of transsexu-

alism(Blanchard,2005).Consequently,distinctionsbetweenearly-

andlate-onsetGDandandrophilicandgynephilicsexualorientation

becomeessentialwhenapproaching thebrainof transsexuals.

Moreover,predictionsforbraindifferencesbetweenMtFsubtypes

havebeenadvancedinlightofthisdistinction(Blanchard,2008).

Brain sex differences have been used to study transsexuality.

The approach was based on previous reports regarding the exis-

tenceofmorphologicalsexdifferencesinthemammalianbrain.It

seemslogical tocompare thebrainsofMtFsandFtMswithbrains

from both male and female controls.

The early brain studies on transsexuality, directed toward the

hypothalamusand theextendedamygdala inpostmortemhuman

specimens, reported that the central part of the bed nucleus of the

stria terminalis (BSTc) was feminine in MtFs (Zhou, Hofman,

Gooren, & Swaab, 1995). More recently, a few groups have

explored how brain sex differences are expressed in vivo in the

brain of MtFs and FtMs using neuroimaging techniques.

This review focuses on the brain structure of early-onset GD

androphilic (homosexual) MtFs and early-onset GD gynephilic

(homosexual)FtMs.TheearlyonsetofGDandsexualorientation

are key points in the following analysis. Ourmain aims are to (1)

address thestructuralphenotypeof thebrain inhomosexualMtFs

and FtMs before cross-sex hormone treatment; (2) discuss these

brainphenotypes in the light of theneurohormonal theoryof sex-

ual differentiation of the brain; (3) describe the effects of cross-

sex hormone treatment on the structure of the brain; and (4) ana-

lyzethehistologicalpostmortemstudiesinlightoftheinvivoneu-

roimagingresults. Investigating theseobjectiveshassuggestedan

explanatory hypothesis on gender. In approaching these objec-

tives, we encountered several difficulties. The main one is the

scant number of publishedMRI studies on thebrainof transsexu-

als; this scarcity is more extreme in regard to nonhomosexual

MtFs andFtMs.Moreover, some studies donot report sexual ori-

entation or mix homosexual and nonhomosexual subjects.

Morphological Characteristics of Sex Differences in
the Mammalian Brain

Neurohormonal Theory of Brain Sexual

Differentiation

Observations arising from embryological and behavioral studies

have guided research into the function of gonadal steroids in dif-

ferentiating thebrainsofmalesandfemalesat themorphological,

physiological, and behavioral levels. These seminal works have

shapedwhat is known as the neurohormonal theory of brain sex-

ualdifferentiation,whichisakeypoint tounderstandingthebrain

in relation to gender.

Jost (1947), working with gonadally indifferent rabbit

embryos, showed thatan indifferenturogenital tractgoes through

maledifferentiation ifa testisdevelopsandfemaledifferentiation

if an ovary develops. Embryos gonadectomized before the indif-

ferent gonad differentiates develop as phenotypically female.

These experiments, carried out in the middle of the last century,

demonstrate that the inducedphenotype ismale inmammals and

that testicular secretions are necessary for further male develop-

ment (for review, see Jost, 1972).

In the laboratory of Young (Phoenix, Goy, Gerall, & Young,

1959), a decade after Jost’s findings, a series of studies began on

thesexualbehaviorofmaleandfemaleguineapigsbornofmoth-

ers treatedwith testosteronepropionateduringpregnancy.Andro-

genized female pups were less likely to show lordosis and more

likely to displaymounting behavior in adulthood thanwere con-

trolanimalswhenbothweregonadectomizedandtreatedwiththe

appropriate sex hormones. It was suggested that testosterone

administered prenatally had an organizing effect on the neural

tissuesmediating sexual behavior,while gonadal hormones acti-

vated these tissuesandbehaviorwhenadministered inadulthood.

This hypothesis has guided research on the sexual differentiation

of brain and behavior. However, there are behavioral traits that

onlyrequireorganizingactionsbyandrogens,andnoactivational

influence is necessary for their full expression by the individual;

examples are juvenile play and mounting behavior in rhesus
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monkeysandthemicturitionalpatternsofdogs(Goy&McEwen,

1980).

The organizational–activational hypothesis is the foundation

foraunifiedtheoryofsexualdifferentiationofallmammaltissues

(Arnold,2009).However, somesexdifferencesarenotexplained

by gonadal hormonal effects, but by a primary action of genes

encoded in the sex chromosomes. This understanding allowed

Arnold to integrate the sex chromosome effects in the neuro-

hormonal theory of brain and behavior differentiation.

The conceptual terminology was revisited 10years ago by

Becker et al. (2005). The words‘‘masculine’’and‘‘feminine’’are

used to describe brainmorphological or behavioral traits that are

typical of the males or females of a species, respectively. Mas-

culinization and feminization refer to any change that makes an

individualmore liketypicalmalesor females.Demasculinization

and defeminization denote any change that makes an individual

less like a typical male or female.

Animal Studies

Studies on brain sex differences show threemainmorphological

characteristics.Thefirst is comparative size.Sexdifferences take

one of two opposite morphological patterns in the adult brain

(Segovia & Guillamon, 1993). Neurohistological studies reveal

that in some brain structures males show greater morphological

measurements (i.e., volume, number of neurons, dendrite spines,

etc.) than females, while in other structures the opposite is true

(Guillamon&Segovia,1996;Segovia&Guillamon,1993).Thus,

the brain of each sex showsM[F and F[Mmorphological pat-

terns, according to the region studied (Fig.1a, b).Of course, there

are brain structures that, comparing sexes, are isomorphic (M=

F). Morphologically, the cerebral pattern of M[F, F[M, and

M=F structures determines the sex of the brain. Below, we will

see that male and female patterns reflect different growth pro-

grams for particular structures. The fact that brain sex differences

are present in two opposite morphological patterns (M[F and

F[M)isakeypoint tounderstanding(1)what is truly feminineor

masculine in the brain and (2) how the concepts of masculiniza-

tion,demasculinization, feminization,anddefeminizationinbrain

morphology can be correctly applied in a given sex. If a structure

hasanF[Mpatternofsexdifferences(tobemasculineinthispat-

tern is to have smallermorphologicalmeasurements than females),

then feminizationof this structure inmaleswouldmeanan increase

in themorphologicalmeasurements resulting inanM=Fpattern

for that structure, while demasculinization would mean a varia-

tion of the morphological parameters making that structure sig-

nificantly different from both F andM.

The second characteristic is that brain sex differences are pre-

sent in complex networks involving many regions (Cosgrove,

Mazure, & Staley, 2007; Segovia & Guillamon, 1993; Simerly,

2002).Asanexample, theaccessoryolfactorysystem, implicated

in the control of sexual and maternal behaviors, is known to be

sexually dimorphic in rodents (Segovia&Guillamon, 1993) and

lagomorphs (Segovia et al., 2006). The olfactory system also

shows sex differences in humans (Garcia-Falgueras et al., 2006).

Third, animal ontogenetic studies of the M[F and F[M

patternsshowtwoimportantaspectsas tohowsexdifferencesare

built up in the brain. Natural cell death (apoptosis) and neuroge-

nesis are intrinsic to sex differences’ development and are dif-

ferently timed in different regions.

Thebednucleusof theaccessoryolfactorytract(BAOT)inthe

rat, which belongs to the accessory olfactory systemnetwork (de

Olmos, Hardy,&Heimer, 1978), is sexually dimorphic and pre-

sents anM[F pattern with respect to its volume and number of

neurons (Collado, Guillamon, Valencia, & Segovia, 1990). Sex

differences in this nucleus are controlled in the early postnatal

days by testosterone, probably aromatized to estradiol (Collado

et al., 1990) and, as shown in Fig. 1c, these sex differences are

alreadypresent very early indevelopment; pubertymay just

enhance themfurther through thedecrease inneuronnumber that

occurs in females at that time (Collado, Segovia, & Guillamon,

1998). This suggests that sex differences in theM[Fpattern are

due to apoptosis occurring around puberty in the female.

The locus coeruleus, themain origin of noradrenergic projec-

tions to the brain, presents an F[Mpattern of sex differences in

rats with respect to its volume and neuron numbers (Guillamon,

de Blas, & Segovia, 1988). Ontogenetic studies from embryonic

days toadulthoodshowthat, in females, thenumberofneurons in

this nucleus increases until adulthood,while, inmales, it plateaus

at day 45 after birth (Fig. 1d; Pinos et al., 2001). Puberty, which

occurs between days 35 and 40 in the rat, seems to be important

for building up sex differences.

There are a substantial number of behavioral works with ani-

mals showing that gonadal hormones secreted during puberty

initiateasecondperiodofbrainorganizationinmalesandfemales

(Schulz,Molenda-Figueira, & Sisk, 2009). New cells, including

neurons, arise in M[F and F[Mbrain regions during puberty

and removing the gonads before puberty eliminates this mecha-

nism of sexual differentiation (Ahmed et al., 2008).

Human Studies

Sexdifferences in thehumanbrain have the samemorphological

characteristics observed in animal studies. Postmortem anatom-

ical (Dekaban & Sadowsky, 1978; Pakkenberg & Gundersen,

1997; Rabinowicz, Dean, Petetot, & de Courten-Myers, 1999)

and in vivoMRI studies (Cosgrove et al., 2007; Luders & Toga,

2010; Ruigrok et al., 2014) consistently report 9–12% greater

intracranial volume (ICV) in adult males than females as well as

inchildren(Lenroot&Giedd,2010).ArecentMRImeta-analysis

confirms that ICV shows robust sex differences and suggests a

biastowards18-to59-year-oldswithrespect toICV,whitematter

(WM),graymatter (GM),andcerebrospinalfluid(CSF)volumes

(Ruigrok et al., 2014). The pattern for all these parameters is

M[F (Table1).
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However, when regional aspects of the brain are approached

and ICV controlled, the F[M pattern of volumetric sex differ-

encesisobserved.ThepatternF[Memergesinthepercentageof

GMandthevolumeofthecortex.Subcorticalregionsandtheper-

centage ofWM show anM[F pattern (Tables1, 2).

Brain cortical thickness (CTh) studiesmeasure the distance

between the pia mater and white matter in tens of thousands of

pointsinthecortexandprovidebetterinformationthanthoseusing

voxel-basedmorphometry (VBM) because cortical volumemea-

surements obtained by VBM procedures blend the effects of

cortical surface and folding (Panizzon et al., 2009;Winkler et al.,

2010).CTh studies have shown that females have a thicker cortex

thanmales,even instudies thatcontrol for ICV,bodysize,andage

(Table2).

The best technique to study the microstructure of the WM is

Diffusion Tensor Imaging (DTI). It measures diffusivity of the

water molecules within the axons and detects subtle changes in

the WM and has been used in developmental (Huster, Wester-

hausen, Kreuder, Schweiger, & Wittling, 2009; Schmithorst,

Holland, & Dardzinski, 2008; Westerhausen et al., 2003) and

psychiatric studies (Nucifora, Verma, Lee, & Melhem, 2007).

DTImeasures fractional anisotropy (FA), which indicates white

matter coherence and axonal organization (Lebel, Walker, Lee-

mans, Phillips, & Beaulieu, 2008). Another parameter used to

assess white matter integrity is mean diffusivity (MD) values—

they are complementary information toFAwith highMDvalues

indicating loss of white matter integrity, while a low FA reflects

thesame(Lebeletal.,2008).AsshowninTable3,therearesexdif-

ferences in theWMmicrostructure and, depending on the region,

they present anM[F pattern.

StructuralMRIstudiesalsoshowsexdifferences inage-related

brainvolume (BrainDevelopmentCooperativeGroup, 2012;

Sowell et al., 2007)andpuberty seems toplaya significant role in

the developmental course of human white (Giedd et al., 1999;

Perrin et al., 2008) and graymatter (Raznahan et al., 2010; Shaw

et al., 2008; see also Tables1, 2, 3).

Finally, using functional techniques, sex differences have

beenreportedintheconnectome,withmaleshavinggreater intra-

Fig. 1 Main morphological characteristics of sex differences in the

brain and their ontogeny. Sex differences in the brain present two

morphological patterns as exemplified in the bed nucleus of the stria

terminalisof the rat (BST).Themedial posterior regionof theBSThasan

M[F pattern, with males showing a greater number of neurons than

females (a), while the lateral anterior region of the BST has an F[M

pattern, with females showing more neurons than males (b). These two
patternsof sexdifferencediffer in theirontogenyascanbeobservedwith

respect to the number of neurons in the bednucleus of the accessory tract

(BAOT) (c) and the locus coeruleus (LC) (d) of rats. Puberty in the rat
occurs between days 35 and 40. Both figures (c, d) show how females

present decreases (c) and increases (d) in the number of neurons around

thisperiodof life indifferent structures.Figuresadaptedwithpermission

from Guillamon, Segovia & Del Abril, 1988; Collado, Segovia &

Guillamon, 1998 and Pinos, Collado, Rodriguez-Zafra, Rodriguez,

Segovia & Guillamon, 2001. E embryonic days, P postnatal days
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hemispheric connectivity, while, in females, inter-hemispheric

connectivity predominates (Ingalhalikar et al., 2014).

The Brain Phenotype of Untreated Transsexuals

The Brain of Male-to-Female Homosexual

Transsexuals Before Cross-Sex Hormone Treatment

Volume and Brain Compartments

MRI studies show that ICV in adult (Rametti et al., 2011b) and

adolescent (Hoekzema et al., 2015) untreated homosexualMtFs

is similar to male controls’. Moreover, GM,WM, and CSF vol-

umes in homosexual MtFs do not differ from those of control

males and are significantly greater than those of control females

(Table4).

Cortex

There are twovolumetric studies of the cortex usingvoxel-based

morphometry (VBM) inadolescent andadult untreatedMtFs

(Table 5). These studies compareMtFswithmale and female

controls that showsexdifferences.Simonetal. (2013)havestud-

ied a small sample of untreated homosexualMtFs. Homosexual

MtFs and female controls had less graymatter volume in the left

somatosensoryandprimarymotorcorticesaswellas theposterior

cingulate andcalcarinegyri and theprecuneus thanmale controls

and FtMs. These findings suggest that homosexual MtFs have a

feminine cortical pattern. However, the results should be taken

cautiously because of the small sample size and the brain sta-

tisticalmapsshowingsignificancewereatanuncorrected level

(p\.001).

More recently, the gray matter of untreated androphilic GD

adolescents has been addressed (Hoekzema et al., 2015). MtFs

have smaller volume than male controls in the left superior pos-

terior hemisphere of the cerebellumand smaller volume than

femalecontrols in the right inferiororbitofrontal cortex.Thus,

untreatedMtF adolescents differ frombothmale and female

controls in some cortical regions.

CThhasalsobeenusedtoinvestigatebraindifferencesintrans-

sexuals (Table5). Zubiarre-Elorza et al. (2013) compared early-

onset untreated homosexualMtFswith female andmale controls.

MtFsdidnotdiffer inCThfromfemalecontrolsbut theirCThwas

greater than that of controlmales in the orbitofrontal, insular, and

medial occipital regions of the right hemisphere. This report was

the first to show the feminization of large portions of the cortex in

early-onset homosexual MtFs and it concluded that MtFs had a

feminine cortical thickness but differed from control males in

regions that female controls did not (Table5; Fig.2b).

White matter

Recently, white matter microstructure has been studied in

early-onset homosexual MtFs using DTI (Table 5; Fig. 3a).

There are sex differences in FA, males showing greater FA

values in important brain fascicles such as the right and left

superior longitudinal fasciculi (rSLF; lSLF), the inferior fronto-

occipital fasciculus(IFOF), thecingulum(Cin), theforcepsminor

(Fm), and the corticospinal tract (CST) (Rametti et al., 2011b).

Interestingly, early-onset homosexual MtFs show demasculin-

ized FA in all these brain fascicles because their FA values were

statisticallydifferent fromthevalues forboth themaleandfemale

controlgroups.TheMtFIFOFismasculinebecauseitsFAdidnot

differ frommalecontrols’.Curiously, thedemasculinized fascicles

seemtoberestrictedtotherighthemisphere(Table5;Ramettietal.,

2011b).

Conclusions

Overall, invivoMRIstudiesindicatethatthemainmorphological

parameters of thebrain (ICV,GM,WM,andCSF) are congruent

with their natal sex in untreated homosexual MtFs. However,

somecortical regions showfemininevolumeand thicknessand it

shouldbeunderscoredthatCThpresentsanF[Mmorphological

pattern. Nevertheless, with respect toCTh, this feminine cortical

pattern isnot the sameas theoneshownbycontrol females (com-

pare Fig. 2a and b).On the other hand, themainwhitematter fas-

cicles in MtFs are demasculinized, while others are still mascu-

line (Fig. 3a). Moreover, most of the differences appear to be

located in the right hemisphere. So far, the studies on the white

matter, like those above on gray matter, strongly suggest that

MtFshave theirownbrainphenotype thatmainlyaffects the right

hemisphere.

The Brain of Nonhomosexual Male-to-Female

Transsexuals Before Cross-Sex Hormone Treatment

All we know about the morphology of the brain of nonhomo-

sexualMtFs comes froma singleVBMstudy (Savic&Arver,

2011).NonhomosexualMtFs have the same total intracranial

volume as controlmales. They also show a larger graymatter

volumeincortical regionsinwhichthemaleandfemalecontrols

didnotdiffer in thestudy.These regionswere therightparieto-

temporal junction, the right inferior frontal, and the insular cor-

tices. Itwas concluded that their datadidnot support the notion

that the nonhomosexual MtF brain was feminized.

With respect to subcortical structures, it was reported that

untreatednonhomosexualMtFshada relativelysmallerputamen

and thalamus than male and female controls although these two

latter groups did not show sex differences in the two structures

(Savic & Arver, 2011).
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In summary, the cortex of nonhomosexual MtFs presents

morphological peculiarities in regions inwhichmale and female

controls do not differ.

The Brain of Female-to-Male Transsexuals Before

Cross-Sex Hormone Treatment

Brain Morphology

AlthoughtherearefewworksonthebrainmorphologyofFtMsas

yet, several studies have described the gray and white matter of

untreated homosexual FtMs. These works can give us an initial

approach to themorphology of their brain (Rametti et al., 2011a;

Zubiaurre-Elorza et al., 2013). In regards to the gross morphol-

ogy, the intracranial volume of adolescent FtMs is similar to

female controls’ (Hoekzema et al., 2015).

There are only twoworks using VBM (Table6). Simon et al.

(2013) studied seven homosexual FtMs and found that these

subjects and their male controls had larger volumes than female

controls andMtFs in the left gyri: pre- and postcentral; posterior

cingulate; and calcarine as well as the precuneus regions. These

observations indicate that certain regions of the left hemisphere

aremasculine inFtMs.But the statisticalmapswereuncorrected.

UntreatedandrophilicadolescentFtMshavealsobeenstudied

(Hoekzema et al., 2015), and they show less volume in the left

superiormedial frontal cortex thancontrol femalesand less in the

right insula than control males; this study shows that certain

regions of the cortex of adolescent FtMs are different from both

male and female controls.

There is only one study of cortical thickness in early-onset

homosexual FtMs (Table6; Fig. 2c). Their CTh does not differ

statistically from female controls but it does differ significantly

from some regions in male controls in which male and female

controls do not differ in CTh. Contrary to control females, FtMs

showed significantly greater CTh than males in the left parieto-

temporal cortex but, unlike control females, they did not differ

from control males in the prefrontal orbital region (Fig. 2c;

Zubiaurre-Elorza et al., 2013).

With respect to subcortical structures (Table 6), the volumeof

theputamenis largerinmalethaninfemalecontrols,but inhomo-

sexual FtMs the volume is masculinized, being similar to that of

control males and differing from the volume of control females

(Zubiaurre-Elorza et al., 2013).

White matter microstructure has been studied in homosexual

FtMs usingDTI (Table 6). It was reported that brain bundles

involved incognitive andemotionalbehaviorweremasculinized

inhomosexualFtMs(Fig. 3b).MaleshavegreaterFAvalues than

female controls. FtM FA values are significantly greater than

those of female controls and similar to those of male controls in

the anterior andposterior right SLFandFm.However, theirCST

is defeminized; that is, FtMFA values lie just betweenmale and

female controls and are significantly different from each of these

two groups (Rametti et al., 2011a).T
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b
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Conclusions

In FtMs, the grossmorphological parameters correspond to their

natalsex; theircortexisgenerallyfemininebutdiffersfrommales

indifferent regions thandocontrol females (compareFig. 2a and

c). Furthermore, some brain bundles are masculinized (Fig. 3b).

All these findings suggest that homosexual FtMs have their own

phenotype with respect to cortical thickness, subcortical struc-

tures, andwhitemattermicrostructure.Moreover, these changes

are mostly seen in the right hemisphere.

The Brain of UntreatedMale-to-Female and Female-

to-Male Transsexuals fromMixed Samples of

Homosexual and Nonhomosexual Subjects

Some studies in the literature have used groups ofmixed samples

ofMtFsinregardtotheirsexualorientationandthisaspectwasalso

unspecified in their control groups (Luders et al., 2009b, 2012).

Othersmix homosexual and nonhomosexualMtFs and FtMs and

useagatheringofheterosexual,homosexual,andbisexualsubjects

as controls (Hahn et al., 2015; Kranz et al., 2014). These stud-

ies are very difficult to interpret and any comparison with the

structural data presented in the previous sections, studying homo-

geneous groups of homosexual or nonhomosexualMtFs or FtMs,

couldconfusethepictureofthebrainstructureofMtFsandFtMsin

thecontextof theexpressionofsexdifferences.Nevertheless, they

are summarized in Table7.

The studyofmixed samples implicitly assumes that transsex-

uals are a homogeneousgroup.This is far from the truthwith

respecttotheonsetofGDandsexualorientation(Blanchard,1989a,

1989b). Moreover, sexual orientation is associated to different

body phenotypes. Homosexual MtFs are shorter than men in the

general population, whereas nonhomosexual MtFs have been

reported to be similar in height to control males (Blanchard,

Dickey,&Jones,1995).Althougha later study foundnosignificant

differences regarding bodymass between homosexual and nonho-

mosexual MtFs, other distinctive developmental and behavioral

characteristics (age of onset; cross-dressing, having been married,

cross-gender appearance) have been described for each subtype of

transsexual (Smith et al., 2005). Finally, from the studies of Savic’s

group, we know that homosexual persons show phenotypic char-

acteristics in cortical and subcortical structures.Homosexualmales

and heterosexual females had thinner cortices primarily in visual

areas and smaller thalamusvolumes thanheterosexualmales (Abé,

Johansson, Allzén, & Savic, 2014). Moreover, in contrast to

heterosexual males, and in congruence with heterosexual females,

homosexualmalesdisplayedhypothalamicactivationinresponseto

a putativemale pheromone (Savic, Berglund,&Lindstrom, 2005).

These observations signify that control groups in studies of the

transsexual brain must be homogenous in regards to sexual orien-

tation. Nevertheless, it is possible to extract some data from these

studies if we compare those that use the sameMRI techniques and

measurements.T
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The volumetric study by Luders et al. (2009b) found that the

pattern of GM variation inMtFs was more similar to the pattern

found in men than in women (Table7). They studied a mixed

sampleof homosexual andnonhomosexualMtFs.TheSavic and

Arver (2011) volumetric studyof nonhomosexualMtFs reported

that their brains were not feminized. It could be that in Luders

et al.’s (2009b) study thereweremorenonhomosexual thanhomo-

sexual MtFs and, as a result, the two studies reached the same

conclusion, in contrast to the volumetric study of Simon et al.

(2013) that reported cortical feminization in homosexual MtFs.

It is practically impossible to compare the two studies onCTh

inMtFs because of the differences in their samples and designs.

Luders et al. (2012) did not specify sexual orientation in either

their transsexualor their controlgroupandusedonlymalesascon-

trols,whileZubiaurre-Elorzaetal.’s(2013)studydesignemployed

maleand femaleheterosexual controls to studyhomosexualMtFs.

In regard to white matter microstructure, the study of Kranz

et al. (2014)mixed sexual orientationwithin theirMtF, FtM, and

female and male control groups (Table7). The differences in

design and samplingmake it almost impossible to compare these

studieswith those of our group (Rametti et al., 2011a, 2011b; see

Tables5, 6, 7).However, since inKranz et al.’s studymost of the

FtMs were homosexuals (19/24), it could feasibly be compared

with the resultsofRametti et al. (2011a)presented in theprevious

section(Table6).Kranzetal.didnotfindFAdifferencesbetween

FtMsandcontrol groupsbut theydidfind significantlydecreased

MD values in FtMs with respect to control females in the same

tracts with increased FA values in FtMs (Rametti et al. 2011a;

Table6). Thus, MD results also indicate a defeminization or

masculinization of the white matter microstructure in FtMs, as

was reported by Rametti et al. (2011a).

With the same design and sample as inKranz et al., structural

connectivityhasbeenstudiedfromDTIusinggraphtheory(Hahn

et al., 2015). The study reported that FtMs, with respect to male

and female controls andMtFs, have decreased intra-hemispheric

connectivity between the right subcortical/limbic and right tem-

poral lobes (Table7). Interestingly, the changes in brain con-

nectivity found in FtMs andMtFs are in opposite directions and

are only seen in the right hemisphere.

Recently, resting-state fMRIwas used to study the similarities

between spontaneous brain connectivity in one untreated FtM of

unspecifiedGDonsetandsexualorientationwithpolycysticovary

syndromeandmaleandfemalecontrols.ThisFtMsubjectshowed

a functional connectivityprofile thatwascomparable to thatof the

subject’s natal sex (Santarnecchi, Vatti, Dettore, & Rossi, 2012).

Theoretical and Functional Implications of the Brain

Phenotype of Untreated Homosexual Transsexuals

Untreated homosexual MtFs and FtMs show a complex picture

for the expression of sex differences in their brains (Tables5, 6).

Contrary to some popular ideas, theMtF brain is not completely

feminized but presents a mixture of masculine, feminine, and

demasculinized traits.This isbetter illustratedby thedataonCTh

andFA(Table8).Moreover, thebrainofhomosexualFtMs isnot

uniformlymasculinizedbutpresentsamixtureoffeminine,defem-

inized, andmasculinizedmorphological traits (Table9). For both

MtFs and FtMs, themorphological traits observed depend on the

region and the type ofmeasurement taken. Thus, themorphology

of the brain of homosexualMtFs and FtMs strongly suggests that

eachonehasitsownphenotype,andthat thephenotypeisdifferent

from those of heterosexual males and females.

In terms of psychological presentation, people with an early

onsetofGDhavemuchincommonwithindividualswithsomatic

intersexuality (Meyer-Bahlburg, 2011). None of the above neu-

roimaging studies included subjects with signs of somatic inter-

sexuality. MtFs and FtMs each have their own cerebral phe-

notype. This would suggest that early-onset homosexual trans-

sexuals have an intersex condition restricted to the brain.‘‘Brain

hermaphroditism’’wassuggested in theearlypostmortemstudies

(Kruijver, Zhou, Pool, Hofman, Gooren, & Swaab, 2000).

It has been pointed out that verifying this hypothesis requires

corroborating at least one of the genetic, hormonal, or morpho-

logical lines of research into some specific effect by hormones

thatwould affect brain organizationof sexual differences but not

other organs (Meyer-Bahlburg, 2011, 2013). The existing find-

ings on brain changes fulfill at least one of the conditions and

provide evidence that the brain structures are already affected in

still untreated homosexualMtFs and FtMs.Moreover, in andro-

genizedFtMs,FAvalue increases in theSLFand theCSTcanbe

predicted by the free testosterone index before the treatment

begins (Rametti et al., 2012).All thesefindings support the inter-

sex hypothesis of transsexuality.

The right-side asymmetry in the differences between MtFs,

FtMs, and control males (Tables8, 9) focuses attention on that

hemisphere. Sex differences in functional hemispheric lateral-

izationarewell known.Transsexualshavebeenstudied fromthis

perspective, especially in relation to mental rotation and hand-

edness, because these may be influenced by prenatal androgen

levels, which would reflect some developmental anomaly. Lab-

oratory animal experiments with rats suggest that cerebral cor-

tical laterality differs between the sexes and that gonadectomy at

birth will alter the usual cortical laterality (Diamond, 1991).

The right hemisphere is involved inmental rotation andmales

outperform females (Voyer, Voyer, & Bryden, 1995). Mental

rotation performance in untreated early-onset homosexualMtFs

andFtMsisconsistentwith thatof theirnatal sexandnotwith that

of their gender identity (Haraldsen, Opjordsmoen, Egeland, &

Finset, 2003). This is also reflected by the finding that untreated

MtFs perform better than untreated FtMs in these tasks (Slab-

bekoorn, van Goozen, Gooren, & Cohen-Kettenis, 2001). How-

ever, there are reports inwhich transsexualgroups showapattern

ofperformance that is different from their biological sex (Cohen-

Kettenis, van Goozen, Doorn, & Gooren, 1998). The pattern of

brain activation in mental rotation involves the frontal, parietal,
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and posterior occipital regions (Carrillo et al., 2010;Cohen et al.,

1996;Hugdahl,Thomsen,&Ersland,2006).UntreatedMtFsand

FtMs showparietal activation (Sommer et al., 2008). The fronto-

parietal-occipital pattern of activation is also seen in early-onset

homosexual MtFs and FtMs after long-term cross-sex hormone

treatment (Carrillo et al., 2010). At present, it is not possible to

relate changes observed in the right cortex and fascicles of trans-

sexuals (Tables8, 9)with differences inmental rotation abilities.

However, the superior longitudinal fasciculus, which connects

fronto-parietal regions, is demasculinized inMtFs andmasculin-

izedinFtMs.Moreover, therightparietalregionisthickerinFtMs

than in males, whileMtFs present a thicker cortex than males in

visuoperceptive occipital regions (cuneus and pericalcarine

regions) (see Fig.2b, c).We are still far from being able to relate

thesemorphologicaldifferences tospatialabilities in transsexuals.

Handpreferencehasalsobeenstudiedintranssexuals(Green&

Young,2001).Sexdifferences inhandpreferencearewellknown,

left-handedness being more common in males than females (Mc

Glone, 1980). Inyoungboysandgirls, prenatal testosteroneexpo-

surewasrelatedtoadecreaseinstrengthofhandedness(Lustetal.,

2011). Pre-pubertal boys with GD were more often left-handed

than control males (Zucker, Beaulieu, Bradley, Grimshaw, &

Wilcox, 2001). This is also seen in adult MtFs and FtMs before

(Cohen-Kettenis et al., 1998) and after cross-sex hormone treat-

ment (Green & Young, 2001; Orlebeke, Boomsma, Gooren,

Verschoor, & Van Den Bree, 1992; Watson & Coren, 1992;

Wisniewski, Prendeville,&Dobs, 2005).Thiswould suggest a

different pattern of cerebral hemispheric organization in trans-

sexuals.

The CST is the most important motor tract with fibers origi-

nating in motor, premotor, and sensory cortices (Lemon, 2008).

StudiesusingDTI techniqueshave shown that theCSTexhibits a

leftward asymmetry (Dubois et al., 2009;Westerhausen,Huster,

Kreuder,Wittling,&Schweiger, 2007) that is present as early as

4monthsof life (Dubois et al., 2009) and seems tobeunrelated to

handpreference(Nathan,Smith,&Deacon,1990;Westerhausen

etal.,2007).However,astudyof theCSTin400adolescents (12–

18years old) found that this tract, at the level of the internal

capsule, shows a strong left[right hemispheric asymmetry that

is lessmarked in left-handed subjects (Herve et al., 2009).More-

over, CST increases in this region inmales but not in females, so

the increasesmust be related to the plasma levels of testosterone

(Herveetal.,2009).UsingDTItechniques, itwasfoundthatearly-

onset homosexual MtFs have a demasculinized CST (Rametti

et al., 2011b), while, in early-onset homosexual FtMs, this tract is

masculinized(Ramettietal.,2011a).DTIstudiesofCSTmicrostruc-

Fig. 2 Cortical thickness of untreated homosexual male-to-female

(MtF) and female-to-male (FtM) transsexuals. Upper panel: (a)
comparison between male and female controls. Bottom panel: (b)
comparison betweenMtFandmale controls; c comparison betweenFtM

and male controls. All significant comparisons showed the F[M

pattern. Note that both MtFs (b) and FtMs (c) show a feminine pattern

although they differ in different regions from males than do control

females. L left hemisphere, R right hemisphere. Zubiaurre-Elorza,

Junque, Gómez-Gil, Segovia, Carrillo & Guillamon, 2013, with

permission
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ture in transsexualsareafirst stepandsignalanewdirection for

future explorations of hand preference in transsexuals.

Results on cortical thickness also suggest that this parameter

wouldbeagood target for a systematic studyonbodyperception

mechanisms inMtFs and FtMs. The right hemisphere is mainly

involved in the analysis of body perception and its emotional

connotations (Longo, Azanon, &Haggard, 2010). It was under-

scored above that the main brain differences shown by trans-

sexuals are located in the right hemisphere. Generally, the emer-

genceof amasculineor feminine identitymustbe stronglymedi-

ated by the early development of amale or female body self-per-

ception. This requires several levels of construction of somatop-

erceptionandsomatorepresentation;thelatterincludesemotions,

attitudes directed towards one’s own body, and the link between

thephysicalbodyand thepsychological self (Longoet al., 2010).

Thebodymodelof identity integritywould implicatea right fronto-

parietal and insular network (Giummarra, Bradshaw, Nicholls,

Hilti, & Brugger, 2011) and differences have been reported for

homosexualMtFsandFtMsinall these regions (Zubiaurre-Elorza

et al., 2013).

The literatureonbodyperception in transsexuals reflects two

approaches. One comes from an analysis of the desire to ampu-

tate a limb as a type of identity disorder (First, 2005) and the

other is a theoretical hypothesis generated from the analysis

ofthephantomlimbphenomenon(Ramachandran&McGeoch,

2007).

Ithasbeensuggested that thedesire for limbamputationcould

be similar to transsexualism because in most cases the goal of

amputation is tomatchone’s body to one’s identity (First, 2005).

The similaritieswith transsexuals aremainly associatedwith the

feeling of being uncomfortable with an aspect of one’s anatom-

ical identity. It shouldbe remembered that some transsexuals not

only reject the masculine or feminine aspects of their bodies but

theydislikespecificregions(i.e.,breastsinFtMsandgenitalsinMtFs).

This body uneasiness experienced by transsexuals diminishes

aftercross-sexhormonetreatment(Fisheretal.,2014).Inaddition,

the desire for limb amputation has an early onset in childhood or

adolescenceandasignificant subgroupof these individualsexperi-

encessexualarousalbyfantasizingabout thedesired limbamputee

identity (First, 2005).

Fig. 3 Histograms showing

fractional anisotropy mean

values (FA) of untreated

homosexual male-to-female

(MtF) and female-to-male (FtM)

transsexuals and male (M) and

female (F) controls.Upperpanel:

(a) FA values in MtF differ

significantly from females in all

six comparisons, and from males

in only five out of the six. Bottom

panel: (b) FA values in FtMs

differ significantly from females

in all four comparisons, from

males in only one out of the four.

SLF superior longitudinal

fasciculus (r right, l left), IFOF

inferior fronto-occipital

fasciculus. Rametti et al. 2011a

and 2011b, with permission
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The theoretical parallel between the desire for limb amputa-

tion and transsexuality has been analyzed by Lawrence (2006).

Nonhomosexual but not homosexual MtFs seem to share some

characteristics with those who desire limb amputation. It should

be noted that in most cases subjects want a left-limb amputation

(First, 2005) and this may reflect some dysfunction in the right

hemisphere, precisely the hemisphere in which homosexual

MtFs and FtMs present differences with controls (Zubiaurre-

Elorza et al., 2013).

Based on amputation studies and provisional data on the

phantom limb phenomenon after penis or breast amputation

in transsexuals, it was hypothesized that during embryolog-

ical development the brain of transsexuals was hard-wired in a

manner thatwas opposite to that of their natal sex (Ramachandran

&McGeoch,2007).Noposteriorstudyhasverified thishypothesis

nor have the preliminary data been published or shown by

the authors.

Recently, a new strategy has been employed (Feusner et al.,

2016). Homosexual/bisexual FtMs viewed photographs of their

own body that were morphed by different degrees to bodies of

other females or males and were instructed to rate ‘‘To what

degree is this picture you?’’ FtMs differed from heterosexual

male and female controls because they rated body images as

moreself-likewhentheyweremorphedtothesexcongruentwith

their gender identity rather than to their natal sex.

Cerebral circuitry involved in body perception has been

studied.The inferior parietal andpremotorcorticesplaya role

in perceptual judgment about body configuration; the insular

lobes are involved in body awareness in general and the right

insula in egocentric representation, self-recognition, and

body ownership (Tsakiris, 2010). Circuitry and connectivity

analyses have revealed the afferent and efferent connectivity

of the insula, the somatosensorial, the temporo-parietal, and

the premotor cortices. MRI and neuropsychological data

favor a right hemispheric specificity for self-processing in

general and for body ownership specifically. We have seen

that MtFs differ from males in visuoperceptive regions such

as the cuneus and calcarine region aswell as in regions related

with body perception and emotional experience of the body

(insula) and reward value (medial orbitofrontal cortex;

Fig. 2b).Moreover, some fascicles related to these regions are

demasculinized (Fig. 3a).On theotherhand,FtMsdiffer from

males in the parietal and postcentral regions of the right

hemisphere and have masculine fascicles related to these

regions in the right frontal lobe (Figs. 2c, 3b). Thus, the

available structural data show specific differences for MtFs

and FtMs in cortical regions and fascicles involved in body

perception.

SavicandArver (2011) foundthatnonhomosexualMtFshave

larger gray matter volume than male and female controls in the

Fig. 4 Cortical thickness

developmental trajectories and

changes with respect to gender. a
Zubiarre-Elorza et al.’s (2013)

findings on the regions in which

cortical thicknesses in untreated

male-to-female (MtF) and

female-to-male (FtM)

transsexuals and control females

(F) are thicker than those in

control males are summarized on

the top panels over the graphs

representing the developmental

process for cortical thickness (b),
described by Shaw et al. (2008).

The structures in the top left panel

are homotypical-isocortical and

follow a cubic trajectory, while

those in the top right panel are

transitional and follow a

quadratic trajectory. Note that

maximum cortical thickness

occurs around puberty (b, left)
and adolescence (b, right)
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right parieto-temporal junction and the right inferior frontal and

the insular cortices.As shown above, these regions are related to

body self perception. The authors suggested that the experience

of dissociationof the self from thebodymaybe a result of failure

to integrate complex somatosensory and memory processes in

these regions. Future research should explore possible differ-

ences in the structural connectivity of these regions.

Differences have been detected in the neural network of body

representation in transsexuals (Lin et al., 2014). Lin et al. inves-

tigated the regional changes in the degreeof centrality in resting-

state functional connectivity of the brain; the degree of centrality

is an indexof the functional importance of a node in a neural net-

work. They hypothesized that three key regions of the body rep-

resentation network (primary somatosensory cortex, parietal

lobe,andinsula)wouldshowahigherdegreeofcentrality inuntre-

ated transsexuals with respect to controls. Transsexuals do

showahigher degree of centrality in thebilateral parietal lobe

and the somatosensory cortex. However, their data analysis

pooled thedata fromMtFsandFtMs.Although thefindingsof

Lin et al. are indicative of specific connectivity features in

transsexuals, they should be taken cautiously until separate

analyses distinguishing betweenMtFs and FtMs, the onset of

the GD, and sexual orientation can be presented.

Comment on the Brain of Nonhomosexual

Transsexuals

As noted above, there is only onemorphological study on

untreated nonhomosexual transsexuals in the literature (Savic&

Arver,2011).This studyandourproposedphenotypes forhomo-

sexualMtFsandFtMscouldhelpus take thefirst steps indiscern-

ing between homosexual and nonhomosexual transsexuals.

HomosexualMtFs are female-like in a series of sexually dimor-

phicbehaviors,whilenonhomosexualMtFsarenot(Blanchard,

1989a, 1989b). It has also been hypothesized that the brain of

homosexual and nonhomosexual MtFs would differ from that

ofmales indifferentways. InhomosexualMtFs, thedifferences

would involve sexually dimorphic structures and the nature of

thedifferenceswouldbeashift towardthefemale-typicalpatterns,

while in nonhomosexual MtFs the differences themselves would

not involvesexuallydimorphicstructures(Blanchard,2008).More-

over, itwas also suggested that‘‘if there is anyneuroanatomic inter-

sexuality, it is in the homosexual group’’(Blanchard, 2008).

Following this line of thought, Cantor (2011, 2012, but also

see Italiano, 2012) has recently suggested that Blanchard’s pre-

dictions have been fulfilled in two independent structural neu-

roimaging studies. Specifically, Savic and Arver (2011) using

VBMonthecortexofuntreatednonhomosexualMtFsandanother

study using DTI in homosexual MtFs (Rametti et al., 2011b)

illustrate the predictions. Cantor seems to be right. Nonhomosex-

ualMtFspresentdifferenceswithheterosexualmales instructures

that are not sexually dimorphic (Savic&Arver, 2011),while

homosexual MtFs (as well as homosexual FtMs) show

differenceswith respect tomale and female controls in a series of

brain fascicles (Rametti et al., 2011a, 2011b). If other VBM and

CThstudieson thecortexofhomosexualMtFs are added (Simon

et al., 2013; Zubiaurre-Elorza et al., 2013), there is a more sub-

stantial number of untreated homosexual MtFs and FtMs that

fulfill Blanchard’s prediction but still only one study on nonho-

mosexual MtFs; to fully confirm the hypothesis, more indepen-

dent studies on nonhomosexualMtFs are needed. Amuch better

verification of the hypothesis could be supplied by a specifically

designedstudyincludinghomosexualandnonhomosexualMtFs.

Finally, for Blanchard, MtF and FtM homosexual transsexu-

ality is an extreme expression of homosexuality. He considered

the following continuum: homosexual?gender dysphoric homo-

sexual? transsexual homosexual (Blanchard, Clemmensen, &

Steiner,1987).Later,Blanchardalsohypothesizedthathomosex-

ual transsexuals should show differences in sexually dimorphic

brainstructures(Blanchard,2008).Thus, fromBlanchard’sview,

there would be no brain differences between homosexual trans-

sexuals and homosexual persons. This hypothesis has not been

directly testedyet.However, thereare twostudies in the literature

withrespecttocorticalthicknessthat,takencautiously,mayappro-

achBlanchard’shypothesison the relationshipbetween trans-

sexuality and homosexuality.

The only study on theCThof homosexual persons that do not

present gender dysphoria is by theSavicgroup (Abé et al., 2014).

If we compare this study with that of Zubiaurre-Elorza et al.

(2013) on the CTh of homosexual MtFs, we see both studies

report sex differences showing an F[Mpattern in similar struc-

turesoftherighthemisphere.Butthereisonlyoneregion, thepars

triangularis, in which homosexuals and homosexual MtFs both

present differences. However, these changes are in opposite

directions. The pars triangularis of homosexual MtFs is thicker

than in heterosexual male controls, while for homosexuals it is

thinner than in heterosexual males. Thus, it seems that for trans-

sexuals this region is feminized but demasculinized in homo-

sexual individuals. Interestingly, inboth studies, theaffectedpars

triangularis is in the right hemisphere. Nevertheless, confirming

Blanchard’s prediction still needs a specifically designed com-

parisonof homosexualMtF, homosexualmale, andheterosexual

male and female people.

TheTranssexualBrainPhenotype in theLight of the
Neurohormonal Theory of Brain Sexual
Differentiation

The cortex of homosexualMtFs andFtMs is feminine andhas an

F[M morphological pattern of sex differences. Nevertheless,

theFAof brain fascicles is either demasculinized (MtFs) ormas-

culinized/defeminized (FtMs), while in control groups, sex dif-

ferences in the FA show an M[F pattern (see Tables8, 9).

Fortunately, animal models have provided information on the
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hormonal mechanisms implicated in the development of the M

[FandF[Mpatterns.This informationhelpsexplain the roleof

hormonesincreatingthedifferenthumansexualbrainphenotypes.

The F[Mpattern in the cortex ofMtFs, FtMs, and females is

also present in structures of the rat brain such as themedial ante-

rior region of the bed nucleus of the stria terminalis (BSTMA),

lateral anterior region of the bed nucleus of the stria terminalis

(BSTLA), anteroventralperiventricularnucleus (AVPv), arcuate

nucleus (Arc), parastrial nucleus (PS), and the locus coeruleus

(LC) (Guillamon & Segovia, 1996). Neonatal orchidectomy in

males increases the morphological measurements (volume and/

or number of cells) of the BSTMA (del Abril, Segovia, & Guil-

lamon, 1987), BSTLA (Guillamon, Segovia & del Abril, 1988),

and AVPv (Davis, Shryne, & Gorski, 1996) to levels similar to

thoseof females.However, earlypostnatal androgenizationof

females decreased themorphologicalmeasurements in the

BSTMAandBSTLA(delAbril et al., 1987;Guillamon,Segovia

&delAbril, 1988). In consequence, itwas suggested that the

smallermeasurementsofmaleswereduetoan‘‘inhibitory’’action

by androgens (Segovia & Guillamon, 1993).

Table 8 Thebrainphenotypeofuntreatedhomosexualmale-to-female transsexuals fromstudiesofcortical thicknessandwhitemattermicrostructure

Normative sex differences (M vs. F) Phenotype Hemisphere

Cerebral compartments M[F Masculine

Gray matter M[F Masculine

White matter M[F Masculine

Intracranial volume M[F Masculine

CSF

Cortical thickness F[M Feminine Right

Global F[M Feminine Right

Orbitofrontal F[M Feminine Right

Insular F[M Feminine Right

Cuneus

White matter microstructure

Longitudinal superior M[F Demasculinized Right

Fronto-occipital inferior M[F Masculine

Forceps minor M[F Demasculinized Right

Cingulum M[F Demasculinized Right

Corticospinal tract M[F Demasculinized Right

This table summarizes findings shown in Table 5. See Rametti et al. (2011b) and Zubiaurre-Elorza et al. (2013)

Table 9 Thebrainphenotypeofuntreatedhomosexual female-to-male transsexuals fromstudiesofcortical thicknessandwhitemattermicrostructure

Normative sex differences (M vs. F) Phenotype Hemisphere

Cerebral compartments

Gray matter M[F Feminine

White matter M[F Feminine

Intracranial volume M[F Feminine

CSF M[F Feminine

Cortical thickness

Global F[M Feminine Right

Parieto-temporal F[M Feminine Right and left

Parietal F[M Feminine Right

Subcortical structures

Putamen (volume) M[F Masculine Right

White matter microstructure

Longitudinal superior M[F Masculine Right and left

Forceps minor M[F Masculine Right

Corticospinal tract M[F Defeminized Right

This table summarizes findings shown in Table 6. See Rametti et al. (2011a) and Zubiaurre-Elorza et al. (2013)
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This inhibitory effect is supported by a study comparing the

volumeandthenumberofneuronsintheLCofratswithtesticular

feminization syndrome (Tfm) to that in theirmale littermates. In

theLC,Tfmrats lackfunctionalARandhavealargervolumeand

greater number of neurons than their control male littermates

(Garcia-Falgueras et al., 2005). However, the inhibitory mecha-

nismmayvarydependingon the region, sinceERseems tomedi-

ate neuronal cell death in the AVPv (Waters & Simerly, 2009).

Curiously, the development of sex differences in the AVPv and

LC nuclei occurs postpuberally (Davis et al., 1996; Pinos et al.,

2001), indicatingtheimportanceofpubertyinthedevelopmentof

the F[Mpattern.

This inhibitory androgen action also operates in the human

cortex. Ithasbeenshownthat thepossessionofanalleleconferring

more efficient function on theAR is associatedwith a thinner

cortex (Raznahan et al., 2010) and a relatively thinner and less

densegraymatter (Pausetal.,2010) inadolescents.The thicker

cortex observed in specific regions of the cortices ofMtFs and

FtMscouldbeexplainedbyanatypical regional functioningof

the testosterone-receptorcomplex thatwouldbeconstrained to

particular regions of the brains ofMtFs and FtMs (compare

Fig. 2b and c). A possible explanation could be differential

geneexpressionproducedbysomeepigeneticprocess thatwould

affect theARand/or their equilibriumwithER in certain regions

of the cortex of transsexuals.

Human white matter shows sex differences that follow the

M[Fpattern.Maleshaveagreater increase inbrainwhitematter

during childhood and adolescence than females (DeBellis et al.,

2001; Lenroot et al., 2007; Perrin et al., 2008). The humanwhite

matter microstructure, as measured by FA, is also M[F. This

patternhasbeenthemost reportedinanimalstudies.Testosterone

is responsible for promoting the greater volume and number of

neurons seen in males, as has been shown in the nuclei con-

stituting the neural network of the accessory olfactory system in

therat(Guillamon&Segovia,1996).Neonatalmalegonadectomy

decreases the volume and number of neurons in these nuclei,

while neonatal androgenization of the female increases the vol-

ume and number of neurons.

TheroleoftestosteroneandtheARhasbeenstudiedinrelation

to thegrowthof thewhitematter inadolescents.Thetestosterone-

related increase in white matter volume was stronger in adoles-

cents with fewer CAG repeats in the androgen receptor gene

(Perrin et al., 2008); fewerCAGrepeatsmake androgen receptors

moreeffective.ThemasculinizationofFAobservedinsomebrain

fasciclesofFtMsbefore cross-sexhormone treatment seems tobe

related to testosterone (Table9;Fig.3b).This isbecause the incre-

ments inFAvalues in theSLFandCST tracts arepredictedby the

free testosterone index before hormonal treatment (Rametti et al.,

2012).BrainfasciclesaredemasculinizedinMtFs(Table8;Fig.3a)

and this might be related to atypical function of testosterone

or the androgen receptor.

Examining the two morphological patterns of sexual dimor-

phismtogether,general rulesemerge. In structureswith theF[M

pattern, testosterone inhibits development in both males and

females.Thefact thatMtFsandFtMsshowatypicaldevelopment

in specific cortical regions suggests that this rule does not hold in

the particular cortical regions in which homosexual MtFs and

FtMs differ frommale and female controls. In structures with the

M[F pattern, testosterone promotes growth but this rule again

does not hold for thewhitemattermicrostructure of some brain

bundles in MtFs and FtMs.

A Unifying Neurodevelopmental Hypothesis to
Explain the Expression of Sex Differences in
Untreated Homosexual Male-to-Female and
Female-to-Male Transsexuals

The phenotype for cortical thickness has a common feature in

homosexualMtFs,FtMs, and females; in all three cases, themor-

phological pattern is F[M.This observation could help provide

ahypothesis thatsuppliesasingleexplanationforthecorticalphe-

notypeinMtFs,FtMs,andmaleandfemalecontrols.Weacknowl-

edge that our hypothesis is still tentative because of the paucity of

studies onCTh in homosexual transsexuals and of the limitations

inherent toMRI techniques.

The hypothesis emerges from a developmental approach to

thecortex.Why thecortex?First, focusingattentionon thecortex

is quite justified in studying gender identity because of its inte-

grative and commanding functions with respect to all types of

behaviors and its interconnectivity with subcortical structures.

Second, the most marked andmost consistent differences found

in transsexuals’ brains are seen in the cortex (Zubiaurre-Elorza

et al., 2013). Third, the cortex contains receptors for androgens

(Beyenburget al., 2000;Finley&Kritzer,1999;Puyetal., 1995),

and a- and b-estrogen (Gonzalez et al., 2007; Montague et al.,

2008; Osterlund, Gustafsson, Keller, &Hurd, 2000). Fourth and

last, cortical sexdifferences followtheF[Mpatternand thehor-

monemechanisms that control this pattern inmammals agree

withtheMRIdevelopmentalstudiesofthehumancortexasshown

above.

Although control females,MtFs, and FtMs all have an F[M

pattern, they are different among themselves because they differ

from controlmales in different cortical regions. As a result, each

of these categories has a distinct phenotype.

ThethicknessofthehumancortexpresentsanF[Mpatternof

sexdifferences (Imet al., 2006;Luders,Narr,Zaidel,Thompson,

& Toga, 2006; Raznahan et al., 2010; Shaw et al., 2008; Sowell

et al., 2007;Zubiaurre-Elorza et al., 2013) and it becomes thinner

over the first three decades of life (Shaw et al., 2008). However,

thisprocessisnothomogeneous,sincecorticalregionswithasimple

laminararchitecture(limbicareas)alsoshowsimplegrowthtrajec-

tories (linear andquadratic),while polysensory andhigh-order

association areas of the cortex have more complex develop-

mental trajectories (cubic) (Shaw et al., 2008).
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If the figures presented by Shaw et al. (2008) on the devel-

opmental trajectories of cortical structures are comparedwith the

findings of Zubiaurre-Elorza et al. (2013), it can be seen that

females, MtFs, and FtMs differ frommales (Fig. 4). In addition,

thecubicandquadraticdevelopmental trajectoriesshowapeakin

cortical thickness during puberty and adolescence.

Moreover,arecentstudyhasshownthatpossessionofanallele

conferringmore efficient functioningon theAR is associated

withmasculinization (thinning) of adolescent cortical thickness

(Raznahanetal.,2010).Thus,sexdifferencesinthedevelopment

ofcortical thicknessmightbemediatedbyAR.Whatseems tobe

clear fromall these observations is that females,MtFs, andFtMs

share the same developmental process that produces a thicker

cortex than in males.

It should be remembered from the above animal studies that

somebrainnucleipresentanF[Mpatternofsexdifferencesasin

thehumancortex,andandrogensandsexhormonereceptors (AR

or ER) are implicated in the development of this pattern.

Although there are conflicting results (Ujike et al., 2009), a sig-

nificant association has been reported between longer AR gene

polymorphisms andMtFs (Hare et al., 2009) and ERb polymor-

phism in FtMs (Fernandez et al., 2014b; Henningsson et al.,

2005).

Taking all these data together with the observation that

females,MtFs, andFtMsallhaveanF[Mpatternof sexdiffer-

enceswithrespect to theircortical thickness,weproposeaslow-

ing (or a stop) in the cortical thinning process in females,MtFs,

and FtMs compared to the thinning process inmales.However,

this slowing of the thinning process affects different cortical

regions in females,MtFs, and FtMs, and this particularity gives

each of them their characteristic cortical phenotype.

The different thinning processes in different cortical regions

support a unifying developmental hypothesis that explains cor-

tical development for both MtFs and FtMs, and how it affects

differentareasatdifferent times.Thishypotheticalprocess,based

ondifferential developmental processes in specificcortical regions,

would influence the development of gender identity for all:

male, female, MtF, and FtM.

Thishypothesis for theexpressionof sexdifferences ingender

identityassumesaperinatalactionbyandrogens(or theirmetabo-

lites) but it should be remembered that the process of cortical

thinning begins around puberty (Fig. 4). Puberty is an important

periodingenderidentity(Steensma,Kreukels,deVries,&Cohen-

Kettenis, 2013), one in which adolescents may persist, desist (de

Vries & Cohen-Kettenis, 2012; Drummond, Bradley, Peterson-

Badali,&Zucker, 2008; Steensma,Biemond, deBoer,&Cohen-

Kettenis,2011;Wallien&Cohen-Kettenis,2008),initiate(Zucker

et al., 2012), or even desist and then return to their gender dys-

phoria (Steensma & Cohen-Kettenis, 2015). It should also be

noted that animalmodels indicate that puberty is a period of brain

remodeling (Schulz et al., 2009; Sisk & Zehr, 2005).

Returning to the neurohormonal theory of brain and behavior

differentiation, it seems that in children who have no problems

with their gender identity and those who experience GD at these

ages and continue to do so after puberty (persisters), gender iden-

tity does not seem to have been affected by sex hormone activa-

tion. The existence of behavioral traits that only need the

organizational action of sex hormones was mentioned above

(Goy &McEwen, 1980) and is not unknown in transsexuals,

for instance, theorganizingbutnotactivatingeffectsofhormones

were demonstrated in spatial tests in homosexualMtFs and FtMs

(vanGoozen, Slabbekoorn, Gooren, Sanders, &Cohen-Kettenis,

2002).

However, for those children whose GD fades (desisters) the

activationaleffectsofsexhormoneandenvironmental influences

during puberty might play a significant role. In these cases, hor-

monesatpubertymightact in twoways.Onewouldbedirectlyon

the brain, affecting cortical development, and the otherwould be

toguide thedevelopmentof thesecondarysexcharacteristics that

would in turn be perceived as congruent because of the brain

changes that take place at this age. Whether persisters-after-in-

terruptioncouldbefit intooneof the twopreviousdevelopmental

pathways depends on whether this probably new developmental

category is substantiatedbyfutureresearch.Moreover,onewayto

verify our neurodevelopmental hypothesis on genderwould be to

compare the CTh of young untreated adult persisters, desisters,

and male and female controls of the same age.

The Brain of Transsexuals After Cross-Sex
Hormonal Treatment

Effects ofCross-SexHormoneTreatmenton theBrain

of MtFs and FtMs

The objective of cross-sex hormonal treatment is to feminize the

bodies ofMtFs, administering estradiol plus antiandrogens, or to

masculinize the bodyof FtMs, administering testosterone. These

treatmentsdonotaffect their gender feelings,whichmustbevery

well established to make them eligible for cross-sex hormone

treatment. The treatments are intended to overcome dysphoria

and increase their quality of life (Gomez-Gil, Zubiaurre-Elorza,

de Antonio, Guillamon, & Salamero, 2014; Gomez-Gil et al.,

2012).

Reviewing the effects of cross-sex hormonal treatment on the

brain is important.Most of the studieson theeffects of such treat-

ments focus on the vascular and skin systems aswell as the

metabolism (Gooren, Giltay & Bunck, 2008).
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Acoupleofstudiesexaminedtheeffectsofcross-sexhormone

treatment on the shape and area of the corpus callosum. Emory

et al. (1991) using in vivoMRI techniques and a cross-sectional

design inMtFs and FtMs did not find differences with respect to

male and female controls. However, using a different technique,

Yokota et al. (2005) reported that at themidsagittal planecallosal

shapeswerecongruentwithgenderidentityinpresumablytreated

MtF and FtM individuals.

Only three published studies have addressed the effect of

cross-sexhormone treatmentson thebrainof transsexuals invivo

using a longitudinal design; that is, studying the same people

before and after treatment (Hulshoff Pol et al., 2006; Rametti

et al., 2012; Zubiaurre-Elorza, Junque, Gomez-Gil, & Guilla-

mon, 2014). These studies give a consistent picture on the effect

of cross-sex hormone treatment on the brain.

With respect to MtFs, Hulshoff Pol et al. (2006) found that

before treatment subjects’ brainvolumewasconsistentwith their

natal sex. Estradiol plus antiandrogen produced a decrease in

brainvolume‘‘towards femaleproportions’’after4monthsof treat-

ment,a decrease they found to be ten times the average annual

decrease in healthy adults. Moreover, the ventricles became

larger.

Recently, Zubiaurre-Elorza et al. (2014) measured cortical

thicknessand thevolumeof thebrainandcortical andsubcortical

structures in MtFs. After at least 6months of treatment, they

found ageneral decrease in all thesemeasurements togetherwith

increased ventricle volume. The volumetric analyses showed a

significant decrease in the total and cortical graymatter volumes.

Subcortical graymatter volume also showed a decrease that was

centered in the right thalamus and right pallidum. Consequently,

and due to the production of a mechanical vacuum, there was a

significant increase in thewholeventricularsystem.Thedecrease

seen in CTh was also generalized but most strongly affected the

cortex in the occipital, temporal, and parietal regions and some

areas of the frontal lobes (Fig. 5).

In relation to FtMs after testosterone treatment, Hulshoff Pol

et al. (2006) reported that 4months of androgen treatment incre-

ased total brain and hypothalamus volumes. Moreover, Zubiarre-

Elorza et al. (2014) reported that total (cortical? subcortical) gray

matter volume increased after at least 6months of treatment.With

respecttosubcorticalstructures,therightthalamusvolumewasincre-

ased. In addition,CTh increases inparietal andoccipital regions

of the lefthemispherewerecorrelatedwith the rise in the serum

testosteroneandfreetestosteroneindex(Fig.5).Theandrogenization

treatmentdidnotsignificantlyaffect theventricularsystemofFtMs.

The effects of testosterone treatment on FA values were also

studied in FtMs (Rametti et al., 2012). After seven months of

treatment,FAvalues increased in the rightSLFand the rightCST

fascicles compared to pre-treatment values. These increments in

FAwerepredictedbythefreetestosteroneindexbeforethetestos-

terone treatment. The higher the testosterone index before hor-

monal treatment, thehigher the increases inFAvalues in theSLF

and the CST fascicles under androgenization.

The above three studies suggest that cross-sex hormone treat-

ment affects the gross morphology as well as the white matter

microstructureof thebrain.Changesare tobeexpectedwhenhor-

mones reach the brain in pharmacological doses. Consequently,

one cannot take hormone-treated transsexual brain patterns as

evidence of the transsexual brain phenotype because the treat-

ment alters brain morphology and obscures the pre-treatment

brain pattern. Thus, at least twomain questions emerge from the

above results. First, what mechanisms produce these alterations

in the brain of MtFs and FtMs? Second, do these changes have

clinical consequences?

Fig. 5 Effects of the cross-sex

hormonal treatment on the

cortical thickness of male-to-

female (MtFs) and female-to-

male (FtMs) transsexuals. Blue;:
cortical regions in which

estradiol? antiandrogens

thinned the cortex inMtFs.Red::
cortical regions in which

testosterone thickened the cortex

in FtMs. Data transformed in

images from the longitudinal

study of Zubiaurre-Elorza et al.

(2014)
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Possible Mechanisms That Control Brain Alterations

After Cross-Sex Hormone Treatment

Withrespect tothemechanisms, it shouldberememberedthat the

human brain contains receptors for androgen and estrogen (see

above), as well as glucocorticoids (Kicman, 2008) and, what is

more, it also possesses most of the enzymes involved in the

biosynthesis andmetabolism of sex steroids and glucocorticoids

(Österlund, Keller, & Hurd, 2000).

In relation to FtMs, it was suggested that the reportedmorpho-

logical increments might be due to the anabolic effects of testos-

terone (Zubiaurre-Elorza et al., 2014). Testosterone has virilizing

and anabolic effects that are inseparable. FtMs under hormonal

treatment are natal females with supraphysiological levels of

testosterone thatmight affect the normalmetabolicmechanisms of

androgens. There are several nonexclusive mechanisms involving

theARandERthatcouldaccount for themorphological increments

observed inFtMs.Testosterone,and its reducedmetabolitedihy-

drotestosterone,canactdirectlyviatheAR.Moreover,somereduced

metabolites fromdihydrotestosterone (3adiol and3bdiol) can
also bindER. In addition, testosterone is converted to estradiol

inthebrainvia thep450enzymearomataseandthenbindstoER.

Human brain is known to express aromatase and reductase activ-

ities (Lephart, 1996; Österlund et al., 2000; Pelletier, 2010).

There is yet anothermechanism that could contribute tomor-

phological increases inFtMbrains.Androgens interferewithglu-

cocorticoid receptor expression (Negri-Cesi, Poletti, & Celotti,

1996) producing an anticatabolic effect and a positive nitrogen

balance.Theview thatmorphological increments in thebrain are

due to anabolic effects is also supported by the increasedFAval-

uesobservedinseveralbrainfasciclesaftertestosteronetreatment

(Rametti et al., 2012). These FA increments could be due to

increases in the number of microtubules and macromolecules

induced by testosterone. In summary, the effects of testosterone

on the brain of FtMs should be interpreted as an anabolic side

effect.

Contrary to FtMs, the suppression of testosterone inMtFs via

antiandrogens would diminish the anabolic tone in brain tissues

and induce decreases (Zubiaurre-Elorza et al., 2014).Moreover,

theeffectofestradioladministrationcouldalsoplayanadditional

role via its adverse effects on the brain (Zubiaurre-Elorza et al.,

2014).

Estradiol is selectively cytotoxic to b-endorphin neurons and
perhaps other cells. Themechanism involves aromatic hydroxy-

lationof estradiol tocatecholestrogensand theproductionof free

radicals in the hypothalamus (Brawer, Beaudet, Desjardins, &

Schipper, 1993); the developing human hypothalamus and cere-

bral cortex can produce catechol estrogens (Fishman, Naftolin,

Davies, Ryan, & Petro, 1976).

Finally, morphological decreases are not only seen in MtFs

after cross-sex hormone treatment since menopausal estrogen

therapyhasalsobeenassociatedwithsmaller regionalvolumesin

frontal, temporal, and limbic regions aswell as the hippocampus

(Casanova et al., 2011;Resnick et al., 2009).Moreover, estrogen

therapy has been associated with greater brain atrophy among

women aged 65years or older (Resnick et al., 2009). Taking all

theseobservations together, thebraindecreasesobserved inMtFs

after cross-sex hormone treatment should be interpreted as side

effects due to a loss of the anabolic toneproducedby suppression

of testosterone combined with some deleterious effects from

estradiol.

Clinical Consequences

Do cross-sex hormone treatment induced brain changes have

clinical consequences? The few existing studies on transsexuals

report on short- to medium-term treatment durations and during

this period cross-sex hormone treatment seems to be reasonably

safe for clinical variables associated with the vascular system,

metabolism, and skeleton (Gooren, 2011; Wierckx et al., 2012).

However, nothing is known about older transsexuals; long-term

clinicalstudiesareyettobepublished,andrisksmaybecomemore

apparent as the duration of hormone exposure increases (Gooren,

2011). Up until now, neuropsychological research on cross-sex

hormonetreatment in transsexualshasbeenmainlyfocusedonthe

effectsofgonadalhormonesonsexuallydimorphicemotionaland

cognitive behaviors (van Goozen, Cohen-Kettenis, Gooren, Fri-

jda, & van de Poll, 1995). From a clinical viewpoint, neuropsy-

chological tests that are sensitive to subtle brain changes and tests

that are sensitive to the cognitive functions subserved by the

structures that experience the most significant changes after

treatment are needed and have yet to be carried out.

Postmortem Studies of the Brain ofMale-to-Female
Transsexuals

Forthesakeofclarity, thisreviewfirstdiscussedinvivostudieson

brains of MtFs and FtMs before and after cross-sex hormone

treatment. However, historically, the first studies of the trans-

sexual brain were done in postmortem specimens of cross-sex

hormone-treated MtFs. These seminal studies are better under-

stood after reading the previous sections.

All thepostmortemstudiesonMtFshavebeendoneinSwaab’s

laboratory in the Netherlands Institute for Neuroscience. They

patientlycollecteduptoadozenhypothalamiandadjacentregions

ofcross-sexhormone-treatedMtFsandoneFtMtranssexual.With

respect to sexual orientation, their MtFs are a mixture of homo-

sexual, nonhomosexual, andunknownsexualorientationandalso

amixtureofearly-andlate-onsetGD(Garcia-Falgueras&Swaab,

2008).

Postmortem BrainWeight

The postmortem data on the weight of the brain of MtFs are not

conclusive (Table 10). In a first report, MtFs had a brain weight
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thatdidnotdiffer fromthatof thestudiedmaleandfemalecontrol

specimens (Zhou et al., 1995). When more subjects were inclu-

ded in the study, it was found that brain weight was almost sig-

nificantly lower than those of control males, but did not differ

from those of control females (Garcia-Falgueras, Ligtenberg,

Kruijver, & Swaab, 2011; Garcia-Falgueras & Swaab, 2008;

Table 10). As was seen above, this‘‘in between’’position for the

MtF brain weight seems to be a consequence of the cross-sex

hormone treatment and not a phenotypic characteristic of the

MtFs; rather, it would be the dramatic effect of estradiol and

antiandrogen treatment on their gray matter (Hulshoff Pol

et al., 2006; Zubiaurre-Elorza et al., 2014).

Hypothalamic Nuclei and the BedNucleus of the Stria

Terminalis

A land-mark in the study of the brain of transsexuals was the

postmortem neurohistological report showing that hormonally

treatedMtFshaveafemininecentralpartof thebednucleusof the

stria terminalis (BSTc) (Zhou et al., 1995). Their laboratory had

previously reported sex differences in the human hypothalamus

(Hofman& Swaab, 1989; Swaab&Hofman, 1988) and tried to

relate some nuclei of this regionwith sexual orientation (Swaab,

Gooren, &Hofman, 1992), a line of research followed by others

(Allen&Gorski, 1990; LeVay, 1991). The interest of the Swaab

group in the BST had arisen from previous animal studies

showingthat thisolfactorynucleus, implicatedinsexualbehavior

(Claro, Segovia, Guilamon,&DelAbril, 1995; Emery&Sachs,

1976), was sexually dimorphic in guinea pigs (Hines, Davis,

Coquelin, Goy, & Gorski, 1985) and rats (del Abril et al., 1987;

Guillamon,Segovia&delAbril, 1988).Moreover, at that time, it

was already known that BST neurons have androgen and estro-

gen receptors (Simerly, Chang, Muramatsu, & Swanson, 1990)

aswellasaromataseactivity(Jakab,Horvath,Leranth,Harada,&

Naftolin, 1993). Indeed, Allen and Gorski (1990), in human

postmortem material, had shown sex differences in the darkly

stained posterior medial region of the BST (BSTdsmp), where

males showed a larger volume than females. It should be noted

that the BST and the central and medial amygdaloid nuclei con-

stitute theextendedamygdala(deOlmosetal.,1978;deOlmos&

Ingram, 1972).

ThestudiesoftheSwaabgrouparesummarizedinTable11.In

humans, the volume of the BSTc, calculated after immunocyto-

chemical staining of vasoactive intestinal peptide (VIP) or

somatostatin (SOM) fibers, is greater in male than in female

controls (Kruijver et al., 2000; Zhou et al., 1995). These differ-

ences become significant only in adulthood (Chung,DeVries,&

Swaab, 2002). Generally, males had stronger nuclear androgen

immunoreactivity than females.Themalehypothalamusshowed

intenseandrogenreceptorimmunoreactivity,whileweakerlabel-

ingwasfoundintheBST(Fernandez-Guastietal.,2000). Insome

areas of the hypothalamus, ARs are unrelated to transsexuality

(Kruijver, Fernandez-Guasti, Fodor, Kraan, & Swaab, 2001).

However, inMtFs, the volume and the number of SOMneurons

in theBSTcare feminine (Kruijver et al., 2000;Zhouet al., 1995;

Table11).

Swaab’s laboratory has examined several other structures,

including the interstitial nucleusof theanteriorhypothalamus

number1(INAH-1),theINAH-3,theINAH-4,andtheinfundibu-

lar, paraventricular, and suprachiasmatic nuclei of the hypotha-

lamus (Table11). The INAH-1 (Allen,Hines, Shryne,&Gorski,

1989) is also knownas the sexually dimorphic nucleus of the pre-

opticarea(SDN-POA)(Swaab&Fliers,1985)ortheintermediate

nucleus of the preoptic area (InM,Garcia-Falgueras et al., 2011).

SexdifferencesintheINAH-1arecontroversialwithpositive(Swaab

&Fliers,1985)andnegativereports(Allenetal.,1989;Byneetal.,

2000; LeVay, 1991).Males have a larger INAH-1after thionin

andgalaninneuronstaining.However,theINAH-1ofMtFsismas-

culinesince these subjectsdonot significantlydiffer frommale

controls (Garcia-Falguerasetal.,2011).Thisconfirmedprevious

results on this nucleus from the same group (Zhou et al.,

1995).

Theparaventricularandsuprachiasmaticnucleiofthehypotha-

lamusseemtobemasculine inMtFs (Zhouetal., 1995).Theunci-

nate hypothalamicnucleus, composedof the INAH-3 and INAH-

4, has also been studied. In the INAH-3, when thionin, but not

neuropeptideY(NPY),wasusedas a stain,males showeda larger

volume and greater number of neurons than females (Garcia-Fal-

gueras&Swaab, 2008). Thevolumeandnumber of neurons in the

INAH-3 of MtFs were similar to those in control females when

thioninstainingwasused.Itshouldbenotedthatinhomosexualmen

the volume of the INAH-3 was reported to be feminine (LeVay,

1991).

Peptidergic neurons synthesizing kisspeptin (KS) and neu-

rokinin B (NKB) in the infundibular nucleus of the hypothala-

mus (INF) play a role in the secretory output of gonadotropin-

releasing hormone (GnRH) and show an F[M pattern of sex

differences (Hrabovszky et al., 2010). Recently, it was reported

that an estimation of INF volume, based on neurokinin B-cell

immunoreactivity, showed larger humanNKBsystemvolumes

in females thanmales (Taziaux, Swaab,&Bakker, 2012).NKB

immunoreactivitywas reported to be typically female in the InF

of MtFs (Taziaux et al., 2012). Moreover, MtFs also showed a

feminine pattern in the number of KS neurons in the INF (Tazi-

aux et al., 2016).

The studies of Swaab’s laboratory on the expression of sex

differences in hypothalamic nuclei and the BSTc of MtFs rep-

resent an extraordinary effort and underscore the importance of

developmental processes in MtFs. The postmortem studies as a

whole suggest the following.

First, is theBSTcamarkerofmale-to-female transsexualism?

Several arguments challenge this. First, Chung et al. (2002) in

theirontogeneticstudyofthehumanBSTcfromfetal lifeonwards

found that sex differences in volume and number of neurons

became significant only in adulthood. Thus, the BSTc becomes
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sexually dimorphic long after the symptoms of transsexualism

typicallyappear(Lawrence&Zucker,2014).Chungetal. (2002),

on the basis of the studybyDavis et al. (1996) on the ontogeny of

the anteroventral periventricular nucleus of the hypothalamus

(AVPv), argued that organizational effects of testosterone on

sexual differentiation may become clear later in life. Davis et al.

(1996) foundthat the lengthof theAVPvinrats issexuallydimor-

phicinadulthoodbetweendays60and80afterbirth.Aswasmen-

tioned earlier (Fig. 1d), a similar finding was reported for the rat

locus coeruleus (Pinos et al., 2001). Interestingly, both theAVPv

and the locus coeruleus present amorphological pattern ofF[M

sexdifferencesandhavesimilarontogeny.However, themorpho-

logical pattern of sex differences of the BSTc is M[F and this

patternhas adifferent typeofontogeny.Theontogenyof theM[
Fpatternofsexdifferencehasbeeninvestigatedinthebednucleus

of the accessory olfactory tract and differences appeared early in

life (Collado, Segovia, & Guillamon, 1998; Fig. 1c); one would

expect this type of pattern for the human BSTc. Moreover,

testosteronepromotesgrowthintheM[Fpatternbut inhibits it in

the F[Mpattern (Guillamon& Segovia, 1996).

Second, postmortem human studies, as in other mammals,

show that sex differences appear in two morphological patterns

M[F (BSTc, INAH-3) and F[M(INF), so the feminization of

MtFs in these nuclei occurs because the morphological mea-

surementseitherdecrease(BSTc, INAH-3)or increase (INF).All

the postmortem studieswere done on cross-sex hormone-treated

MtFsand thepossible effectsof thehormone treatment cannotbe

discounted. Feminization treatment ofMtFs requires the admin-

istration of pharmacologically active doses of estradiol to natal

men. The adverse effects of estradiol on the hypothalamus

(Hulshoff Pol et al., 2006) and the right thalamus, pallidum, and

CTh (Zubiaurre-Elorza et al., 2014) have been reported and dis-

cussed in the previous section and also noted elsewhere (Lawr-

ence & Zucker, 2014). Moreover, the effects of testosterone

suppression by antiandrogens were underscored above (Zubi-

aurre-Elorza et al., 2014). Therefore, it is not possible to discount

deleterious effects from estradiol being the explanation for the

‘‘feminization’’in the INAH-3or theBSTcofMtFs.Thesenuclei

present anM[F sexually dimorphic pattern. It could be the case

that the morphological decreases interpreted as ‘‘feminine’’ in

these nuclei might only reflect the negative effects of the high

doses of estradiol plus antiandrogens that MtFs chronically

receive (Hulshoff Pol et al., 2006; Zubiaurre-Elorza et al., 2014).

The feminine INF in MtFs (Taziaux et al., 2012, 2016) is a

completely different case because the pattern of sexual dimor-

phism in thisnucleus isF[Mandon this occasion thepatternof

sex differences precludes a biased interpretation because the

deleterious effect of the treatment predicts morphological decrea-

ses and yet the F[Mpattern was still observed in this nucleus in

MtFs.

Table 11 Selected findings from Swaab laboratory on postmortem brain specimen of male-to-female transsexuals

Structure and stained cells Normative pattern of

sexual dimorphism

MtFs References

Volume Neurons number

BSTC

VIP M[F Feminine Zhou et al. (1995)

Somatostatin M[F Feminine Feminine Kruijver et al. (2000)

INAH-1

Thionin M[F Masculine Masculine

Galanin M[F Masculine Masculine

VIP M[F Masculine Masculine

INAH-3 M[F Feminine Feminine Garcı́a-Falgueras and Swab (2008)

Thionin M[F Isomorphic Isomorphic

NPY M=F Isomorphic Isomorphic

INAH-4 M=F

Uncinate (ANAH-3?ANAH-4)

NPY M=F Isomorphic Isomorphic

Synaptophysin M=F Isomorphic Isomorphic

Infundibular nucleus F[M Feminine Feminine Taziaux et al. (2012)

NKB F[M Feminine Feminine

Kisspeptin F[M Feminine Taziaux et al. (2016)

Paraventricular nucleus M=F Isomorphic Isomorphic Zhou et al. (1995)

Suprachiasmatic nucleus M=F Isomorphic Isomorphic

BSTC central regionof the bednucleus of stria terminalis, INAH interstitial nucleus of anterior hypothalamus (1, 3, 4),VIPvasointestinal peptide,NPY

neuropeptideY,NKB neurokininB. Except for thionin staining, under each structure is indicated the type of cellsmarked using immunocytochemical

techniques
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Third, throughout this review we have made a point of the

importance of distinguishing the sexual orientation and onset of

gender dysphoria inMtFs and FtMs.With respect to sexual

orientation, the postmortem studies of MtFs are a mixture of

homosexual, nonhomosexual, and unknown sexual orientation

and also a mixture of early and late onset of the GD (Garcia-

Falgueras&Swaab,2008). Ithasbeensuggestedthat thesample

of these studies might be consistent with the hypothesis that all

were nonhomosexual transsexuals (Lawrence & Zucker, 2014).

Recently, it was noted (Lawrence&Zucker, 2014) that a voxel-

based morphometry study of pedophilic offenders found reduced

gray matter in the amygdale, hypothalamus (bilaterally), septal

regions,substantiainnominata,andtheBST(Schiltzetal.,2007).

Lawrence andZucker (2014) suggested that a feminineBSTc

might be ‘‘a marker for paraphilic male sexuality or for only

nonhomosexual MtF transsexualism, rather than for all

types of transsexualism. Alternatively, the BSTc findingsmay be

attributable to theeffectsof transgenderhormone therapy’’(p.621).

If we take into account the in vivo studies on the brain effects of

cross-sexhormone treatment, the latermightbe themoreprobable

explanation.

Fourth, the postmortem studies show that the feminization of

MtFs seems to affect cells that express specificpeptidesbecause

feminizationisdetectedincellsthatexpressNKBandKSimmunore-

activity(INF)andVIP(BSTc)andgalanin(SDN-POA)butnotNPY

or synaptophysin (INAH-3). This reflects the complexities of sex

differences’ expression, which types of cells are feminized in (non-

homosexual?)MtFs,andconstitutesafirst stepandaguidefor future

morphological andmolecular analyses.

Conclusions

UntreatedMtFsandFtMswhohaveanearlyonsetof theirgender

dysphoria and are sexually oriented to persons of their natal sex

show a distinctive brain morphology, reflecting a brain phe-

notype. These phenotypes are different from those of heterosex-

ual males or females; the differences affect the right hemisphere

and cortical structures underlying body perception. The genesis

of these phenotypes might be caused by atypical effects of sex

hormonesor theirmetabolites in specificcortical regionsofMtFs

and FtMs. These effects of hormones on the cortex suggest the

hypothesis that brain differences between homosexualMtFs and

FtMs and male and female controls are due to differences in the

development of the cortex; this hypothesis would imply that the

thinningprocessundergonebysomeregionsof thecortex is timed

differently in each phenotype.

The reviewof the availabledata seems to support twoexisting

hypotheses: (1) a brain-restricted intersexuality in homosexual

MtFs and FtMs and (2) Blanchard’s insight on the existence of

two brain phenotypes that differentiate‘‘homosexual’’and‘‘non-

homosexual’’MtFs. The studies on the effects of cross-sex hor-

mone treatment on the brain of MtFs and FtMs consistently

indicatedramatic effects on thegrayandwhitematter after short-

tomedium-term treatments but the long-termeffects on thebrain

require evaluation. Finally, the postmortem studies should be

interpreted in light of these in vivo findings as well as of their

underlying mechanisms.
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