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CHAPTER 5 

TESTOSTERONE TREATMENT AND 
AMYGDALA LATERALIZATION
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ABSTRACT

The influence of testosterone on the development of human brain lateralization has been 
subject of debate for a long time, partly because studies investigating this are necessarily 
mostly correlational. In the present study we used an experimental approach by assessing 
brain lateralization in transboys (female sex assigned at birth diagnosed with Gender 
Dysphoria, n=21) before and after testosterone treatment, and compared these results to the 
lateralization of age-matched control groups of boys (n=20) and girls (n=21) around 16 years 
of age. The lateralization index of the amygdala was determined with functional magnetic 
resonance imaging (fMRI) during an emotional face matching task with angry and fearful 
faces, as the literature indicates that boys show more activation in the right amygdala than 
girls during the perception of emotional faces. As expected, the lateralization index in 
transboys shifted towards the right amygdala after testosterone treatment, and endogenous 
testosterone concentrations predicted rightward amygdala lateralization in control boys. 
However, we did not find any significant group differences in lateralization, although 
lateralization of control boys tended to be more rightward than the other two groups before 
treatment. Also, there was no correlation between testosterone concentrations and amygdala 
lateralization in transboys. These inconsistencies may be due to sex differences in sensitivity 
to testosterone or its metabolites, which would be an interesting course for future studies.

HIGHLIGHTS

• Aim: examine the effect of testosterone administration on lateralization in transboys

• Testosterone treatment increases right amygdala lateralization in transboys

• Correlation between testosterone and right amygdala lateralization in control boys 

• No clear sex differences in amygdala lateralization

• These discrepancies are perhaps due to sex differences in hormone sensitivity
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TESTOSTERONE EFFECTS ON AMYGDALA 
LATERALIZATION: A STUDY IN TRANSBOYS 

AND ADOLESCENT CONTROLS

Beking, T., Geuze, R.H., Burke, S.M., Bakker, J., Groothuis, A.G.G. & 
Kreukels, B.P.C. Submitted to Psychoneuroendocrinology May 2018

INTRODUCTION

The two hemispheres of the brain differ in structure and function, with differences between the 
sexes. Based on this sex difference, the development of brain lateralization has long been thought 
to be under the influence of testosterone (for a review see Pfannkuche et al., 2009). However, 
studies investigating the influence of testosterone on lateralization in humans are scarce and mostly 
correlational in nature (Beking et al., 2017). In the current study we use a more experimental 
approach, by investigating the effect of testosterone treatment on lateralization in transboys (female 
sex assigned at birth diagnosed with Gender Dysphoria). 

The amygdala is part of the limbic system and involved in emotion and memory. The amygdala 
is one of the most studied brain areas in which lateralized sex differences in structure have been 
found from an early age onwards. Namely, a study investigating the structural development of the 
amygdala from infancy to young adulthood (Uematsu et al., 2012) found that the right amygdala 
volume was larger than the left amygdala in males, whereas there was no difference between the left 
and right amygdala volume in females. A recent large meta-analysis including 15.847 participants 
from early to late adulthood, found that the volume of the right amygdala was larger than the left in 
both sexes (Guadalupe et al., 2016). The sex difference in structural asymmetry was not significant, 
although males tended to have a stronger rightward asymmetry than females, which is consistent 
with the finding in children (Uematsu et al., 2012). Furthermore, connections to other brain 
areas are more widespread from the right amygdala in men, and from the left amygdala in women 
(Kilpatrick et al., 2006; Savic and Lindström, 2008), and neuron size is larger in the right amygdala 
in men and in the left amygdala in women (Antyukhov, 2016). 

It is particularly interesting to investigate the influence of testosterone on lateralization in the 
amygdala, because of the relatively high concentration of androgen receptors in this region as shown 
in primates (Pomerantz and Sholl, 1987). In puberty, there is a surge of testosterone – especially 
in boys and to a smaller extent in girls – influencing the development of the amygdala. Pubertal 
stage and testosterone levels have been associated with larger right (Herting et al., 2014) or bilateral 
(Neufang et al., 2009) amygdala volumes in boys and girls. Bramen and colleagues (2011) reported 
the same positive relation between pubertal stage and amygdala volume in boys, especially in 
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the right amygdala (though only at trend level), but found that pubertal stage and testosterone 
concentrations predicted a decrease in right amygdala volume in girls. 

Some meta-analyses of fMRI studies indicate lateralized sex differences in amygdala activation 
(Stevens and Hamann, 2012; Wager et al., 2003), but results are inconclusive, probably because 
these meta-analyses include a broad range of emotional tasks, including pictorial and semantic 
tasks, while amygdala activation seems to depend heavily on task characteristics (Sergerie et al., 
2008). One of the key functions of the amygdala is the processing of facial emotional expressions 
(Fusar-Poli et al., 2009). In the present study we used a face matching task with angry and fearful 
faces (Hariri et al., 2000). A large study specifically investigating the perception of angry faces in 
470 adolescent boys and girls, found a stronger right than left amygdala activation in boys, but no 
lateralization of activation in girls (Schneider et al., 2011). This was consistent with an earlier study 
investigating perception of fearful faces (Killgore and Yurgelun-Todd, 2004). 

In the present study we investigated the effect of testosterone treatment in adolescent transboys 
(female sex assigned at birth diagnosed with Gender Dysphoria), who experience a mismatch 
between their sex assigned at birth and their gender identity. From around 16 years of age, after 
careful diagnostic evaluation and consultation, they may choose to start hormone treatment. A 
masculinizing puberty is then induced by administering testosterone (Kreukels et al., 2011). This 
is a unique group of participants to investigate the effect of testosterone treatment on lateralization 
in adolescence. Puberty is a particularly interesting period to study effects of testosterone, as it 
has been suggested that this is a second sensitive period in which sex hormones affect the sexual 
differentiation of the brain (Peper et al., 2011), and a previous longitudinal study of our research 
group in adolescentsreported effects of pubertal testosterone on lateralized brain activity (Beking 
et al., 2018). To our knowledge, there is no literature on the effect of long-term testosterone 
administration on amygdala activation. Single testosterone administration studies in adult women 
found an increase in bilateral amygdala reactivity during a face matching task with angry and fearful 
faces (van Wingen et al., 2009), and lateralized effects of testosterone administration have been 
found on specifically the right amygdala while watching angry faces (versus happy faces) (Hermans 
et al., 2008), and watching movies of faces that changed their expression from neutral to emotional 
(either happy or fearful) (Bos et al., 2013). 

So far, studies that investigated the effects of sex hormones on amygdala activation did not take the 
relative activation between the left and right amygdala – i.e. a lateralization index - into account.
However, this index is a widely used standard to measure the degree and direction of lateralization. 
In the present study, we specifically aimed to test the effect of testosterone treatment – after puberty 
suppression – on the lateralization index of the amygdala during an emotional face matching task 
in transboys using functional magnetic resonance imaging (fMRI). We collected similar data in 
control boys and girls. Previous studies from our group (including partly the same participants as in 
the current study) found that adolescent transboys had brain activation during cognitive tasks for 
which sex differences have been observed, that was “in-between” that of male and female control 
groups, i.e. neither sex-typical nor sex-atypical(Burke et al., 2016; Soleman et al., 2013; Staphorsius 
et al., 2015). 
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Therefore, we hypothesize that 1a) There is a sex difference in lateralization of amygdala activations, 
with control boys showing a stronger rightward lateralization than control girls; 1b) Transboys have 
a lateralization index “in-between” that of control boys and girls before testosterone treatment; 2) 
Testosterone treatment in transboys will shift lateralization of amygdala activation towards the 
right hemisphere; 3) There is a correlation between testosterone levels and lateralization of amygdala 
activation in the control groups.

METHOD

PARTICIPANTS

Transboys were recruited via the Center of Expertise on Gender Dysphoria, VU University Medical 
Center in Amsterdam, the Netherlands. Age-matched control boys and girls were recruited via 
secondary schools and by inviting friends of the transboys. Exclusion criteria for participation in 
the study were continuous psychotropic medication use, and any form of psychiatric or neurologic 
disorder. At the first session, 21 transboys (M=16.1 years, SD=0.7), 20 control boys (M=15.9, 
SD=0.6) and 21 control girls (M=16.4, SD=1.0) participated. One year later, all transboys 
participated again, and 3 control boys and 1 control girl dropped out. All participants gave their 
informed consent and ethical clearance was given.

At the first session, 2 transboys and 1 control boy were excluded because the amygdala did not show 
activation during the task and a lateralization index could not be determined. At the second session, 
2 control girls were excluded due to technical problems with the fMRI measurement.

Participants completed the Dutch translation of the Edinburgh Handedness Inventory (Van Strien, 
2002) at session 1. The distribution of handedness did not differ significantly between the groups 
(all Kolmogorov-Smirnoff Z<0.93, p>.358). 

HORMONE TREATMENT

Up to session 1, the transboys received 3.75mg Triptorelin (Decapeptyl-CR®) subcutaneously or 
intramuscularly every 4 weeks to suppress production of gonadal hormones, and thereby puberty 
(mean duration=1.6 years, SD=1.0).

After session 1 and up to session 2, transboys received testosterone treatment (M=9.8 months, 
SD=2.9, range 5.6-14.8 months): 14 transboys received an ester-testosterone mixture every 2 weeks 
(Sustanon® 250 mg/mL), and 7 transboys received testosterone undecanoate every 12 weeks 
(Nebido® 250 mg/mL). The dosage depended on the participants’ age: 25 mg/m2 body surface 
area until age 16.5 years, and 75 mg/m2 from age 16.5 onwards. 

Control boys and girls received no treatment. 
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HORMONE ASSAY

At the day of testing, participants were asked to collect 1 mL of saliva in a polypropylene tube 
directly after waking up. Testosterone levels in saliva were determined with isotope dilution-liquid 
chromatography-tandem mass spectrometry (ID-LC-MS/MS), see for further details (Bui et al., 
2013). Testosterone levels from transboys were not determined at session 1, because they were under 
pubertal suppression, that has been proven to result in testosterone levels under detection levels 
(Soleman et al., 2016). 

FACE MATCHING TASK

Participants performed a face-matching task (Hariri et al., 2000). We chose to investigate fearful 
and angry faces, as these emotions elicit strong amygdala activation, on which effects of testosterone 
have been demonstrated (Bos et al., 2012; Derntl et al., 2009; Fusar-Poli et al., 2009). Stimuli were 
derived from the NimStim set of Facial Expressions (Tottenham et al., 2009). In this task, an angry 
or fearful target face was presented above 2 horizontally placed references faces, of which one was 
fearful and one angry. Participants had to indicate with a left or right button press which of the 
reference faces showed the same emotion as the target face. All three simultaneously presented faces 
were from different persons of the same sex. Across trials, the faces were counterbalanced for sex 
and emotion. In the control condition participants had to match simple circular shapes. The task 
consisted of 4 face matching blocks alternated with 5 control blocks, and there were no breaks in 
between the blocks. Every block consisted of 6 trials, and the timing of the trials was self-paced (the 
maximum response duration per trial was 4 s). A fixation cross was shown for 1 s after each trial. 

IMAGING PROTOCOL

Scans for session 1 were performed on a 3.0 Tesla GE Signa HDxt scanner (General Electric, 
Milwaukee, Wisconsin, USA). A gradient-echo echo-planar imaging sequence was used for 
functional imaging. The parameters included a 19.2 cm2 field of view, TR of 1950 ms, TE of 25 
ms, an 80° flip angle, isotropic voxels of 3 mm, and 36 slices. Before each imaging session a local 
high-order shimming technique was used to reduce susceptibility artifacts. For co-registration with 
the functional images a T1-weighted scan was obtained (3D FSPGR sequence, 25cm2 field of view, 
TR of 7.8 ms, TE of 3.0 ms; slice thickness of 1 mm, and 176 slices). For further description of the 
procedure see Burke et al. (2016). 

During the course of the project, a scanner upgrade (hardware and software) took place (GE 
scanner, type MR750). Although all settings of the scanning protocol remained unchanged, we 
counterbalanced session 2 scans over groups in order to account for possible effects of the upgrade 
(all session 1 scans were performed before the upgrade). The lateralization index did not differ 
between groups at session 2 before and after the upgrade (F(2,53)=0.044, p=.957).

FMRI ANALYSES

All analyses were performed using MATLAB 2011b and SPM12. First, a group template was 
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created for anatomical images acquired during the first session using Diffeomorphic Alignment 
Registration Exponentiated Lie Algebra (DARTEL) for optimal spatial normalization. Second, 
standard preprocessing was performed per session, which comprised the following steps: 
realignment to the functional mean image, co-registration with the individual anatomical image, 
normalization to the DARTEL template, and a final smoothing with an 8mm FWHM kernel size. 
First-level contrast images were built by subtracting control trials from emotion trials. 

We used the LI-Tool (Wilke and Lidzba, 2007) to calculate the laterality indices for contrasts for all 
participants. The amygdala, our region of interest, was specified with the WFU Pickatlas version 
2.4. The size of the mask of the left and right amygdala was symmetrical. The laterality index was 
calculated with the following (default) settings: voxel values were used, thresholding was based on 
the bootstrapping technique, and a standard exclusion mask with a midline margin of 5mm was 
used. We selected the weighted mean lateralization index scores for further analysis.

STATISTICAL ANALYSES

The statistical analyses were performed in SPSS 25. In order to determine the effect of hormone 
treatment on circulating testosterone concentrations the difference in testosterone concentrations 
between groups were tested with Mann-Whitney U tests per session, and the change in testosterone 
concentrations between sessions with a Wilcoxon signed ranks test per group. Based on the literature 
(Soleman et al., 2016), the testosterone concentration at session 1 was set on the detection limit of 
10 nmol/L for transboys.

The difference in lateralization between groups was tested with independent-samples T tests. 
To test if transboys – being our experimental group – differed from control boys and girls in the 
change in lateralization before and after treatment, we performed a repeated measures mixed model 
estimating the interaction effect between group and session per contrast: transboys compared to 
control boys, and transboys compared to control girls. Subsequently, the change in lateralization 
between sessions per group was tested with a paired-samples T test. 

In order to examine the potential relationship between endogenous testosterone concentrations 
and lateralization indices in control groups, we combined the data of session 1 and 2 to increase the 
power. A general linear mixed model was performed per sex, with ‘subject’ as a random factor to 
control for the effect of using each subject twice, and ‘testosterone concentrations’ as a fixed effect. 

Next, we tested the effect of exogenous testosterone concentrations on lateralization with a GLM 
in transboys at session 2. In addition, we tested the effect of exogenous testosterone concentrations 
on the change in lateralization from before to after treatment (dependent variable: lateralization at 
session 2 minus 1) with a GLM. 

Finally, as an explorative analysis, we checked if handedness as a covariate had any effect on the 
analyses presented in this article, and this was not the case: the Akaike information criterion 
(AIC) was worse with handedness in the model, all outcomes remained qualitatively the same, and 
handedness as covariate had no significant effect on lateralization.
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RESULTS

TESTOSTERONE

Figure 1 presents testosterone levels per group per session, confirming sex differences and the effect of 
treatment. At both sessions, control boys had higher testosterone levels than control girls (session 1: 
U=6.00, p<.001, session 2: U=0.00, p<.001). For the control groups, testosterone levels were similar 
at session 1 and 2 (boys: Z=-.54, p=.586; and girls: Z=-1.78, p=.076). Assuming that testosterone 
concentrations of transboys were below detection limit in session 1, testosterone treatment strongly 
increased testosterone levels at session 2 (Z=-4.02, p<.001). Their testosterone concentrations were 
now higher than in control girls (U=0.00, p<.001), and comparable to the levels of control boys 
(U=142.00, p=.284). 

Figure 1   Boxplot of testosterone levels per group per session. Error bars represent the 95% 
confidence intervals. Dots represent the outliers > 1.5 interquartile range.
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GROUP DIFFERENCES IN LATERALIZATION 

The average lateralization index per group per session is depicted in Figure 2. At session 1, transboys 
were significantly less lateralized than control boys (t(36)=2.03, p=.045), and similarly lateralized to 
control girls (t(38)=0.73, p=.444). However, contrary to expectation the difference in lateralization 
between control boys and girls did not reach significance (t(38)=-1.41, p=.190), although the 
difference was in the expected direction. At session 2, the lateralization index did not differ between 
any of the groups (transboys vs. control boys: t(36)=-0.28, p=.775; transboys vs. control girls: t(37)=-
0.20, p=.850; control boys vs. control girls: t(33)=0.10, p=.923).

We tested if the change in lateralization from session 1 to 2 was different in testosterone treated 
transboys compared to the control groups by looking at the interaction between group and session. 
With transboys and control boys included in the model, the interaction between group and session 
was significant as expected (F(1,35.8)=4.30, p=.045). The main effects of group (F(1,37.6)=1.31, 
p=.260) and session (F(1,35.8)=0.28, p=.598) were not significant. Using the same model but now 
including transboys and control girls, none of the effects were significant (group: F(1,39.3)=0.28, 
p=.643); session: F(1,38.6)=2.51, p=.121; group*session: F(1,38.6)=0.68, p=.413). In the analyses per 
group, the change in lateralization towards the right hemisphere from session 1 to 2 almost reached 
significance for transboys (t(18)=1.99, p=.062), whereas the lateralization index did not change over 
sessions for control boys (t(15)=-1.05, p=.311) and control girls (t(17)=.58, p=.567). 

*

Figure 2   The mean lateralization index of amygdala activation during emotional face 
processing per group per session. Positive lateralization values indicate leftward asymmetry, 
and negative lateralization values indicate rightward asymmetry. Error bars represent the 
95% confidence intervals.
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THE RELATION BETWEEN ENDOGENOUS TESTOSTERONE 
AND LATERALIZATION IN THE CONTROL GROUPS

For the control groups, we combined the data of session 1 and 2, but analyzed boys and girls separately. 
Testosterone concentrations significantly predicted lateralization in control boys (F(1,34.0)=6.13, 
R²=0.19, p=.018), but not in control girls (F(1,35.3)=0.86, R²=0.02, p=.361), see Figure 3. Although 
testosterone levels were in the normal biological range as reported in other studies (Bui et al., 2013), 
in order to rule out potential effects of outliers, we performed the same analyses again excluding 
the participants with extreme testosterone concentrations (1 control boy and 1 control girl had 
extreme values and were influential: leverage >.11 and Cook’s distance >.22). While excluding these 
individuals, testosterone still significantly strengthened lateralization towards the right hemisphere 
for control boys (F(1,33.0)=6.64, R²=0.19, p=.015), and not for control girls (F(1,35.5)=.54, R²=0.01, 
p=.469). 
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Figure 3   The relation between testosterone and lateralization of amygdala activation during  
emotional face processing for the control boys and control girls across sessions. Positive 
lateralization values indicate leftward asymmetry, and negative lateralization values 
indicate rightward asymmetry.
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THE EFFECT OF EXOGENOUS TESTOSTERONE TREATMENT 
ON LATERALIZATION IN TRANSBOYS

At session 2, the relation between testosterone and lateralization was not significant for transboys 
during testosterone treatment (F(1,19)=1.08, R²=0.05, p=.313), see Figure 4. In addition, the 
relation between testosterone (measured at session 2) and the change in lateralization from session 1 
to 2 was not significant (F(1,17)=0.66, R²=0.04, p=.426).
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Figure 4   The relation between testosterone and lateralization of emotional face processing for  
transboys at session 2. Positive lateralization values indicate leftward asymmetry, and 
negative lateralization values indicate rightward asymmetry.

DISCUSSION

The aim of this study was to investigate the effect of testosterone on lateralization of amygdala 
activation during emotional face perception. To this end we used an experimental approach by 
assessing lateralization in transboys before and after testosterone treatment, and compared it to 
control groups of boys and girls. Our hypotheses were based on earlier reports indicating that boys 
show more amygdala activation in the right hemisphere than girls for the perception of angry and 
fearful faces (Killgore and Yurgelun-Todd, 2004; Schneider et al., 2011). However, in our sample, 
boys and girls did not differ significantly in lateralization at any session. Also, contrary to our 
expectation, the lateralization index of transboys was not “in-between” that of both sexes, but 
comparable to control girls and different from control boys, thus sex-typical before testosterone 
treatment. After testosterone treatment, in line with the prediction, the lateralization of amygdala 
activation of transboys became similar to that of control boys. However, at the same time transboys, 
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even after testosterone treatment, did not differ in amygdala lateralization from control girls. 

There was a significant interaction effect between session and group on lateralization of transboys 
versus control boys. Thus, the lateralization index changed differently in transboys versus control 
boys from session 1 to 2. However, this interaction was not significant when transboys were compared 
to control girls. Within-group analyses revealed that the expected shift to the right amygdala after 
testosterone treatment almost reached significance in transboys, and was not significant at all in 
the control groups. In line with the literature, our findings tentatively suggest that testosterone 
treatment in transboys shifts the lateralization of amygdala activation to the right to a level that is 
comparable to that in control boys.

Next, we tested the relationship between the actual testosterone levels and lateralization in the 
control groups. The hypothesis that there would be a relation between endogenous testosterone and 
rightward lateralization was confirmed, but only for control boys. This outcome is in line with a 
study in adult men, finding a positive relation between endogenous testosterone levels and activation 
in the right, but not the left, ventral amygdala during emotional memory (Ackermann et al., 2012). 
Other studies found that testosterone levels are related to a bilateral increase (Manuck et al., 2010; 
Derntl et al., 2009) or decrease (Stanton et al., 2009) in amygdala activation while viewing emotional 
faces. This is not necessarily in contrast with our outcome, as these studies did not take the relative 
difference between the left and right amygdala into account with a lateralization index. However, 
our finding that the lateralization index of control girls – having lower testosterone concentrations 
– was comparable to that of control boys at session 2, indicates that genetic, hormonal and/or 
environmental factors play an important role as well (Arnold and McCarthy, 2016). The absence 
of significant effects in girls is likely to be due to the low testosterone levels with a limited range of 
values, and in line with the absence of effects for girls in the studies of Ackermann et al. (2012) and 
Stanton et al. (2009).

Finally, we investigated the relation between exogenous testosterone concentrations at session 2 and 
lateralization in transboys. We found no significant effect on lateralization measured at session 2, 
or on the change in lateralization between both sessions. This was surprising, as we saw earlier 
that the lateralization index of transboys shifted towards the right hemisphere from before to after 
treatment. Moreover, consistent with this rightward shift in lateralization in transboys, we also 
observed an effect of endogenous testosterone on rightward lateralization in the control boys. The 
presence of effect in control boys (session 1 and 2) but not in transboys (session 2) is cannot only be 
explained by the smaller sample size in transboys, as a check revealed that the effect of testosterone 
on lateralization in control boys was also significant at session 1 (p=.033) and a trend at session 2 
(p=.096). Nonetheless, it would be interesting to replicate the study with a bigger sample size.

We propose the following four explanations for the absence of finding a relationship between actual 
testosterone concentrations and lateralization in transboys. 

Firstly, the testosterone levels as measured in transboys at session 2 may not accurately reflect the 
testosterone treatment. Either because testosterone levels fluctuate after the injection, starting with 
a supra-physiological peak and gradually decreasing over time (Bui et al., 2013). Or because the total 
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dose of testosterone treatment differed between individuals, depending on the starting age and time 
between sessions.

Secondly, while endogenous production of testosterone shows a biological rhythm and depends 
on the environment, the treatment with testosterone may have overridden these natural variations 
changing the typical relationship between testosterone levels and lateralization.

Thirdly, there might be a neurobiological difference between transboys and control boys, explaining 
why there is a correlation between testosterone levels and lateralization in control boys but not in 
transboys. For example, transboys might have a lower threshold for the effect of testosterone on 
lateralization than control boys, and concentrations of testosterone in transboys could have been 
above this threshold with testosterone treatment resulting in a ceiling effect. Genetic thresholding 
or ceiling mechanisms on the action of sex hormones are well known in both sexes, such as proteins 
that prevent dimerization or promote receptor translocation to the nucleus, or microRNAs that 
prevent translation of mRNA into protein (e.g. McCarthy, 2016).

Lastly, there might be an asymmetrical difference in the organization of the brain between transboys 
and boys, influencing the effect of testosterone (Ernst et al., 2007). From human studies we know 
that there is a structural sex difference in amygdala asymmetry from infancy to young adulthood 
(Uematsu et al., 2012), and that in men connections to other brain areas are more widespread 
from the right amygdala, but in women from the left amygdala (Kilpatrick et al., 2006; Savic and 
Lindström, 2008). Also, neuron size is larger in the right amygdala in men and in the left amygdala 
in women (Antyukhov, 2016), which is probably under the influence of androgens (Morris et al., 
2008). If the structural lateralization differs between transboys and control boys, or if the androgen 
receptor distribution differs, then this might explain the different effects of testosterone in both 
groups.

STRENGTHS, LIMITATIONS, AND FUTURE DIRECTIONS

So far, literature reporting sex differences in lateralization of amygdala activation was inconclusive, 
possibly because the analyses were performed per hemisphere, not taking the difference between 
both hemispheres into account. The strength of our study is that we determined a lateralization 
index for the amygdala. Moreover, previous human studies investigated the effects of endogenous 
testosterone in men, or single testosterone administration studies in women, on amygdala activity. 
For the first time, we investigated the effect of long-term exogenous testosterone treatment in 
transboys and compared this with the effects of endogenous testosterone levels in control boys and 
girls, on amygdala lateralization. 

A limitation of the present study is that the transboys received puberty suppression at session 
1, and therefore we cannot distinguish if the stronger lateralization at session 2 is due to higher 
testosterone levels at that session, or due to lower lateralization scores at session 1 as a result of 
puberty suppression, or both. Interestingly, transboys and control girls, in contrast to control boys, 
had low testosterone levels and were on average not lateralized at session 1, possibly suggesting 
activating or organizing effects of testosterone during puberty in transboys. Activating effects 
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on amygdala function have been demonstrated in single testosterone administration studies 
in women (Bos et al., 2013; Hermans et al., 2008; van Wingen et al., 2009). Organizing effects 
of testosterone have been found on brain structure and function– including the amygdala – in 
puberty (Bramen et al., 2011; Goddings et al., 2014; Neufang et al., 2009; Sisk and Zehr, 2005). In 
the present study, we cannot distinguish between potentially activating and organizing effects of 
testosterone. Ideally, future studies should use an even more extensive longitudinal approach with 
multiple measurements in persons with GD. For example, in pre-pubertal children, in adolescents 
just before the puberty suppression starts, and at several time points after the onset of treatment. 
These are the first steps to disentangle whether testosterone has activating and/or organizing effects 
on amygdala lateralization. An interesting future endeavor would be to also investigate the effects of 
testosterone treatment in adult transmen, to determine the possible presence of a sensitive window 
for the hormonal effects. 

Furthermore, it would be enlightening to investigate the relation between organizing effects of 
testosterone on the structural lateralization of the amygdala and the (lateralized) activation. We 
recommend to include assessment of morphometric differences and connectivity in a follow-up 
study as well. 

An interesting addition would be to investigate the effect of estradiol treatment, for example 
in transgirls (male sex assigned at birth diagnosed with Gender Dysphoria). Other hormones 
than testosterone might also influence lateralization of the amygdala, and estradiol is the most 
obvious candidate. Both testosterone and estradiol have been found to increase right amygdala 
growth across adolescence in both sexes (Herting et al., 2014), and effects of menstrual cycle on 
lateralized amygdala activation have been reported (Derntl et al., 2008). In addition, it is important 
to realizethat testosterone and estradiol interact with each other, and that testosterone can be 
converted to estradiol by aromatase, which is highly prevalent in the amygdala (Pareto et al., 2004). 
Unfortunately, the difference in aromatase levels between the left and the right amygdala is, to 
the best of our knowledge, not known. In mice, the aromatization of testosterone to estradiol is 
essential for its effect on the number of neurons in the amygdala in puberty (Sano et al., 2016). In 
humans, it is unknown if testosterone directly acts on the amygdala, but it is generally assumed that 
testosterone directly affects sexual differentiation of the brain (Wallen, 2005). 

CONCLUSIONS

The lateralization of the amygdala, and the influence of testosterone on this lateralization, has 
been a topic of debate for a long time. In the present study we tried to bridge the gap between 
experimental animal studies and correlational human studies, by investigating the effect of long-
term testosterone treatment in transboys. Our overarching hypothesis that testosterone predicts 
rightward lateralization of the amygdala was partially confirmed. In favor of this hypothesis were 
the findings that lateralization in transboys shifted towards the right amygdala after testosterone 
treatment, and that endogenous testosterone concentrations predicted rightward amygdala 
lateralization in control boys. However, against our expectations, control girls had a similar 
amygdala lateralization as control boys and transboys at both sessions, and we did not find a 
correlation between testosterone concentrations and amygdala lateralization in transboys, perhaps 



Testosterone treatment & amygdala lateralization

111

due to a ceiling effect. To investigate whether the partly inconsistent findings can be explained by 
a biological difference between natal boys and girls, such as differences in testosterone sensitivity, 
estrogen levels, or neurobiology, is an interesting course for future studies.
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