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Catecholamine-0-methyl-transferase (COMT) gene variation effects on prefrontal blood oxygenation-level-dependent (BOLD)

activation are robust; however, despite observations that COMT is estrogenically catabolized, sex differences in its prefrontal

repercussions remain unclear. Here, in a large sample of healthy adolescents stratified by sex and Val158Met genotype (n¼ 1133), we

examine BOLD responses during performance of the stop-signal task in right-hemispheric prefrontal regions fundamental to inhibitory

control. A significant sex-by-genotype interaction was observed in pre-SMA during successful-inhibition trials and in both pre-SMA and

inferior frontal cortex during failed-inhibition trials with Val homozygotes displaying elevated activation compared with other genotypes in

males but not in females. BOLD activation in the same regions significantly mediated the relationship between COMT genotype and

inhibitory proficiency as indexed by stop-signal reaction time in males alone. These sexually dimorphic effects of COMT on inhibitory

brain activation have important implications for our understanding of the contrasting patterns of prefrontally governed psychopathology

observed in males and females.
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INTRODUCTION

Inhibitory control indispensably underlies executive func-
tion. Sex differences are evident in its proficiency: men
score higher for traits of impulsivity than women (Campbell
and Muncer, 2009; Labouvie and McGee, 1986); and are
more likely to experience disorders of impulse control, such
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as attention deficit hyperactivity disorder (ADHD), sub-
stance abuse, and conduct disorder (Eme, 2007; Kessler
et al, 2007; Newman et al, 2005). Fronto-striatal dopamine
dysregulation is recognized as central to these disorders
(Hart et al, 2013; Rubia et al, 2011). Furthermore, prefrontal
dopaminergic function is intimately affected by genetic
variation in dopamine transporting and metabolizing
enzymes, the most prominent being catecholamine-0-
methyl-transferase (COMT). Nevertheless, the precise
nature of the relationship between sex, COMT variation,
and inhibitory control remains unclear.

Converging lines of molecular, behavioral and neuro-
imaging evidence demonstrate the functional effects of
COMT-gene variation. COMT regulates brain function via
synaptic catabolism of catecholamine neurotransmitters
including dopamine and noradrenaline. The COMT gene is
found on chromosome 22q11; its membrane-bound isoform
(mb-COMT) has a high affinity for dopamine and is
influential prefrontally on account of a local shortage of
dopamine transporter protein (Yavich et al, 2007).

Val158Met—a G/A substitution in mb-COMT at codon 158
producing either the ancestral valine or methionine—
substantially affects COMT activity and is the most studied
COMT functional polymorphism (Tunbridge and Harrison,
2010). The Val form is more stable and, thus, more active
than Met at body temperature; Met homozygotes exhibit
a 40% reduction in COMT activity in prefrontal cortex
as compared with Val–Val individuals (Chen et al, 2004).
Evidence suggests that this difference shapes cognitive
performance. Met has been somewhat inconsistently
associated with improved prefrontally controlled working
memory, attention, and executive function (Barnett et al,
2007; Egan et al, 2001; Mier et al, 2010; Wardle et al, 2013).
More robust are demonstrations from blood oxygenation-
level-dependent (BOLD) data of increased prefrontal
activation (often interpreted in terms of reduced efficiency)
in individuals with the Val allele during cognitive proces-
sing (Mier et al, 2010). Alternatively, Met has been ascribed
advantage in the tonic stimulation of cortical D1 receptors
leading to improved stabilization of relevant information;
by contrast, Val has been postulated to tune phasic
stimulation of striatal D2 receptors, enhancing the rapid
updating crucial to processes such as response inhibition
(Bilder et al, 2004). This elegant model currently receives
little empirical support. To the contrary, behavioral
examination has revealed Met advantages during stable
conditions but no behavioral COMT effects in conditions
requiring rapid updating (Rosa et al, 2010). Nevertheless, as
this study did not employ cerebral recordings, further
investigation is warranted.

Sex appears to moderate COMT effects on cognition
(Harrison and Tunbridge, 2008). In a behavioral study of
8–10 year olds (n¼ 5000), Met was associated with better
function in several domains including attention and verbal
intelligence, with these effects greater in or limited to boys
(Barnett et al, 2007). The same group extended their study
of COMT polymorphism effects in the same data to confirm
this sex-by-genotype interaction on verbal intelligence
quotient (IQ) (three-SNP haplotype), and observed a sex-
by-genotype interaction on working memory (rs165599)
(Barnett et al, 2009). Furthermore, anatomical support for
these effects is provided by sex-by-genotype interactions on

dorsal and orbital frontal volumes in adolescents with the
microdeletion-induced velo-cardio-facial syndrome (who
are, therefore, Met or Val hemizygous), whereby Met
carriers exhibit greater volumes if male but smaller volumes
if female (Kates et al, 2006). Sex-by-genotype interactions
on prefrontal BOLD activation have also been observed in
the same disorder, whereby male Met carriers exhibit
elevated activation as compared with male Val carriers in
right pars opercularis during the processing of pleasant
stimuli, but female Val carriers display enhanced activation
as compared with female Met carriers (Coman et al, 2010).

In healthy individuals, sex differences in COMT effects on
amygdalar BOLD reactivity during emotional processing
(Domschke et al, 2012) and widespread morphometric
features (Zinkstok et al, 2006) have also been previously
observed; however, to our knowledge, the influence of sex
on COMT effects on normative prefrontal BOLD responses
has not been directly investigated. Here, we examine sex
moderation of prefrontal indices of inhibitory control
during performance of the stop-signal task (SST) in a large
group of healthy adolescents split according to sex and
Val158Met genotype. Performance of the SST depends on
rapid updating and inhibition of goal-driven cerebral
activity, as the participant is unpredictably required to
completely suppress a motor response that has already been
triggered and is in the process of being executed.
Investigation of adolescent individuals is undertaken with
the aim of establishing the physiological foundations of
gender differences in the progressive maturation of
inhibitory networks with age (Rubia et al, 2013). We focus
on two regions previously implicated as fundamental
cortical substrates of response inhibition: right-hemispheric
inferior frontal cortex (IFC) and pre-SMA (Aron and
Poldrack, 2006). The extant literature suggests that during
inhibition the pre-SMA generates the control signal and
that, by contrast, the right IFC implements inhibitory
control (Aron, 2011; Aron and Poldrack, 2006).

Robust evidence from meta-analysis of activation in
diverse cognitive settings (Mier et al, 2010) drove our
prediction that Met carriers would exhibit lower prefrontal
BOLD activation compared with Val carriers. Given sex
differences in circulating estrogen levels and the catabolic
effects of estrogen on COMT (Cohn and Axelrod, 1971; Xie
et al, 1999), we predicted that COMT effects would be larger
in boys. Sex modulation of behavioral COMT effects is more
difficult to foretell on account of the inconsistent human
literature (Barnett et al, 2009; Wardle et al, 2013); never-
theless, we tentatively predicted similar sexually dimorphic
COMT effects on indices of inhibitory performance.
Our final hypothesis—made with the aim of elucidating
the behavioral implications of putative physiological
differences—was that that BOLD activity during inhibition
would be a more consistent mediating mechanism of the
relationship between COMT and inhibitory performance in
boys than in girls.

MATERIALS AND METHODS

This work was conducted as part of the multicentre
IMAGEN project, whose standard operating procedures in
terms of ethics, recruitment, consent, test details, blood
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sampling and storage, and genotyping are available else-
where (Schumann et al, 2010).

Participants

In total, 1133 adolescents from the IMAGEN sample were
included in this study. Details of individuals recruited for
the IMAGEN study but excluded from this work are
presented in Supplementary Table S1. Sex/COMT-genotype
distributions of included individuals are presented by study
site in Table 1(A). The Val158Met genotype distribution did
not differ significantly from the expected numbers calcu-
lated on the basis of observed allele frequencies according
to the Hardy–Weinberg equilibrium (w2o0.01, P40.99).
All analyses presented in this report include data from all
1133 individuals unless otherwise explicitly stated.

Age-normalized IQ was determined by administration of
selected subscales of the Wechsler intelligence battery for
children (Wechsler et al, 1992). Verbal IQ was estimated via

the vocabulary and similarities subscales; performance IQ
was evaluated using the block-design and matrix-reasoning
subscales. Tanner staging of physical maturity (Tanner,
1962) was assessed with the sex-specific, self-rated Pubertal
Developmental Scale questionnaire (Carskadon and Acebo,
1993). In addition, in light of their relevance to inhibitory
function, ADHD traits (hyperactivity, inattention, and
impulsivity) were assessed in this non-clinical sample using
parent-ratings on the Strengths and Difficulties Question-
naire (SDQ; http://www.sdqinfo.com). Demographic data
are presented in Table 1(B). General linear models (GLMs)
to assess the effects of sex and genotype on discrete
demographic and clinical traits demonstrated that age,
parental ethnicity, performance IQ, and ADHD-related
characteristics did not significantly differ on the basis of
sex or genotype. The sample’s ADHD-traits score of 2.84±
2.25 (mean±SD) demonstrates the current participants’
good health in this domain when considered in comparison
with a recent European multicentre study of parent-rated

Table 1 Sample Demography and Task Performance

(A) Sex-genotype frequencies by center

Genotype Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Total

M/F M/F M/F M/F M/F M/F M/F M/F M/F

Val–Val 25/18 19/25 10/10 15/20 12/12 17/19 23/14 8/19 129/135

Val–Met 34/37 48/47 27/22 39/36 42/37 30/26 31/36 37/37 288/278

Met–Met 17/16 21/22 7/11 16/19 28/29 19/14 12/20 21/31 141/162

(B) Demographic and neuropsychological characteristics

Measure Sex

Male Female

Age (years) 14.44 (0.41) 14.45 (0.41)

Handedness (left/right) 65/482 59/508

Mother’s ethnicity (white/other) 550/8 569/6

Father’s ethnicity (white/other) 537/21 562/13

Verbal IQ 113.51 (15.28) 110.67 (15.14)

Performance IQ 108.12 (15.09) 107.49 (14.03)

Pubertal development scale 3.17 (0.78) 3.99 (0.43)

ADHD traits (SDQ) 3.22 (2.33) 2.47 (2.11)

(C) Task performance by sex and genotype

Sex Genotype Go success (%) Stop success (%) STE (%) SSRT (ms)

Male Val–Val 92.87 (4.38) 43.45 (5.89) 3.06 (2.29) 226.23 (41.38)

Val–Met 92.62 (4.61) 43.94 (6.24) 2.70 (2.38) 219.92 (35.47)

Met–Met 92.71 (4.06) 43.21 (6.08) 3.04 (2.41) 223.92 (31.88)

Female Val–Val 94.31 (4.16) 44.39 (6.09) 2.70 (2.38) 218.71 (35.31)

Val–Met 93.61 (4.10) 44.06 (5.76) 2.61 (2.26) 221.63 (31.95)

Met–Met 93.58 (4.45) 44.84 (5.44) 2.29 (2.04) 222.16 (35.33)

Abbreviations: ADHD, attention deficit hyperactivity disorder; IQ, intelligence quotient; SDQ, Strengths and Difficulties Questionnaire (http://www.sdqinfo.com); SSRT,
stop-signal reaction time; STE, stop too early.
Mean values with SDs are bracketed.
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SDQ scores in ADHD (control group aged 5–15 years
(n¼ 10 298): 3.5±2.6; ADHD group aged 11–18 years
(n¼ 334) 8.1±1.8) (Becker et al, 2006). In the current
sample, sex significantly predicted verbal IQ (likelihood-
ratio w2¼ 8.71, P¼ 0.003) and pubertal stage (likelihood-
ratio w2¼ 349.43, Po1� 10� 5). Post hoc t-tests revealed
that boys exhibited higher verbal IQ compared with girls
(T(1087)¼ 2.652, P¼ 0.008), and that girls were signifi-
cantly more developed than boys (T(856.01)¼ 21.95,
Po1� 10� 5). w2 testing established that handedness,
established by participant self-report, did not significantly
differ by sex or genotype.

SST

The SST was adapted from Rubia et al (2003, 2007).
Participants were instructed to make a single, button-press
response to either of two regularly presented, visual-go
stimuli (arrows pointing left or right shown centrally for
1000 ms), unless followed by an unpredictable stop signal
(arrow pointing upwards shown for 100–300 ms). A tracking
algorithm (Rubia et al, 2003, 2007) moderated task difficulty
by varying the stop-signal delay, which was 250–900 ms (in
50-ms increments), on the basis of participant performance.
The paradigm contained 400 go trials interspersed with 80
stop trials; between three and seven go trials occurred
between stop trials. The inter-trial interval was jittered
between 1.6 and 2.0 s (mean: 1.8 s) to enhance statistical
efficiency (Dale, 1999). If the participant responded to the
go-stimulus before stop-stimulus presentation (stop too
early; STE), then the trial was repeated for up to a maximum
of seven trials. GLMs were used to assess between-subject
effects of sex and genotype on go-success rate, stop-success
rate, and STE rate, while accounting for performance IQ and
paternal ethnicity (see Supplementary Information 1 for
covariate justification).

Calculation of Stop-Signal Reaction Time (SSRT)

SSRT is the time taken to cancel a movement after stop-
stimulus presentation. As such, a low SSRT represents good
inhibitory function. SSRT was calculated by subtracting the
mean stop-signal delay from the Go RT at the percentile
corresponding to the proportion of unsuccessfully inhibited
stop trials (as per previous analysis of this dataset (Whelan
et al, 2012)). This was done under the rationale of the
horse-race model of inhibition (Logan et al, 1984), whereby
successful inhibition signifies the stop process being
completed before the go response.

Repetition of stop trials on account of STE responses
can affect the accuracy of SSRT calculation because STE
frequency varied between participants. Furthermore, as trial
repetition was constrained to a maximum of seven, the
number of valid stop trials also varied. For participants with
more than eight STEs, SSRT was calculated up to the eighth
STE. Participants producing eight STEs prior to the 300th
trial were excluded from SSRT calculation. In total, SSRT
was calculated for 630 participants. Consequently, all ana-
lyses involving SSRT include 630 individuals. GLM-testing
assessed between-subject effects of sex and genotype
on SSRT, and the linear effects of ADHD-related problems
on SSRT, accounting for no covariates. (Supplementary

Information 2 investigates demographic and task-perfor-
mance differences between those individuals included in
and those excluded from the SSRT-focused analyses.)

fMRI Acquisition and Analysis

The MR scanning protocols, their cross-site standardization
and quality checks, and preprocessing of resulting data are
described elsewhere (Schumann et al, 2010; Whelan et al,
2012). fMRI data were analyzed using SPM8 (Statistical
Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm/).
First-level activation maps were computed for stop-success
trials (vs baseline) and stop-fail trials (vs baseline)
separately using individually specified GLMs. These con-
trasts were selected for analysis with the aim of characteriz-
ing independently the cerebral milieu associated with these
conditions rather than differential activation of associated
processes. (Additional contrasts are investigated in Supple-
mentary Information 3.) Design matrices included regres-
sors for go-success trials, stop-success trials, stop-fail trials,
trials on which the go response was too late, trials on which
the go response was wrong (if any), and realignment para-
meters as nuisance regressors. STE trials were included
as go-success trials within the model. Task regressors
were convolved with a canonical hemodynamic response
function.

Region-of-interest (ROI) analyses were conducted on
stop-success and stop-fail contrasts in IFC and pre-
supplementary motor area (pre-SMA) of the right hemi-
sphere. These regions are known to be the key cortical
structures for inhibitory function required during the SST
(Aron, 2011; Aron and Poldrack, 2006; Chambers et al,
2009). ROIs were generated with the WFU Pickatlas
(Maldjian et al, 2003) and defined using automated
anatomical labels (Tzourio–Mazoyer et al, 2002) as per
Aron and Poldrack, 2006: IFC comprised the pars triangu-
laris and pars opercularis compartments; pre-SMA con-
sisted of the SMA compartment (y40). Mean contrast
values within these ROIs were Z-transformed by center
prior to between-subject inference testing (Tahmasebi et al,
2012) to minimize potential between center differences in
the magnitude of MRI effects.

GLMs were used to examine between-subject effects of
Val158Met genotype, sex, and their interaction on cortical
efficiency for both contrasts and both ROIs independently,
while accounting for the effects of performance IQ (as per
Supplementary Information 1). Significance was ascribed
according to a Bonferroni-corrected a of 0.0125. This value
was corrected for the number of contrasts and ROIs tested.
Results nominally significant at conventional thresholds are
also reported for illustration.

A series of exploratory whole-brain analyses of related
phenomena were undertaken to complement these
hypothesis-focused ROI analyses. (Their procedures are
presented in Supplementary Information 4.)

Moderated Mediation of Inhibitory Function

To examine concurrently: (i) mediation by BOLD of COMT
effects on inhibitory performance (indexed by individual-
specific SSRT); and (ii) sex moderation of these effects, a
moderated-mediation approach termed conditional process
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analysis (CPA) was adopted using the PROCESS macro
expansion (Hayes, 2013) for SPSS (SPSS, USA). CPA utilizes
ordinary-least squares regression and permits the flexible
evaluation of diverse statistical interdependencies. Figure 1
depicts the conceptualized CPA model examined. Further
background, justification of model selection and results are
presented in Supplementary Information 5 and 6. Effects
were independently examined for pre-SMA and IFC during
both successful and failed inhibition, while controlling for
the effects of age, handedness, and IQ in each model.

Using the CPA approach, hypothesis testing of direct
effects is calculated on the basis of the regression coefficient
and its standard error. The significance of indirect effects
is adjudged using percentile-based bootstrap confidence
intervals. In total, 5000 bootstrap samples were collected by
randomly resampling the whole-sample dataset. A boot-
strapped estimate of the standard error of the indirect
effect, defined as the SD of the 5000 bootstrapped coefficient
estimates, was then calculated. To reduce effects relating
to potential between-group inhomogeneities of variance,
heteroscedasticity-consistent standard errors were calcu-
lated. Finally, lower and upper limits of 95%-percentile-
based confidence intervals were calculated; significant
effects were inferred where this range did not cross zero.

This approach also modeled the effects (in terms of
regression coefficients) of sex, COMT contrast- and ROI-
specific BOLD activation, and interactions of these factors
on SSRT. Again, significance was ascribed according to a
Bonferroni-corrected a of 0.0125, but nominally significant
findings are also reported.

RESULTS

Behavioral Performance

Table 1 (C) presents behavioral performance indices.
Significant sex effects were observed for go-success (like-
lihood-ratio w2¼ 15.78, P¼ 7� 10� 5, R¼ 0.12), stop-
success (likelihood-ratio w2¼ 5.65, P¼ 0.017, R¼ 0.07) and
STE rates (likelihood-ratio w2¼ 12.30, P¼ 4� 10� 4,
R¼ 0.10). Post hoc t-tests confirmed that girls attained
greater go-success (T(1132)¼ 4.17, P¼ 3� 10� 5, R¼ 0.12)
and stop-success (T(1132)¼ 2.03, P¼ 0.042, R¼ 0.06) rates

than boys. STE rate was, however, greater in boys than in
girls (T(1132)¼ 2.91, P¼ 0.004, R¼ 0.09). COMT genotype
did not significantly predict these performance measures.
SSRT did not significantly differ on the basis of sex,
genotype, or the interaction of these factors.

fMRI Results

Figure 2 depicts regions activated during successful and
failed inhibition (calculated as described in Supplementary
Information 3). Significant gray matter foci are presented in
Supplementary Tables S8–S11. Regions including bilateral
IFC, pre-SMA, anterior insula and visual association cortices
were significantly activated during both stop-success and
stop-fail trials.

Successful Inhibition

Significant main effects of sex were observed in both pre-
SMA (likelihood-ratio w2¼ 12.34, P¼ 4� 10� 4, R¼ 0.10)
and IFC (likelihood-ratio w2¼ 15.95, P¼ 7� 10� 5,
R¼ 0.12) during successful inhibition. Post hoc t-tests
revealed responses in girls were smaller than those in boys
(pre-SMA stop success: T(1132)¼ 3.44, P¼ 0.001, R¼ 0.10;
IFC stop success: T(1132)¼ 4.15, P¼ 4� 10� 5, R¼ 0.12).
No significant main effect of genotype was observed
in either region during successful inhibition. However, a
significant sex-by-genotype interaction (likelihood-ratio
w2¼ 11.63, P¼ 0.003, R¼ 0.10) was observed during suc-
cessful inhibition in the pre-SMA. In line with predictions,
male Val homozygotes exhibited significantly greater

Figure 1 Conditional process analysis conceptual model. The horizontal
line from COMT to hyperactivity represents the direct pathway; by
contrast, the indirect pathway is indicated by the dotted line via BOLD
activation. Conditional effects of sex were assessed on the pathways shown
in grey.

Figure 2 Regions significantly activated during stop-success (left)
and stop-fail (right) trials overlaid on a standardized T1-weighted image.
Color bar denotes T-scale. Voxels are thresholded at a family-wise error
corrected P-value of 0.05.
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activity than male heterozygotes (T(416)¼ 3.06, P¼ 0.002,
R¼ 0.15) and male Met homozygotes (T(269)¼ 2.64,
P¼ 0.009, R¼ 0.16); by contrast, there was some evidence
of greater activation in pre-SMA in female Met homo-
zygotes compared with female Val homozygotes (T(296)¼
2.23, P¼ 0.026, R¼ 0.13) and female heterozygotes
(T(439)¼ 1.71, P¼ 0.087, R¼ 0.08). These results are
displayed in Figure 3.

Failed Inhibition

Nominally significant sex-by-genotype interactions were
observed in IFC (likelihood-ratio w2¼ 7.20, P¼ 0.027,
R¼ 0.08); and in pre-SMA (likelihood-ratio w2¼ 7.72,
P¼ 0.021, R¼ 0.08). These effects are accountable to
significant differences between Val homozygotes and
other participants in boys (IFC: Val–Val/Val–Met:
T(416)¼ 3.61, P¼ 3� 10� 4, R¼ 0.17; Val–Val/Met–Met:
T(268)¼ 2.98, P¼ 0.003, R¼ 0.18; pre-SMA: Val–Val/
Val–Met: T(416)¼ 3.28, P¼ 0.001, R¼ 0.17; Val–Val/Met–
Met: T(268)¼ 2.10, P¼ 0.037, R¼ 0.18), but non-significant
between-group differences in females. Figure 3 illustrates
these findings.

There was a nominally significant effect of sex in IFC (but
not pre-SMA) during failed inhibition (likelihood-ratio
w2¼ 5.79, P¼ 0.016, R¼ 0.07), with boys exhibiting
increased activation compared with girls (T(1132)¼ 1.90,
P¼ 0.059, R¼ 0.06). Furthermore, a nominally significant

effect of COMT genotype was observed on IFC (but not
pre-SMA) activity during failed inhibition (likelihood-
ratio w2¼ 7.38, P¼ 0.025, R¼ 0.08), with greater activity
in the Val homozygotes compared with heterozygotes
(T(839)¼ 2.52, P¼ 0.012, R¼ 0.09) and Met homozygotes
(T(576)¼ 2.58, P¼ 0.010, R¼ 0.11).

Factors Modulating the Relationship Between SSRT and
BOLD

SSRT was neither significantly predicted by BOLD in
pre-SMA nor IFC at a Bonferroni-corrected threshold. How-
ever, IFC activation during successful inhibition inversely
predicted SSRT at an uncorrected threshold (b¼ � 9.96±
4.65, T(629)¼ � 2.14, P¼ 0.033). Neither sex, COMT, nor
their interaction predicted SSRT as assessed in any of the
conducted CPA models. An exploratory whole-brain
investigation of the relationship between SSRT and BOLD
activation is presented in Supplementary Information 4.

The moderated-mediation analysis results are presented
in Table 2. Whereas no significant direct effects of
COMT were observed on inhibitory function as indexed
by SSRT for either sex, consistent significant indirect
effects of COMT on SSRT (via BOLD activation) were
observed in boys for both IFC and pre-SMA during
successful and failed inhibition. These effects were not
significant in girls.

Figure 3 Group-averaged activation in pre-supplementary motor area (pre-SMA) and inferior frontal cortex (IFC) during stop trials for sex-genotype
groups. Error bars denote SEM.
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DISCUSSION

The principal finding of this work is that sex significantly
moderates COMT effects in the pre-SMA during successful
inhibition; this is, therefore, the first normative study to
demonstrate directly sex modulation of COMT effects on
prefrontal activity. Male Val homozygotes exhibit signifi-
cantly elevated activation compared with other male
genotypes. By contrast, corresponding COMT effects are
less robust in females. Similar sexual dimorphism is also
seen in both right IFC and pre-SMA during failed
inhibition. It is tempting to suggest that these findings
empirically support the inverted U-shaped model of
prefrontal function (Mattay et al, 2003). Accordingly, in
male subjects increased dopaminergic availability (within
normal levels (Bertolino et al, 2003)), as associated with the
Met allele, leads to enhanced functional efficiency; but,
by contrast, in girls Met compromises efficiency by
hyper-optimally elevating dopamine. Given that estrogen
downregulates COMT function (and therefore prefrontal
dopamine availability is higher in females), females are
suggested to be inherently further right on this curve.
However, although elevated activation is often interpreted
in terms of reduced efficiency in this context (Nixon et al,
2011), the validity of such claims rests on behavioral sub-
stantiation. In the SST, increased activation has been found
to inversely relate to SSRT and is, therefore, recognized as
a marker of effective function (Aron et al, 2003; Aron and

Poldrack, 2006; Chambers et al, 2006). In this work, despite
neurophysiological effects, neither sex, COMT nor the
interaction of these factors significantly predicted SSRT,
which serves as further support for the notion that COMT
effects are more evident at the brain than the behavioral
level (Wardle et al, 2013). Given that no significant
behavioral differences were observed between sex-genotype
groups, compromised efficiency in male Val carriers can be
reasonably interpreted in both the mechanisms responsible
for the generation and implementation of behavioral
inhibition, as elevated activation does not afford any
behavioral advantage. Contrary to the hypothesis that Val
provides an advantage in tasks requiring cognitive flexi-
bility (Bilder et al, 2004; Grace, 1991; Seamans and Yang,
2004)), our findings suggest that in males the Val allele is
associated with inefficient cortical function during a task
requiring rapid cognitive updating.

This is not the first fMRI study of COMT-gene effects on
inhibition. At odds with the current observations, Congdon
et al (2009) reported that Met homozygotes displayed
increased activation in regions including SMA, IFC, and
subthalamic nucleus. However, after categorizing for
genotype, the group sizes of this study were small
(Met–Met: n¼ 6; Val–Met: n¼ 27; Val–Val: n¼ 10) and
not split by sex, both of which limit the findings. By
contrast, the large sample size of the current study greatly
enhances its power to detect the effects of genetic variation
on brain physiology, especially when they are small. Null

Table 2 Conditional Direct and Indirect Effects of COMT-gene Variation on BOLD During Inhibition

(A) Conditional direct effects of COMT gene on hyperactivity

ROI Model Condition Sex Coefficient SE T P

pre-SMA Stop success Boys � 1.66 3.25 � 0.51 0.609

Girls 1.71 2.67 � 0.64 0.522

Stop failure Boys � 1.68 3.27 � 0.51 0.608

Girls 1.53 2.68 0.57 0.568

IFC Stop success Boys � 1.72 3.27 � 0.53 0.599

Girls 1.78 2.69 0.66 0.508

Stop failure Boys 1.81 3.31 � 0.54 0.586

Girls 1.79 2.70 0.66 0.507

(B) Conditional indirect effects of COMT gene on hyperactivity

ROI Model Condition Sex Coefficient HCSE LLCI ULCI

pre-SMA Stop success Boys 0.83 0.51 0.13 2.38*

Girls � 0.03 0.14 � 0.58 0.14

Stop failure Boys 0.85 0.52 0.14 2.33*

Girls 0.15 0.24 � 0.11 0.96

IFC Stop success Boys 0.89 0.58 0.09 2.49*

Girls � 0.10 0.30 � 0.99 0.35

Stop failure Boys 0.98 0.60 0.15 2.60*

Girls � 0.11 0.31 � 1.05 0.33

Abbreviations: HCSE, heteroscedasticity-consistent standard error; LLCI, lower-limit confidence interval; ROI, region-of-interest; SE, standard error; ULCI, upper-limit
confidence interval.
Asterisks denote effects significant at an a of 0.05.
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COMT effects on right-prefrontal BOLD activation during
successful inhibition have been previously reported in an
overlapping sample of the IMAGEN cohort (Whelan et al,
2012). However, the factor-analysis procedure employed
previously, while elegantly effective as a data-reduction
technique, has potential to limit sensitivity to regionally
specific effects; and the prior study did not directly assess
sex moderation of COMT effects.

The pediatric focus of the current study also serves to
demonstrate that the sexually dimorphic effects observed
are not limited to the mature brain. A pertinent aim
for future work will be to examine the mutability of the
current effects across the lifecycle. It has been recently
reported that activation of areas including right IFC
during SST-induced inhibition is greater in early adulthood
than in adolescence; and that maturation effects here are
greater in males compared with females (Rubia et al, 2013).
These findings and those of age-related improvement in
inhibitory performance (Rubia et al, 2013) imply that
mechanistic adaptation fundamentally shapes inhibitory
performance; however, the changing role of genetic and
hormonal factors (and related sexual dimorphism) remains
unclear.

Interestingly, in light of prior null findings on sex
differences in inhibition in adults (Li et al, 2006, 2009)
and despite the performance-tracking algorithm, sex
significantly affected both inhibitory and executive aspects
of performance. Girls exhibited increased go-success and
stop-success rates compared with boys, and boys produced
significantly more STE responses than girls, suggestive of a
more impulsive performance style in boys. It is possible that
the previous studies were underpowered to detect these
effects or alternatively that these effects diminish in
adulthood, given evidence for superior inhibitory perfor-
mance in girls relative to boys in pediatric samples
(Bezdjian et al, 2009). Another possibility is that sex
moderation of behavioral inhibition is variable. Women
have been shown to be less efficient than men at inhibiting
prepotent responses during the follicular phase of the
menstrual cycle, when estradiol and dopamine turnover
rates increase (Colzato et al, 2010). This suggests a state-
dependent change, which could be feasibly investigated in
future work on COMT brain effects. It must be seen as a
limitation of the current work that hormonal concentrations
were not explicitly assessed. Indeed, it is possible that
increased hormonal heterogeneity in girls masks COMT
effects in this group; however, the current behavioral and
neuroimaging data provide little evidence of greater
between-subject variation of response in adolescent females.

Our finding that prefrontal BOLD activation significantly
mediates the relationship between COMT and SSRT in boys
but not in girls is reliable over a set of related models
(Supplementary Information 6) and suggests that sex
differences are apparent not only in the extent to which
COMT genotype affects physiology but also in the extent to
which this physiological index determines behavior. Incon-
sistencies in the literature on sex differences in COMT
effects at a behavioral level may be attributable to the
bluntness of the behavioral tools used to date; however, our
findings offer an alternative—that divergent mechanistic
pathways are adopted between the sexes but that these lead
to convergent behavioral outcomes.

This work is predicated on and provides support for
estrogen moderation of COMT activity. However, several
lines of evidence suggest this model is simplistic (Tunbridge
and Harrison, 2010); COMT is not only downregulated by
estrogens, it also metabolizes catecholamine estrogens
(Creveling, 2003). Further, the finding that COMT activity
is higher in men despite reduced or equivalent mRNA levels
in men compared with women (Dempster et al, 2006)
suggests that transcriptional regulation is not the sole driver
of COMT sex effects. Moreover, the finding that COMT
protein and activity rises in men aged 20–50 years
(Tunbridge et al, 2007), in the face of steady estradiol
levels in this time frame (Bjornerem et al, 2004), provides
further support for this notion. Future direct investigation
of estrogen effects on COMT-gene activity is, therefore,
strongly warranted, and would be likely enhanced if
supplementary sources of potential variation were consid-
ered. For instance, COMT-by-serotonin-transporter gene
interactions on limbic BOLD activation during aversive-
stimulus processing (Smolka et al, 2007) and COMT-by-
DRD4 gene interactions on prefrontal BOLD during
cognitive control (Heinzel et al, 2012) indicate that
COMT-gene effects are determined by complex genetic
associations affecting multiple, interacting neurotransmitter
systems. Furthermore, future investigation of the influence
of epigenetic and environmental factors on the reported
COMT effects is suggested, in view of the differential
cytosine-p-guanine site characteristics of the Val and
Met alleles, potential modulation of methylation by stress
(Jirtle and Skinner, 2007), and recent observations that
Val-allele methylation interacts with stress to modify
prefrontal BOLD activation during working memory
(Ursini et al, 2011). Discrepancies in the COMT literature
may be partially attributable to such factors. This notion is
additionally supported by recent animal work revealing a
complex and discrete pattern of interactions between sex,
COMT genotype and stress on inhibition-related behaviors
(Papaleo et al, 2012).

Focus on alternative neuroendocrine systems can also
potentially offer an improved perspective on the currently
observed phenomena. Specifically, it can be reasonably
hypothesized that testosterone directly amplifies prefrontal
COMT effects in adolescent males, in light of sex differences
in its circulating levels (Granger et al, 1999), and recent
observations that it modulates dopaminergic tone in the rat
substantia nigra via regulation of enzymes implicated in
dopamine metabolism and transportation (Purves-Tyson
et al, 2012). It is nevertheless noted that testosterone effects
on COMT have, to date, been inconsistently observed
(Purves-Tyson et al, 2014).

By demonstrating sexual dimorphism in COMT effects
on cerebral activation in the healthy brain, this work
extends our understanding of the mechanisms under-
pinning cognition in prefrontal cortex. Given that sex
shapes genotypic expression (and phenotypic sequelae), by
virtue of differential hormonal and epigenetic factors, it is
seemingly vital to account for its effects when studying
genetic control of cognition. This has important implica-
tions not only for our understanding of the genetic
determinants of normal cognition but also for the factors
which lead to contrasting patterns of psychopathology in
males and females.
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