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Abstract Sexual dysfunction related to treatment with selec-

tiveserotoninreuptake inhibitors (SSRIs) isacommonreasonfor

discontinuation of otherwise effective antidepressant treatment

regimens. Thus, identification of subjects at risk for this side

effect remains a crucial challenge. After demonstrating task-

related neural correlates of impaired sexual functioning under

treatment with the SSRI paroxetine (Abler et al., 2011), we

studied(1) if restingstatebrainfunctionbefore treatmentpredicts

subsequent development of treatment-related modulation of

sexual function, and (2) which neural circuits relate to different

aspects of the impairment. Effects of paroxetine and bupropion

administration over 1 week on subjective sexual functioning

were investigated in 17 healthy male volunteers in a placebo-

controlled, randomized cross-over design using the Massachu-

settsGeneralHospitalSexualFunctionQuestionnaire.Datafrom

a 10 min eyes-closed resting state scan were used to analyze

functional connectivity under placebo in previously identified

brain regions, focussing on the sublenticular extended amygdala

(SLEA), dopaminergic midbrain, and anterior cingulate cortex.

Resting state functional connectivities of the pregenual anterior

cingulate cortex (pgACC), midbrain, and insula to the SLEA

sufficiently predicted the development of subjective SSRI-rela-

ted decreased sexual functioning and distinguished vulnerable

from resilient subjects. Furthermore, connectivity with the mid-

brain particularly predicted orgasm-related deficits, while con-

nectivity with pgACC predicted sexual satisfaction. Linking

SSRI-related subjective sexual functioning to pre-treatment

resting state connectivities in cortico-subcortical network of sex-

ual processing, we demonstrated the potential of novel, non-

invasive and passive brain imaging techniques to guide ther-

apeutic decisions and adjust treatment protocols in psychiatric

disorders and sexual medicine.
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Introduction

Sexual dysfunction is a common side effect following treatment

with selective serotonin reuptake inhibitors (SSRIs) and is fre-

quently related to discontinuation and failure of treatment.

Decreased sexualdesire and interest in sexual activity along with

erectile dysfunction are reported in as much as 60 % of the cases

(Gregorian et al., 2002) with the highest rates of up to 64 %

observed under paroxetine (Clayton et al., 2002), which is one of

the frequently prescribed SSRIs. On the other hand, the same

pharmacological effect is used advantageously in the treatment

of premature ejaculation (Pryor et al., 2006). While these effects

of SSRIs are well known, the underlying mechanisms and pre-

dictors of individual vulnerability are poorly understood. Such

predictors of effects and side effects, like behavioral or
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neurobiological markers, are highly desirable as they would

allow for individualized therapy protocols.

Regarding neurobiology, neuroimaging has revealed a broad

networkofbrainregions thatcontribute to thedifferentaspectsof

sexual functioning in men and women, including regions like the

anterior cingulate cortex (ACC), lateral occipital cortex (LOC),

insula, amygdala, hypothalamus, thalamus, and the ventral stri-

atum (Abler, Grön, Hartmann, Metzger, & Walter, 2012; Arnow

et al., 2002; Ferretti et al., 2005; Metzger et al., 2010; Moulier

et al., 2006; Mouras et al., 2003; Redouté et al., 2000; Walter

et al., 2008a; Walter, Stadler, Tempelmann, Speck, & Northoff,

2008b). These activations have been related to a multidimen-

sional model of sexual functioning that assumes that sexual

arousal—but also sexual dysfunction—is comprised of cogni-

tive, motivational, autonomic, and emotional components that

affect sexual appetite, performance, appraisal and orgasm (Red-

outé et al., 2000; Stoléru et al., 1999). This literature includes

studies inmenandwomenandhas tobe takenwithcautionwhen

itcomestogendereffects.However,at leastWalteretal. (2008a)

couldshowthatneuronaleffects intheabove-mentionedregions

were comparable when the same level of sexual arousal was

achieved.

Onthebehavioral level,questionnairesliketheMassachusetts

General Hospital Sexual Function Questionnaire (MGH-SFQ;

Labbate & Lare, 2001) have been developed to assess these

different aspects separately. In task-related fMRI, however,

differentiating these dimensions in one experiment would

requireverycomplexexperimentalparadigms.Furthermore, ina

current study investigating task-induced fMRI signals during

eroticvideoviewing,paroxetinealteredtheactivationofrelevant

brain regions, however, task-related fMRI activations could not

be identified as potential predictors of decreased sexual func-

tioning under the SSRI paroxetine (Abler et al., 2011). We

hypothesized that resting state fMRI (rsfMRI) is a promising

alternative approach since it equally assesses synchronised brain

activation in all relevant regions, independent of a specific task

setting. The method of rsfMRI, as first described by Biswal,

Yetkin, Haughton, and Hyde (1995), requires the subject to lie

still with eyes closed in an MRI-scanner for 5–15 min and allows

one to look at low-frequency BOLD fluctuations in the subject’s

brain in theabsenceofanytask-setting.Therefore, rsfMRIcanbe

easily standardized and is less dependent on a subject’s task

commitment, which is a prerequisite for investigating larger

clinical samples (Fox&Greicius,2010).While taskfMRIshows

changes in activation in those specific brain regions, which are

assessed by the task and leaves out all other regions, rsfMRI

equally investigatesallcoveredbrainregionsata time.Therefore

it allows for the investigation of local behavior of certain regions

of interest (ROI), but also global measures of complex network

interaction between various brain regions over time.

Under task conditions, lower BOLD responses under par-

oxetine treatment are found, especially in the midbrain, the

sublenticular extended amygdala (SLEA) and the posterior

midcingulate cortex (pMCC) (Abler et al., 2011). As paroxetine

is related to the clinical development of sexual dysfunction

(Clayton et al., 2002), we hypothesized that especially the net-

work showing altered effects of brain responses under this SSRI

wouldmediatethissideeffect.WhileAbleretal. (2011)observed

that decreased task-related activation did not correlate with mea-

sures of reduced sexual functioning, we hypothesized that net-

workfunctionalarchitectureasapproachableinrsfMRIwouldbe

a better predictor of individual dispositions, due to the above

mentioned advantages of rsfMRI. Such a relationship between

altered cue reactivity and functional network integration has

recently been found in psychiatric disorders, underlining the role

ofabaseline functionalnetworkarchitecture for focalactivations

(Fox & Greicius, 2010; Horn et al., 2010).

Therefore, high baseline connectivity in such a network sus-

ceptible to pharmacological modulation could be protective

againstalterationsbyparoxetineandconsequentlyagainstdevel-

opment of impaired sexual function. Therefore our study aimed

to assess the predictive potential of baseline functional connec-

tivity (FC) in a network of brain regions related to altered sexual

function identified previously (Abler et al., 2011) and including

the SLEA, midbrain, and ACC.

Choosing this network in our search for potential predictors

seemedreasonablenotonlybecauseof thefindingsofAbleretal.

(2011), but also because previous literature implicated this net-

work in sexual functioning. Imaging studies in humans related

thedopaminergicmidbraintoorgasm(Georgiadis,Reinders,van

der Graf, Paans, & Kortekaas, 2007) and the ACC, especially the

pregenual ACC (pgACC) to the hedonic quality associated with

sexual arousal (Walter et al., 2008a). Disease-dependent altera-

tions of pgACC metabolism (Walter et al., 2009; Yüksel &

Öngür, 2010) coincide with antipodal impairments related to

sexual hypo- and also hyperfunctioning as observed in major

depression or bipolar disorder (reviewed by Seidman & Roose,

2001). The pMCC has been associated with a cognitive com-

ponent mediating sexual approach behavior (Redouté et al.,

2000), but also with hypoactive sexual desire disorder (Stoléru

et al., 2003).

Investigatingalteredbaselineconnectivity in thisnetworkasa

potential predictor of SSRI-related decreases in sexual func-

tioning,wechose theSLEAasourcoreseedregion.Theregionis

largely interconnected with subcortical regions, like the hypo-

thalamus, the brainstem, encompassing the periaqueductal grey

and the ventral tegmental area–identified as core regions of sex-

ual processing (Walter et al., 2007). The SLEA has been iden-

tified as a brain area ideally suited to generate endocrine, auto-

nomic, and somatomotor aspects of emotional and motivational

states (Heimer, Harlan, Alheid, Garcia, & Olmos, 1997; Nie-

uwenhuys, 2008). Neuronal signatures were sought during an

unmedicated resting state scan, which through their connectivity

with the SLEA could reliably predict sexual side effects caused

by SSRI treatment. In conclusion, we hypothesized, that FC of

the SLEA during a baseline resting state scan towards brain
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regions with previously demonstrated SSRI effects, can predict

sexual side effects under SSRI treatment.

Ultimately, such neuronal target connectivities could then be

used as potential predictive biomarkers, assessable before the

onset of medication with SSRIs. Since general placebo effects

are known to significantly contribute to sexual dysfunction

(Abler et al., 2011) and brain activation (Benedetti, Mayberg,

Wager, Stohler, & Zubieta, 2005), our study targeted true drug

effects controlled in a double-blind, placebo-controlled investi-

gation (Meissner et al., 2011).

Method

Participants

A total of 23 healthy male, heterosexual subjects aged 23–34

years (M = 25.4, SD = 2.9, three left-handed) were included in

the fMRI study. Participants were recruited by advertisement

from local universities in the city of Ulm. Subjects interested in

participating were sent a list of inclusion and exclusion criteria.

None of the subjects that responded after that had to be excluded

due to any of those criteria mentioned below. All were university

students or had a university degree. Exclusion criteria consisted

of psychiatric, neurological, and major medical diagnoses cur-

rently or in the past, any serious general medical condition, use of

illegal drugs, excessive consumption of caffeine or alcohol,

lifetime use of any psychopharmacological medication, includ-

ing antidepressants, antipsychotics and medication against

attention deficit hyperactivity disorder, any regular systemic

medication, and any other medication within the week before the

study. Only participants that reported to be sexually active at the

timeof thestudywere included.Noneof theparticipants reported

a history of sexual dysfunction and none developed clinically

relevant symptoms over the course of the study, which was both

assessed by questionnaires and clinical interviews. Further

sample characteristics are described in Abler et al. (2011).

Data from six subjects were excluded for technical reasons

after scanning sessions took place: Two participants were

excluded due to very low drug plasma levels (see Procedure),

rendering intake doubtful. For one participant, a single blood

samplewas lost, renderingassessmentofdrug intake impossible.

In three additional participants, MR-related technical problems

in one of the scans led to exclusion from the study.

The study was approved by the local ethical review board of

the University of Ulm. All volunteers gave written informed

consent prior to the study in accordance with the Declaration of

Helsinki.

Procedure

Participants took placebo (Plac) or antidepressant treatment with

bupropion or paroxetine (Par) at routine clinical doses for seven

days each in a counterbalanced order and were included in the

fMRI study. Drug-filled gelatine capsules contained either pul-

verized mannitol (Plac), 150 mg of bupropion or 20 mg of par-

oxetine.

Functional network characteristics were assessed after each

drug intake period using a rsfMRI setup scanned in the same

session as the task-related fMRI scans described in Abler et al.

(2011). Drug-intake was monitored by plasma-levels on the day

of the scan. The randomized crossover design assured at least

14 days of washout time between treatments.

Measures

A German version (Reinecke, Schöps, & Hoyer, 2006) of the

5-item Massachusetts General Hospital Sexual Functioning

Questionnaire (Labbate & Lare, 2001) was applied before

medication and upon each treatment to assess basic sexual

functioning and the modulation by medication. Versus an expert

clinical interview, theGermanversionhas specificity of0.90 and

asensitivityof0.43fordetectionof impairedsexual function.We

modified the MGH-SFQ in terms of the assessed time-period

from 4 to 1 week, fitting the purposes of our study (see supple-

mentary text 1 for detailed description). The five subcategories

encompassed (1) ‘‘sexual interest,’’ (2) ‘‘ability to gain sexual

arousal,’’ (3)‘‘ability to achieve orgasm,’’ (4)‘‘ability to get and

maintain an erection,’’and (5)‘‘sexual satisfaction.’’Overall sex-

ual function, as revealed by the difference in MGH-SFQ sum

score between Par and Plac, formed the regressor for the second

level analysis of fMRI data. Participants with an increase of the

SFQsumscoreofat least5 points (averageofat leastone point in

each item) were classified as participants with a clear vulnera-

bility to impaired sexual function with SSRI. For our discrimi-

nant function analysis, we also investigated discriminative power

of connectivities for absolute values of decreased sexual func-

tion as reported during Par irrespective of changes to Plac. There-

fore participants with an MGH-SFQ sum score[14, were clas-

sified as participants with a clinically significant decrease in

sexual functioningunderPar (n = 7)—meaning theywereat least

minimally diminished in at least four of five items.

Given that the goal of the current analysis was to assess pre-

dictorsofsideeffectsunderSSRItreatment,onlyfMRIdatafrom

Plac and behavioral data from Plac and Par, but not bupropion

trials are presented here.

fMRI Settings and Data Acquisition

T1anatomicalvolumeimages (1 9 1 9 1 mm3 voxels)andfunc-

tional magnetic resonance images were acquired using a 3.0

Tesla Magnetom ALLEGRA Scanner (Siemens, Erlangen, Ger-

many). Therefore 23 transversal slices were acquired with the

following parameters: image size: 64964 pixels, FOV: 192mm,

slice thickness: 3 mm, 0.75 mm gap, resulting in a voxel size of

3 9 3 9 3.75 mm3. This comparably high resolution was chosen

Arch Sex Behav (2013) 42:935–947 937
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to accommodate the anatomical extent of the subcortical target

structures. Images were centered on basal structures of the brain

to best fit the subcortical regions of interest (SLEA, midbrain,

basal ganglia and prefrontal regions). In addition, all participants

completed an fMRI trial including a 10 min eyes-closed resting

state scan, therefore lying awake in the scanner with their eyes-

closed, not asked to perform any specific task. In the meantime

300EPIfunctional imageswere recordedduringthis restingstate

scan, using a T2*-sensitive gradient echo sequence (TR 1,500ms,

TE 35ms, flip angle 90�), to measure changes in BOLD contrast.

fMRI and Behavioral Data Analysis

Resting state connectivity analyses were performed using

DPARSF (Yan & Zang, 2010), which runs with the rsfMRI data

analysis toolkit (REST)(Songetal.,2011)andSPM5(Wellcome

Trust Centre for Neuroimaging, London, UK). Preprocessing

included slice timing, realignment and spatial normalization to

3 9 3 9 3 mm3 isovoxels to a standard template (Montreal Neu-

rological Institute, MNI).

To address the issue of individually differing partial brain

coverage as a result of the high spatial resolution and low TR, all

normalized brains were masked with a group specific zero mask,

correctedforallvoxelscontainedineachparticipant’svolume, to

calculate the following steps—like global mean regression—on

equal volumes. Linear trends were removed and data were fil-

tered for frequencies between 0.01 and 0.08 Hz. Motion cor-

rection,globalmeanregressionaswellaswhitemattersignaland

cerebrospinal fluid signal were regressed out and treated as

regressors of no interest. Spatial smoothing of 8 mm was applied

to the functional data. As seed regions for FC analysis, four seed

ROIs were chosen according to the previous study by Abler et al.

(2011). In this investigation, these four regions had been identi-

fied to showthe strongest interaction effectofdrug treatmentand

erotic stimulation. The effect was even greater for left lateralized

ROIs which let us focus on left-sided regions as seeds for FC

analyses. Seed regions provide a single time course for each

participant, which is used to calculate whole brain FC of each

other voxel in the brain with this region of interest. FC is calcu-

latedbasedonthedegreeofmodeled temporalcorrelationsof the

seed time course and each voxels time course (Biswal et al.,

1995). Seed regions were specified as follows: (1) SLEA (5 mm

sphere at x: -22, y: 0, z: -10), (2) midbrain (5mm sphere at x: -4,

y: -24, z: -14), (3) pgACC (10 mm sphere at x: -6, y: 44, z: 6)

and (4) pMCC (10 mm sphere at x: 10, y: 24, z: 36) (Fig. 1).

For each participant, whole brain FC was calculated for each

region of interest, resulting in five participant-specific three-

dimensional FC maps. For peaks centered in white matter

(pgACC and pMCC), ROIs were positioned in the adjacent grey

matter, taking only the grey matter voxels within the sphere into

account for the creation of the ROI, using the ‘‘create ROI’’

function offered by MRIcron (http://www.mricron.com).

Second level statistics across all participants were performed

using SPM8 (Wellcome Trust Centre for Neuroimaging, Lon-

don, UK). A simple regression model was used to predict sexual

function under Par from FC of ROIs of interest under Plac.

Therefore, on the basis of whole brain FC maps for each ROI, a

simple regression model was performed, with individual chan-

ges in sexual function under Par compared to Plac as one single

regressor. Thresholds were set to a significance level of p\.001

adding a cluster level correction of k[10 voxels for cortical and

subcortical regions.SinglesubjectROIFCvalueswereextracted

using MarsBar (http://marsbar.sourceforge.net).

A second analysis was performed to relate the different

dimensions of sexual function to connectivities of specific target

regions of the SLEA, as revealed by the former regression

analysis.Therefore, thecorrelationswiththosethreesub-itemsof

thefive-itemMGH-SGQ,whichsignificantlychangedunderPar

comparedtoPlac,andFCoftheSLEAunderPlacwereanalysed.

For the SLEA, a specific role for sexual functioning as well as

a specific change under SSRI treatment has been proposed by

previous studies (Abler et al., 2011; Walter et al., 2008a). Thus,

thesignificant targetconnectivitiesderivedfromthemainregres-

sion analysis were taken to a secondary discriminant function

analysis to test for a prediction of treatment related side effects

based on connectivities during Plac treatment.

For the analysis of behavioral data, paired t tests and corre-

lation analyses were performed using SPSS 15 to identify dif-

ferences between Plac and Par trials as well as intercorrelations

between trials. As drug administration itself had an impact on

participants’reporteddecreaseinsexualfunctioning(Ableretal.,

Fig. 1 Seed regions of interest. Four regions of interest were chosen,

representing a predefined network of sexual dysfunction according to

Abler et al. (2011) in the midbrain (mb), the sublenticular extended

amygdala (SLEA), the pregenual anterior cingulate cortex (pgACC) and

the posterior midcingulate cortex (pMCC)
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2011), Par was compared to Plac instead of baseline sexual func-

tioning, to exclude such placebo effects.

Results

Behavioral Testing: MGH-SFQ

As expected under treatment with an SSRI, paired testing

revealed significantly lower scores of sexual function accord-

ing to the MGH-SFQ sum score under Par compared to Plac

(p = .019, t = -2.61, df = 16, Fig. 2). The post hoc paired anal-

ysis of subcategories showed that this effect of Par was mainly

based on differences in the sub-categories‘‘ability to gain sexual

arousal’’ (category 2, p = .041, t = -2.21, df = 16), ‘‘ability to

achieve orgasm’’(category 3, p = .014, t = -2.74, df = 16) and

‘‘overall sexual satisfaction’’ (category 5, p = .052, t = -2.09,

df = 16). The paired t-test for differences of MGH-SFQ sum

scores between Plac and pre-treatment baseline condition

revealed no significant difference between baseline and placebo

sum score (p[.05) in the presented sample.

Interrelationsof thesubscoreswerecalculatedat aBonferroni

corrected statistical threshold of p = .001 (target threshold

p\.05, 45 comparisons for five subscales and two treatment

conditions). Subjective overall sexual satisfaction (item 5) under

Plac was highly correlated with sub-items 1–3 (p\.001, r[.75)

butnotwithitem4.Sexual interest (item1)wasfurthercorrelated

with the ability to achieve orgasm (item 3, p\.001, r = .74).

During Par treatment, only sub-items 1 and 2 were correlated

with each other. No significant correlation was found between

subscores of sexual function under Par and the subscores under

Plac.

Changes in sexual functioning related to markedly increased

SFQ values (C5 points in the sum score) under Par in 7 of the

participants, while scores remained largely unchanged or even

slightly improved (B3 points in the sum score) in 10 of the

participants.

Prediction of Decreased Sexual Function Under

Paroxetine by Baseline Functional Connectivity

Potential predictors for the individual disposition to decreased

sexual function under Par treatmentwere then evaluated in terms

of baseline resting state behavior.

Using the SLEA ROI from the previous study as a first seed in

the FC analysis, results confirmed our hypothesis of the SLEA as

a core node in the network (Fig. 3a–c). Significant positive cor-

relationswere foundfor the FCbetweenSLEAandLOC, as well

as with the bilateral fusiform gyrus (FusG, Table 1). Addition-

ally, a significant negative correlation of FC between SLEA and

midbrain was found and for FC between SLEA and pgACC

(Table 2)aswellasventrolateralprefrontalcortex(vlPFC).Thus,

the connectivity analysis confirmed a potentially crucial role for

impairedsexual functionofbrain regionspreviously identified to

be related to paroxetine effects. Here, healthy participants with

stronger changes and thus low scores for subjective sexual

function (overall change in MGH-SFQ C5) during Par treatment

tended to show higher FC under placebo between the midbrain,

the LOC and the SLEA (see also Fig. 3b) and lower FC between

pgACC, vlPFC and SLEA.

Analysis of Subcategories

To further characterize specific roles of connectivities with the

SLEA we calculated correlations of whole brain FC with those

three MGH-SFQ subcategories with significant changes under

Par as revealed in the initial analysis of the behavioral data

(Fig. 2). Impairments in the ability to gain sexual arousal (item 2)

under Par were related to significantly reduced baseline connec-

tivities between SLEA and midbrain as well as between SLEA

Fig. 2 5-Item Massachusetts General Hospital Sexual Function Ques-

tionnaire (MGH-SFQ) sum score (left) and subcategories (right)

revealing an increased subjective sexual dysfunction under paroxetine

(Par) compared to placebo (Plac, ? p\.10,* p\.05). SFQ1‘‘sexual inter-

est’’; SFQ2 ‘‘ability to gain sexual arousal’’; SFQ3 ‘‘ability to achieve

orgasm’’; SFQ4‘‘ability to get and maintain an erection’’; SFQ5‘‘overall

sexual satisfaction’’. Minimal score (sum/per question): 5/1 = increased

sexual interest as compared to normal; ‘‘average’’ score (sum/per

question): 10/2 = no change in sexual functioning compared to before;

scores [10/2: decreased sexual functioning; maximal score (sum/per

question): 30/5 = no sexual interest

Arch Sex Behav (2013) 42:935–947 939
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and anterior insula. Reduced baseline FC between SLEA and

midbrain further accounted specifically for increased difficulties

to achieve orgasm (item 3), as indicated by a significant negative

regression(Fig. 4). Incontrast,overall sexualsatisfaction(item5)

was related to connectivities between SLEA and pgACC. Here,

the negative correlation indicated that participants with smaller

FCs under Plac were to show stronger impairments in this cate-

gory under Par.

Of note, the analysis of subcategories replicated and specified

the importance of the target structures initially identified by the

main analysis using the sum MGH-SFQ score. Only one region,

the anterior insula, which was not revealed by the main analysis,

was added by the negative correlation of subscores. Additionally

tworegionswererevealedbypositiveregressions, indicatingthat

(1) participants with higher baseline FC between SLEA and

hippocampus developed stronger impairments during orgasms

(item 3) and (2) connectivities between SLEA and pMCC pre-

dicted reduced overall sexual satisfaction (item 5). Higher con-

nectivities between SLEA and FusG were revealed to be asso-

ciatednotonly to thesumMGH-SFQscorebutparticularly to the

subscore of orgasm related impairments (Fig. 4).

Brain Based Prediction of Paroxetine-Related

Modulation of Sexual Function

Discriminative function analyses were then conducted to iden-

tify whether the individual connectivities of the SLEA with the

three main regions, midbrain, pgACC and LOC under Plac,

rather predict the absolute ratings of subjective sexual function

under Par or the specific worsening as compared to Plac.

Connectivitystrengthspredictinggenuinetreatmenteffectswere
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Fig. 3 a Target regions with highest correlation of functional connec-

tivity (FC) with the sublenticular extended amygdala (SLEA) and the

change of scores in the sexual functioning questionnaire under paroxe-

tine compared to placebo. The highest negative correlation was found

with the individual FC between SLEA and midbrain (blue), and between

SLEA and pgACC (pregenual anterior cingulate cortex, green), whereas

the highest positive correlation of this regressor was observed with the

FC between SLEA and LOC (lateral occipital cortex, red).b FCof SLEA

under the placebo condition for groups of low (left) and high sexual

dysfunction (right) with midbrain (blue), pgACC (green), LOC (red).

c Plots of FC between SLEA and target regions (peak values) (Color

figure online)
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expected to relate to greater impairment in sexual function under

Plac rather than to the absolute values. The stepwise discrimi-

native analysis to differentiate between subjects with high from

those with low ratings of sexual function under Par, irrespective

of the status under Plac, revealed an optimized model of dis-

criminance based on one factor: the FC of SLEA with LOC

(eigenvalue of discriminative function = 1.28, canonical corre-

lation = 0.74, Wilks’s Lambda = 0.43, v2 = 11.95, p = .001,

df = 1).

The stepwise discriminative analysis to differentiate between

subjects with high and low changes in sexual function from Plac

to Par on the same regions revealed an optimal model of discri-

minance based on the FC between SLEA and midbrain under

Plac (eigenvalue of discriminative function = 0.37, canonical

correlation = 0.52,Wilks’sLambda = 0.72,v2 = 4.58,p = .032,

df = 1).ThetwofunctionalconnectivitiesunderPlacthuspredict

different though overlapping aspects of Par-related decreases in

sexual functioning (Fig. 5a). The best discrimination between

subjectswithhighorlowchangesinsexual functioningunderPar

compared to Plac was reached with a compound measure of the

product of the two connectivities at baseline (Fig. 5b). Receiver

operator characteristics of the three individual connectivities

with the SLEA (midbrain, pgACC, LOC) and the compound

measure confirmed the superiority of the latter (Fig. 5c).

Confirmation of SLEA-Based Network

To control for the reliability of the network found when using the

SLEA ROI as the seed region, that revealed pgACC, pMCC and

midbrainas target regions,we testedonnetworks related toseeds

derived from the other three predefined ROIs comprising these

regions. Again, we used the decrease in sexual function under

paroxetine as a regressor to now test connectivities with

Table 1 Results of the positive regression analysis for the tested seed regions: Midbrain, SLEA (sublenticular extended amygdala), pgACC

(pregenual anterior cingulate cortex), pMCC (posterior midcingulate cortex)

Seed region z p x, y, z k Target region

SLEA 4.00246208 \.001 39, -78, 18 20 LOC

3.68424807 \.001 -36, -57, -6 39 FusG

Midbrain 3.99918522 \.001 -21, -69, 0 42 Lingual gyrus

3.29491051 \.001 27, -51, -6 14 FusG

3.56355058 \.001 -33, -51, -12 13

pgACC 4.23307506 \.001 27, -48, -9 40 FusG

3.97789347 \.001 -27, -51, -9 66

3.6454279 \.001 -9, 54, 48 17 dmPFC

pMCC 4.06696278 \.001 -39, -63, -15 74 FusG

Clusters indicatepositivecorrelationof restingstate functionalconnectivity (rsFC,seedandtarget region)andthechange inMGH-SFQsumscore from

placebo to paroxetine. Uncorrected results are summarized in supplementary Table 1

LOC lateral occipital cortex, FusG fusiform gyrus, dmPFC dorsal medial prefrontal cortex, vlPFC ventrolateral prefrontal cortex

p\.001, cluster size[10

Table 2 Results of the negative regression analysis for the tested seed regions: Midbrain, SLEA (sublenticular extended amygdala), pgACC

(pregenual anterior cingulate cortex), pMCC (posterior midcingulate cortex)

Seed region z p x, y, z k Target region

SLEA 4.60592699 .001 12, -12, -9 21 Midbrain

3.45873117 .001 15, 45, 12 10 pgACC

3.4058539 .001 51, 48, -9 13 vlPFC

Midbrain 3.79276094 .001 42, 45, -6 26 vlPFC

3.71222846 .001 -18, -75, -33 51 Cerebellum

3.53651075 .001 27, 3, -15 11 Amygdala/SLEA

pgACC 4.62798999 .001 30, -15, -12 11 Hippocampus

4.38182753 .001 -30, -18, -6 22

pMCC 4.07067578 .001 -42, 36, -9 49 vlPFC

Clusters indicate negative correlation of resting state functional connectivity (rsFC, seed and target region) and the change in MGH-SFQ sum score

from placebo to paroxetine. Uncorrected results are summarized in supplementary Table 1

LOC lateral occipital cortex, FusG fusiform gyrus, dmPFC dorsal medial prefrontal cortex, vlPFC ventrolateral prefrontal cortex

p\.001, cluster size[10
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midbrain, pgACC, and pMCC for their predictive value. Repli-

cating the findings using the SLEA seed, participants with high

connectivities between midbrain and SLEA exhibited a lower

tendency to develop paroxetine-related impairment of sexual

function. Additionally, the vlPFC as part of the negatively cor-

relatednetworkwasconfirmedwithhigherconnectivitybetween

midbrain and vlPFC indicating a lower vulnerability towards

developing this side effect (Table1). Regarding the positively

correlated network, analyses with the midbrain as a seed as well

as with the pgACC as a seed confirmed the role of the FusG

already suggested from the analysis using the SLEA seed

(Table 2). The negative correlation with the FC between pgACC

and bilateral hippocampus (p\.001, k[10, Table 1) supports

the involvement of the region identified as part of the network

first in thecontextofanalyses of subcategories of sexual function

(Fig. 4). Correlations of FC with the change of overall sexual

function between pMCC as seed and both, FusG and vlPFC

strengthen the assumption of an involvement of the latter regions

in the network.

A complete overview on all predictive connectivities,

including uncorrected clusters, is listed in supplementary

Table 1.

Discussion

Summary of Results

We could verify our hypothesis that the individual disposition to

develop decreased subjective sexual functioning under SSRIs

could be predicted by baseline resting state connectivity within a

networkpreviouslyrelatedtophysiological (Walteretal.,2008a)

and particularly SSRI-related altered sexual processing (Abler

et al., 2011). With the extended amygdala as a core node, the

network predicting alterations on the behavioral level comprised

of the ACC, midbrain, and LOC. Significantly altered subdi-

mensions of sexual functioning were linked to specific aspects of

the network. Low midbrain-SLEA connectivities were related to

the development of decreased ability to achieve orgasm, while

reduced sexual arousal was predicted by the baseline connec-

tivity of the SLEA with the anterior insula. Decreased individual

pgACC-SLEA connectivities predicted low overall sexual sat-

isfaction. Moreover, individual characteristics of SLEA con-

nectivities to midbrain, pgACC and LOC were shown to reliably

identify participants with greater vulnerability towards SSRI-

related decreases of sexual functioning.

sexual arousal orgasm sexual satisfaction

Fig. 4 Regression analysis of sexual functioning questionnaire (MGH-

SFQ) subcategories. Negative correlations (left, blue box): item 2 (red,

‘‘ability to gain sexual arousal’’) was negatively correlated with

functional connectivity (FC) between sublenticular extended amygdala

(SLEA) and midbrain as well as FC between SLEA and anterior insula.

Item 3 (blue,‘‘ability to achieve orgasm’’) was also negatively correlated

with FC between SLEA and midbrain, item 5 (yellow, ‘‘overall sexual

satisfaction’’) with FC between SLEA and pregenual anterior cingulate

cortex (pgACC). Positive correlation (right, red box): A positive

correlation was found between item 3 (blue) and FC between SLEA and

hippocampus, as well as FC between SLEA and fusiform gyrus (FusG).

Item 5 (yellow) was positively correlated with FC between SLEA and

posterior midcingulate cortex (pMCC) (Color figure online)
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A Network of Sexual Functioning explored by Resting

State fMRI

The network suggested to predict the development of decreased

sexual function under SSRIs by its connectivity strengths con-

verges with previously reported neuronal effects of actual par-

oxetine treatment with altered brain activations in SLEA, mid-

brain and ACC during processing of visual erotic stimuli (Abler

et al., 2011). Furthermore, the brain regions with the predictive

interconnections have been reliably related to the processing of

sexual stimuli before. ACC activations, especially in the pgACC

were recently discussed to code the valence component of sexual

arousal during visual erotic stimulation (Walter et al., 2008a).

The SLEA as extended part of the amygdala has been previously

described in studies investigating sexual functioning (Ferretti

et al., 2005; Hamann, Herman, Nolan, & Wallen, 2004; Karama

et al., 2002; Redouté et al., 2000). In general, the amygdala has

been shown to code the emotional component of erotic stimuli

(Walter et al., 2008a). In this sense, it is rather active during the

appetitive phase of sexual arousal, whereas a characteristic deac-

tivation has been described during the consumatory and orgastic

phase (Georgiadis & Holstege, 2005; Holstege et al., 2003).

The midbrain has been less consistently reported in imaging

studies of erotic stimulation in humans. However, using PET,

Bocheret al. (2001) found thatmidbrainactivationwas related to

interindividual differences of subjective sexual arousal. Stron-

gest activations in this area were found for participants with the

highest scores for subjective sensation of erection. Furthermore,

a recent study by Georgiadis et al. (2007) reported rCBF

increases in the midbrain consistently over several data sets

related to male ejaculation.

It is of note, however, that the rsfMRI data presented here are

not related to explicit erotic stimulation. Rather, we investigated

measures of the interregional crosstalk at rest. Greatest connec-

tivity between brain regions of a network consistently linked to

sexualprocessingwerefoundinparticipantswithlowestchanges

in sexual functioning under SSRI treatment. We therefore sug-

gest interpretingstrong interconnectionsatbaselineasprotective

against the development of sexual dysfunction under the influ-

ence of serotonergic agents. The demonstrated interconnections

converge with well described ascending pathways from the

serotonergicraphenuclei totheforebrainincludingtheamygdala

and prefrontal cortex (Alex & Pehek, 2007; Azmitia & Segal,

1978;Hensler,2006)aswellaswiththepredescribedmodulation

of dopaminergic midbrain activity by serotonin. Brain imaging

in humans investigating tryptophan depletion linked amygdala-

cingulate connectivity to the modulation of serotonergic princi-

ples (von dem Hagen, Passamonti, Nutland, Sambrook, & Cal-

der, 2011). Resting state connectivities in humans between

amygdala and medial prefrontal cortex, i.e., in a network previ-

ously described to process emotional valence and associated

arousal of erotic stimuli (Walter et al., 2008a) were recently

shown to be modulated under the SSRI citalopram (McCabe,

Jones, Nikolopoulou, Wathen, & Luqmani, 2011).

While the link between greater positive interconnections in

this network at baseline and greater protection against external

Fig. 5 a Connectivity measures under placebo (Plac) conditions can be

used to separate subjects with great (red) from those with little (green)

changes in sexual functioning and thus side effects under paroxetine

(Par). b A quite clear separation of the two groups is evident when taking

the product of functional connectivity (FC) between the sublenticular

extended amygdala (SLEA) and midbrain and FC between SLEA and

lateral occipital cortex (LOC). c Receiver operator characteristics of the

individual connectivities between SLEA and midbrain (blue), pregenual

anterior cingulate cortex (pgACC, green) and LOC (red) testing for

prediction of the development of sexual dysfunction under Par as

compared to Plac. The figure shows that all three individual connectivities

have a high discriminative power, with the positive connections to pgACC

(area under the curve, AUC 0.903, p = .005) and midbrain (AUC 0.917,

p = .004) having slightly higher sensitivity for the prediction of the SSRI-

induced sexual dysfunction than connectivities to LOC (AUC 0.875,

p = .009). The compound measure (FCSLEA-midbrain 9 FCSLEA-LOC) how-

ever outperforms the individual connectivities in identifying subjects with

high SSRI induced sexual dysfunction (AUC 0.931, p = .003, dotted line)

(Color figure online)
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modulatory influences is intuitive, the finding of greater negative

interconnections as a protective factor, as for SLEA and LOC, is

less easily interpreted. Activation of the LOC was previously

described in studies using visual sexual stimuli (Arnow et al.,

2002; Bocher et al., 2001; Ferretti et al., 2005; Moulier et al.,

2006; Mouras et al., 2003; Ponseti et al., 2006; Walter et al.,

2008a) and has been interpreted in terms of the overlap of this

area with the extrastriate body area, which specifically codes for

theperceptionofhumanbodyparts(Downing,Jiang,Shuman,&

Kanwisher, 2001). Although the exact neuroscientific meaning

of anticorrelations (i.e., negative correlations) is still under

debate,‘‘negativeconnectivity’’hasbeenestablished ina number

of neuropsychiatric disorders (Castellanos et al., 2008) and its

reduction was interpreted as a symptom of reduced functional

flexibility (Horn et al., 2010).

Subdimensions of Sexual Function

The relation of subdimensions of sexual function and neural

network components suggested connectivities with the midbrain

as a state marker for orgasm-related impairments and connec-

tivities with the pgACC for sexual satisfaction. This duality is

mirrored by previous functional interpretations of the two struc-

tures in imagingstudiesofsexualprocessing.Mostof theseeither

investigated mild sexual arousal, commonly related to visual

erotic stimulation or the effects of actually achieved orgasm on

brain function. Midbrain activation was found in particular in

those studies that focus on orgasm itself (Georgiadis et al., 2007)

and less consistently during passive viewing paradigms.

The pgACC, in contrast, has been implicated in coding the

valence-dependent emotional component of sexual arousal

(Walter et al., 2008a), which may be best mirrored by the SFQ

item on overall sexual satisfaction in our experiment. In the

previous study, activation of the pgACC was specifically linked

to an interaction of reported pleasantness and sexual arousal.

These interpretations are in line with the suggested role of this

portionof the rostralACCin thegenerationandmaintenanceofa

subjectivevalueinthecontextofemotionalexperienceinhealthy

and diseased populations (Mayberg,1997; Phan, Wager, Taylor,

& Liberzon, 2004). Furthermore, anhedonia, or the inability to

experience pleasure related to a normally preferred stimulus or

context, was found to be specifically related to a dysfunction of

the pregenual portion of the ACC and adjacent medial prefrontal

cortex in depressed patients (Keedwell, Andrew, Williams,

Brammer, & Phillips, 2005; Walter et al., 2009). Therefore, the

link between SLEA and pgACC connectivity and overall sub-

jective sexual dissatisfaction as revealed by our analysis can be

taken as a plausible marker of vulnerability.

While connectivities of SLEA and midbrain seemed to pre-

dict consummatory aspects of sexual functioning, impairments

in achieving sexual arousal were predicted by the connectivity

between SLEA and the anterior insula that was thus related to

more appetitive aspects. This interpretation is underlined by the

findingthat theactivationoftheanterior insulaprecedes,butdoes

not coincide, with penile responses under erotic stimulation by a

20 s lag (Mouras et al., 2003). The region has been hypothesized

to mediate theawareness ofbodily feelings, perceptions, and veg

etativestates (reviewedbyCraig,2011).Consequently,a reduced

appetitive sexual arousal might be associated with reduced insula

connectivity, since reduced activation in this region was also

observed for anticipation of affective stimuli after SSRI admin-

istration (Simmons, Arce, Lovero, Stein, & Paulus, 2009).

Prediction of Decreased Sexual Function

Highly sensitive and specific receiver operator characteristics

confirmedthestrongpredictivevalueofbrainconnectivityat rest

for the main connectivities, namely SLEA to midbrain, pgACC,

and LOC. While connectivities between SLEA and midbrain

were indeed particularly predictive for the actual change in

sexual function from Plac to Par as shown by the discriminative

function analyses, connectivity between SLEA and LOC better

discriminated the absolute achieved degree of decreased sexual

function under Par, independent of baseline scores of sexual

function. SSRI-related change and absolute value represent dif-

ferent outcome criteria regarding sexual function. Our results

suggest thatbaselinebrainactivationcouldbepredictive forboth

criteria of the side effect. Such predictors, if replicated in larger

and clinical samples, could be highly relevant in clinical settings.

Singling out patients at particular risk and assigning them to

alternative treatments could increase adherence to treatments,

especially in young male patients, in which medication-related

impairments of sexual function is a particularly common reason

for discontinuation.

Limitations

A limitation of our study is that our findings were observed in

healthy participants, not patients. Direct inferences about the

relationship of connectivites and occurrence of side effects in

depressedpopulationscanonlybedrawnwithcaution,especially

since the network investigated, including pgACC, SLEA and

midbrain, seems to be functionally altered in depression, even in

the absence of SSRI treatment (Veer et al., 2011). However, our

findings have implications for the use of SSRIs in otherwise

healthy participants with premature ejaculation (Pryor et al.,

2006). In this case, resting state brain activity could help pre-

dicting participants with particularly good response to SSRIs.

Another potential limitation regards the midbrain effects.

These might be biased by the choice of the SSRI used, given that

amongcommonlyusedones,paroxetinewasshowntobetheone

with the highest serotonin transporter occupancy, especially

within the midbrain (Meyer et al., 2004). While paroxetine is not

the most selective SSRI, it was chosen for this study because it is

knowntocausesexual sideeffectsmost frequentlyamongSSRIs
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(Clayton et al., 2002) and is one of the frequently prescribed

SSRIs in clinical use. A different SSRI might have resulted in a

slightly different distribution of effects.

It is well known, that antidepressants have different side

effects inmenandwomen(Clayton,Keller,&McGarvey,2006).

While sexual side effects with SSRIs are described for both

genders, there is evidence, that those might be more frequent in

menwhilegendersalsodiffer inextentof theseeffects (Montejo-

Gonzáles et al., 1997). Therefore, we carried out our study in a

homogeneous sample of only males, in order to eliminate

potential gender differences.

The MGH-SFQ is limited to a certain number of self-rated

items to assess sexual functioning. More detailed self-reported

questionnaires or other objective measures like penile tumes-

cence to visual erotic stimulation (Ferretti et al., 2005; Mouras

et al., 2003) might have resulted in a more detailed description of

the impairment of sexual functioning. Due to the resting state

condition itself, such direct effects of visual erotic stimulation

cannot be addressed by this study.

Performing pharmacological fMRI in healthy participants is

an established method to look for drug-effects independent of

disease interactions (Scheidegger et al., 2012); however, direct

implications for clinical populations have to be treated with

caution.Inthesameview,theuseofanSSRIfor1 weekmightnot

be sufficiently long enough to exert treatment effects in patients.

Changes in sexual functioning—especially concerning pre-

mature ejaculation—have been reported after a single dose of

SSRIs (Patel & Hellstrom, 2009) and affected libido and sexual

arousal after a continuous intake of 8 days (Dunn, Arakawa,

Greist, & Clayton, 2007). However, in healthy participants,

1 week is sufficient to cause not only neuronal changes, but also

side effects (Abler et al., 2011; Graf, Abler, Hartmann, Metzger,

& Walter, 2012). Therefore the specific question of short- and

long-term effects, as described for SSRIs, has to be addressed in

future studies.

These data link changes in sexual functioning to baseline

connectivity. Therefore it would also be of interest to link those

changes in sexual functioning to changes in connectivity

between the two sessions instead of baseline connectivity.

However, to avoid circularity within statistical inference

(Kriegeskorte, Lindquist, Nichols, Poldrack, & Vul, 2010), this

question should be addressed to an independent sample.

In the current study, we reported both positive and negative

connectivity and changes in such (like less negative FC between

SLEA and LOC in the group with low sexual functioning under

Par). However, such positive and negative connectivities cannot

be taken as absolute values or—especially for negative FC—as

measures of true negative interregional connectivity. They are

mainly introduced by certain preprocessing steps like global

mean regression (Fox, Zhang, Snyder, & Raichle, 2009;

Weissenbacher et al., 2009), but have also been shown inde-

pendent of certain preprocessing strategies (Chai, Castanón,

Ongür, & Whitfield-Gabrieli, 2012). Future implementations of

geometrical estimates of the global signal may therefore be of

interest to follow up on these specific connectivities between

SLEA and LOC.

Conclusions

Ourstudydemonstrated thepredictivepotentialofconnectivities

of theSLEAespeciallywithmidbrain,pgACC,LOC,andinsula,

for the development of SSRI-related decreases in sexual func-

tioning.Greateroveralldevelopmentofimpairedsexualfunction

compared to placebo was predicted by low baseline connectiv-

ities. While all these connectivities showed a high predictive

potential towards absolute ratings of sexual function, the con-

nectivitywithmidbrainbestpredictedthedecreaseinsexualfunc-

tion as compared to under placebo. A compound measure of

resting-state brain connectivities under placebo allowed for

errorless distinction of participants with high or low vulnera-

bility to SSRI-related impairments of sexual functioning. While

larger studies in an independent sample are needed to confirm

the overall importance of our findings, we demonstrated the

potential application of imaging techniques to the understanding

and prediction of SSRI treatment side effects.
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