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Abstract
Rationale The effects of atomoxetine (ATO) on response inhibition have been typically examined using the stop signal task 
(SST) which is however confounded by attentional capture. The right inferior frontal cortex (rIFC) has been implicated 
in the modulation of ATO on inhibitory control, but a precise characterisation of its role is complicated by its functional 
inhomogeneity.
Objectives The current study aimed to directly investigate the effect of ATO in the SST using the imaging contrast uncon-
founded by attentional capture, to test the specific drug actions in functionally dissociable rIFC subregions, and to explore 
the role of locus coeruleus (LC), the main source of cortical noradrenaline, in mediating the drug effects.
Methods This imaging study investigated the effect of ATO (40 mg) in 18 human participants during a modified SST that 
unconfounds attention from inhibition. Functional definitions for rIFC subdivisions were adopted in the analyses to isolate 
attention and inhibition during action cancellation. The LC integrity was measured in vivo using a neuromelanin-sensitive 
sequence.
Results We identified one mechanism of ATO modulation specific to inhibitory control: ATO enhanced activity in pre-
supplementary area (pre-SMA) for motor inhibition, and the recruitment of temporoparietal junction (TPJ) and inferior 
frontal junction (IFJ) for functional integration during response inhibition. Moreover, drug-related behavioural and neural 
responses correlated with variations in LC integrity.
Conclusions These findings provide a more nuanced and precise understanding of the effects of ATO on specific and domain 
general aspects of stopping.

Keywords Atomoxetine · Functional magnetic resonance imaging · Locus coeruleus · Response inhibition · Stop signal 
task

Introduction

The ability to inhibit undesirable actions upon the presenta-
tion of a stop signal can be indexed using response inhibition 
paradigms such as the stop signal task (SST). SST variants 
have been used to index inhibitory control in neuropsychi-
atric conditions (Dalley and Robbins 2017; Gilmour et al. 
2013; Lipszyc and Schachar 2010; Verbruggen and Logan 
2008) and healthy ageing (Coxon et al. 2016; Sebastian et al. 
2013; Tsvetanov et al. 2018). A single dose of atomoxetine 
(ATO), which increases extracellular levels of dopamine and 
noradrenaline (Bymaster et al. 2002), modulates SST per-
formance in experimental animals (Bari et al. 2009; Robin-
son et al. 2008), healthy human subjects (Chamberlain et al. 
2006) and patients with Parkinson’s disease (PD) (Keha-
gia et al. 2014) and attention deficit hyperactivity disorder 
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(Chamberlain et al. 2007). However, the dopaminergic action 
of the drug may not be relevant to behavioural modulation 
as direct dopaminergic augmentation with L-DOPA has no 
effect on the task performance (Obeso et al. 2011), strength-
ening the rationale for the role of noradrenergic transmission 
in response inhibition (eg., Kehagia et al. 2014; Robbins 
and Kehagia 2017). In fact, noradrenergic restoration might 
be a promising clinical strategy in ameliorating some non-
motor symptoms in PD including impulsivity (O'Callaghan 
et al. 2020; Rae et al. 2016) consistent with the early and 
profound degeneration of the locus coeruleus (LC) in the 
disease, whereas the underlying neural mechanism of the 
drug effect is still elusive.

One of the major difficulties in synthesising the neural 
responses to ATO in response inhibition arises from the 
recognised confound of attentional capture present on stop 
trials, which are intended to index inhibition: the conven-
tional stop versus go contrast in functional MRI studies is 
confounded by the difference of trial frequency between two 
task conditions, and further complicates the determination of 
ATO effects on inhibitory control. To disentangle inhibition 
from attention, one study (Sharp et al. 2010) included a con-
tinue signal matching the frequency and temporal profile of 
stop stimuli as a more appropriate contrast condition suited 
to neuroimaging. Response inhibition indexed by the more 
selective stop versus continue contrast revealed enhanced 
blood oxygenation level-dependent (BOLD) signal over pre-
supplementary area (pre-SMA) during response slowing and 
cancellation. In contrast, the critical role of right inferior 
frontal cortex implicated by conventional SST in stopping 
action was not observed using the continue baseline. Other 
studies directly addressing the role of the rIFC have also 
linked it to attentional control rather than inhibition (Erika-
Florence et al. 2014; Hampshire 2015), a functional dis-
sociation which was further validated in primates using a 
similar paradigm (Xu et al. 2017).

The second major source of the contention surrounding 
the effects of ATO is the inconsistent involvement and func-
tional heterogeneity of the right inferior frontal cortex (rIFC) 
during inhibitory control (Aron et al. 2015; Hampshire and 
Sharp 2015). The gyrus (rIFG) and its frontostriatal inter-
actions have been identified as the locus of this drug effect 
by functional magnetic resonance imaging (fMRI) studies 
(Borchert et al. 2016; Chamberlain et al. 2009; Rae et al. 
2016). However, one independent meta-analysis (Swick 
et al. 2011) pinpointed the neighbouring anterior insula 
(AI) in classic SST, but reported inconsistent involvement 
of the rIFG. Another quantitative meta-analysis (Levy and 
Wagner 2011) on the classic stop–go contrast highlighted 
broader control of the right inferior frontal junction (rIFJ) 
over both motor inhibition and attention reorientation. In 
consistent with the findings in meta-analyses, using multiple 
baselines isolating inhibition from attention, a functional 

dorsal–ventral dissociation was found between the salience-
driven rIFJ and the rIFG/AI linked to action programming 
(Sebastian et al. 2016).

The current neuroimaging study addressed these issues 
directly, to identify brain regions that respond to ATO dur-
ing response inhibition unconfounded by attentional capture, 
and to parse the drug effects over the functionally inhomoge-
neous rIFC in inhibitory control. We implemented a modi-
fied SST with attentional capture in a healthy older cohort 
with an age range matching the typical onset of neurodegen-
erative disorders to further understand effects of the drug on 
inhibition in the healthy ageing brain. We hypothesised that 
behavioural inhibition and associated brain regional activity 
will be modulated by atomoxetine. Moreover, the LC integ-
rity plays an important role in cognitive reserve for healthy 
older adults (Mather and Harley 2016) and may predict drug 
response (O'Callaghan et al. 2020). LC integrity as measured 
by neuromelanin (NM)-sensitive MRI in vivo can be used to 
index the regional density of functioning noradrenergic neu-
rons (Clewett et al. 2016; Wilson et al. 2013; Ye et al. 2021), 
which has been validated by histologic evidence (Keren et al. 
2015). Therefore, whether the effect of ATO is dependent 
on individual variations of LC integrity was investigated. To 
elucidate these effects further, we focus on (i) the imaging 
contrast unconfounded by attentional capture, (ii) functional 
dissociations within the rIFC and (iii) the role of LC signal 
variation in mediating the drug effects.

Materials and methods

Participants

Nineteen healthy, right-handed male and female participants 
aged between 45 and 75 years were included in this study 
following successful screening by interview, history and 
examination conducted by a study clinician. All participants 
gave written informed consent. The ethics was approved 
by the King’s College London’s Psychiatry, Nursing and 
Midwifery Research Ethics Committee (HR-15/16–1964). 
The exclusion criteria were history of psychiatric or neu-
rological disorders; concurrent medication that interacts 
with the action of the drug; medical conditions that affect 
hepatic, renal or gastrointestinal functions; cardiac disor-
ders or uncontrolled hypertension; failure of drug of abuse; 
excessive use of nicotine (> = 5 cigarettes/day), caffeine 
(> = 400 mg/day) and alcohol (> = 28 units/week); mini-
mental state examination (MMSE) score < 25; or any MRI 
contraindications. All participants completed the modified 
stop-signal task while being scanned but one was excluded 
due to excessive head movement. The current study is based 
on the remaining 18 completed data sets (7 males, mean 
age ± SD: 58 ± 8.3 years, range: 46–70 years).
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Experimental design

This study used a randomised, double-blind, placebo-
controlled, within-subject, crossover design. Eligible 
participants were invited for two study sessions where 
40 mg of atomoxetine (ATO) was given orally on one ses-
sion and 25 mg ascorbic acid placebo (PLA) was given on 
the other, presented in identical capsules. The 40 mg of 
atomoxetine was selected because it is the initial dose for 
efficacy prior to the upward titration for the management 
of inattention in ADHD, showing good tolerability for 
both patients and healthy participants according to previ-
ous studies (Chamberlain et al. 2009; Warren et al. 2017). 
For each study session, a standard health safety check was 
conducted, including pre- and post-dosing physical and 
brief neurological examinations, ECG and blood pres-
sure measurements. Blood samples were taken at two time 
points: one at 60 min post-dosing and the other immedi-
ately after the scan at approximately 180 min post-dosing. 
The plasma samples were isolated after centrifugation 
and shipped to Rudolf-Boehm-Institute of Pharmacology 
and Toxicology at Leipzig University for the determina-
tion of ATO’s plasma concentration (online resource 1). 
Participants entered the scanner at 90 min post-dosing in 
order to maximise the plasma concentration of ATO based 
on the typical half-life of the drug (Sauer et al. 2005). 
The mean plasma concentration between two samples 
was used to approximate the drug plasma level during 
the scan.

Stop signal task with attentional capture

The current version of SST was derived from previous stud-
ies (Pauls et al. 2012; Sharp et al. 2010), with the attentional 
capture feature added to disentangle attentional control from 
motor inhibition (Fig. 1). The SST comprised 420 trials. In 
the go condition (260 trials), participants were instructed to 
respond to an arrow pointing left or right with a response 
box. The trial length was set as 1650 ms and the maximum 
reaction time (RT) allowed in the task was 1400 ms. In the 
stop condition (80 trials), an unpredictable stop signal, sym-
bolised by a red dot, would appear following the go signal 
with variable stop signal delays (SSD), where participants 
were required to inhibit their responses. The SSD started 
from 150 ms with a stepwise adaptation procedure using the 
trial-by-trial adjustment by 50 ms based on the cumulative 
accuracy of stop responses. The range of SSDs was fixed in 
between 50 and 900 ms. An additional continue signal (80 
trials) informed by a green dot was included matching the 
frequency and the temporal profile of stop signals; the delay 
for a given continue signal was set to the SSD used in the 
most recent stop trial. Participants were instructed to make 
the same responses on continue as on go trials. Participants 
received training on the task at screening and were reminded 
of the task rules on both study days before the scanning.

Behavioural analyses

 For each visit, mean RTs of go, continue and failed stop 
trials were calculated, and the accuracy of go, continue and 
stop trials was counted. The estimation of the stop-signal 
reaction time (SSRT) was based on the integration method 

Fig. 1  Stop signal task with three types of trials (Go, Stop and Con-
tinue). The inter-trial interval was 1650  ms. Sixty-two percent tri-
als contained Go stimuli for 300  ms. Nineteen percent of the trials 
included a stop signal (red dot) with varied SSDs as a function of 

outright stopping frequency. The remaining 19% trials were continue 
trials, serving to control for attentional capture with the same SSD of 
the preceding stop trial
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(Verbruggen and Logan 2009). This method was selected 
because it is less susceptible to the skewness of the go RT 
distribution which might be affected by ageing. According 
to the recommendations in a recent consensus guide (Ver-
bruggen et al. 2019), omitted go responses were replaced 
with the maximum RT to form a go distribution in combi-
nation with all go trials with a response (including incor-
rect and premature go responses). This variant of the classic 
integration method provides a less biased and more reliable 
estimate on the SSRT. The SSRT was therefore estimated 
by subtracting the mean stop signal delays from the nth RT, 
where n is determined by multiplying the number of go RTs 
in a full distribution by the overall probability of responding 
[p(respond|signal)].

MRI data acquisition

The MRI data were acquired using a 3.0 Tesla MR750 GE 
system (General Electric) with a 32-channel head coil. At 
each scanning session, 383 functional images were acquired 
during the SST (TR = 2000 ms, TE = 30 ms, Flip Angle = 75°, 
slice thickness = 3 mm with 0.3 mm gap, FoV = 240 mm, 
matrix = 64 × 64, in plane resolution = 3 × 3 mm). A high 
resolution structural MPRAGE image was acquired on the 
first scanning session (TR = 7.3 ms, TE = 3 ms, TI = 400 ms, 
Flip Angle = 11°, FoV = 270  mm, matrix = 256 × 256, 
in plane resolution = 1.2 × 1.2 mm). A 2D T1-weighted 
turbo spin echo (TSE) sequence was additionally acquired 
on the second visit for LC localisation and signal quanti-
fication. Ten axial high-resolution T1-TSE images were 
positioned perpendicular to the long axis of the brain-
stem with acquisition parameters as follows: TR = 600 ms, 
TE = 21.2 ms, flip angle = 125°; FoV = 220 mm, 2.5 mm 
slice thickness with 1 mm gap, matrix = 512 × 320, in plane 
resolution = 0.43 × 0.43 mm.

Image processing and modelling

The functional imaging data were processed using SPM 
12 (v6906). Functional volumes were slice-time corrected, 
realigned and co-registered with the T1-weighted images. 
The structural data were segmented into three different tis-
sue types (grey matter, white matter and cerebrospinal fluid) 
which were used to create a group-specific anatomical tem-
plate using DARTEL (Ashburner 2007). This step produced 
deformation flow field files which were used to normalise 
the functional data to the MNI template. An 8 mm FWHM 
Gaussian kernel was selected for spatial smoothing.

Task events were modelled in a general linear model 
(GLM), including 4 regressors of interest: correct go tri-
als (GO), correct continue trials (CC), successful stop trials 
(SS) and failed stop trials (FS). Incorrect go and continue 
trials were modelled separately as nuisance regressors. For 

events with recorded responses (GO, CC and FS), the trial 
durations were modelled with corresponding RTs as such 
duration modulation captures BOLD responses more reli-
ably and reduces false positives in decision-making tasks 
(Grinband et al. 2008). The SSD for a successful stop trial 
was selected as the SS duration in line with previous studies 
(Sharp et al. 2010). Other trials with no recorded RTs were 
modelled using the fixed function with the total trial length. 
A 24-parameter model was used for modelling movement 
artefacts. All regressors were convolved with a canonical 
hemodynamic response function. Continue trials were used 
as the primary baseline for the SS and FS trials (SS > CC, 
FS > CC) given the control they provide for trial frequency. 
CC > GO contrast was used to estimate the attention-related 
processing of the infrequent stimuli. The contrasts tradition-
ally used for indicating inhibitory control in previous studies 
were also examined (SS > GO, FS > GO).

ROI analyses

To determine whether the effects of ATO in response inhibi-
tion are dependent on contrast differences, a priori defined 
frontal and parietal regions of interest (ROIs) were selected 
from an SST study incorporating the attentional capture 
baseline. Five spherical ROIs were created (5 mm radius) 
using the coordinates reported in Sharp et al. (2010), includ-
ing lateral (x = 20, y = 6, z = 62) and medial (x = 12, y = 12, 
z = 58) pre-SMA identified in their SS > CC contrast, the 
rIFG (x = 44, y = 18, z = 16) and right supramarginal gyrus 
(SMG: x = 68, y = -42, z = 22) in the SS > GO contrast and 
anterior cingulate (ACC: x = 2, y = 24, z = 24) in the FS > CC 
contrast. Furthermore, multiple regions within or close to 
the rIFC were defined to address the functional heteroge-
neity of the structure in the current paradigm. These defi-
nitions entailed the rIFG reported in Sharp et al. (2010), 
and the functionally dissociable rIFJ (x = 45, y = 8, z = 25) 
and rIFG/AI (x = 42, y = 20, z =  − 5) identified in Sebastian 
et al. (2016) as two extra regions located at the boundaries of 
the rIFC. These ROIs were subsequently used to extract the 
mean regional parameter estimates from individual contrasts 
representing inhibitory (SS > CC) and attentional (CC > GO) 
elements of the task. The confounded stop contrast used in 
previous studies (SS > GO) was also examined. Whole brain 
voxel-wise analyses were also performed for the comparison 
with results from ROI analyses (online resource 3).

In vivo assessment of LC integrity

T1-TSE images were firstly corrected for spatial inten-
sity inhomogeneity using FAST in FSL (Fig.  4A). The 
peak-intensity detection was selected for LC segmenta-
tion because this approach is specific to LC neurons and 
independent of anatomical boundaries (Clewett et al. 2016; 
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Keren et al. 2009). The bilateral LC were defined using a 
cross of 3 voxel width and height to capture the in-plane 
LC distribution ranging ~ 1.2 mm, centred on the voxel with 
peak intensity on each side. A circular reference region 
in the dorsal pontine area was selected as the reference 
region for signal normalisation (5 voxels radius). The mean 
 (IREF) and standard deviation  (ISD) of signal intensity for 
the reference region and the mean signal intensity for LC 
ROIs  (ILC) collapsed across both hemispheres were calcu-
lated. The contrast-to-noise ratio (CNR) was calculated as: 
CNR =  (ILC –  IREF) /  SDREF.

Statistical models

Statistical analyses were performed using JASP (v0.11.1). 
Behavioural results were subjected to repeated measures 
ANOVAs with drug (ATO and PLA) as the within-subject 
factor and drug order (ATO was given on the 1st or 2nd 
session) as the between-subject factor. The extracted beta 
estimates for ROIs were subjected to a repeated measures 
ANOVA with region, contrast and drug as within-subject 
factors and drug order as the between-subject factor. Green-
house–Geisser correction was applied when necessary. Post 
hoc tests for each ROI were also performed to confirm the 
specific drug modulation with the Holm correction for mul-
tiple testing.

A linear regression model was used to examine potential 
predictors for the drug responsiveness. The difference score 
of SSRT (∆SSRT, PLA-ATO) was calculated as the primary 
behavioural index for the drug effect on response inhibition. 
Potential predictors for ∆SSRT were examined separately as 
well as in a holistic model with age, ATO plasma concentra-
tion and LC CNR. The same model was applied on drug-
induced changes of regional neural activity specifically in 
outright stopping using the SS > CC contrast.

Results

Demographic and physiological results

The demographic and individual LC CNR results are 
summarised in online resource 2. There was no gender 
difference in the LC CNR (t(1,16) = 1.34, p = 0.2). The 
mean signal intensity in the selected reference region did 
not correlate with age (Spearman rho = 0.006, p = 0.98), 
suggesting that the dorsal pontine area is an appropriate 
baseline measure. The mean drug plasma level across pre- 
and post-dosing measures varied between subjects (range: 
80.4–743.3 ng/ml). Drug concentration decreased from the 
first to the second plasma sample in twelve subjects and 
increased in six.

Behavioural results

Task performance on ATO and PLA is summarised in 
Table 1. There was no main effect of drug on any RT 
or accuracy measurement, but the drug effect signifi-
cantly interacted with administration order for go RTs 
(F(1,16) = 17.48, p < 0.001), continue RTs (F(1,16) = 8.1, 
p = 0.013) and accuracy on continue trials (F(1,16) = 7.47, 
p = 0.015). Compared to PLA, ATO prolonged both go 
and continue responses when administered on the second 
session (p = 0.01 for go RTs; p = 0.03 for continue RTs), 
whereas faster responses for go trials (p = 0.01) and more 
accurate continue responses (p = 0.03) were observed with 
ATO on the first session. In sum, ATO had no effect on 
the SSRT and stop accuracy in this group of older healthy 
participants. Age and ATO plasma level had no significant 
modulating effects on performance.

Table 1  Behavioural results for 
RTs and percentage accuracy 
(mean ± SEM)

The mean RTs for go, continue responses and SSRTs and accuracy on go, continue and stop trials are sum-
marised (±SEM)
* Randomisation type 1: ATO was given on the first study session
** Randomisation type 2: ATO was given on the second study session
† Statistical results for the main effect of drug separated by drug order
n.s. not significant

Trial type ATO first (N = 9)* PLA first (N = 9)**

ATO PLA Stats† ATO PLA Stats†

Go RT (ms) 971 ± 48 1029 ± 41 p = 0.01 1004 ± 62 927 ± 63 p = 0.01
Continue RT (ms) 1042 ± 32 1084 ± 18 n.s 1028 ± 52 958 ± 51 p = 0.03
Go accuracy (%) 86.0 ± 3.4 85.4 ± 3.4 n.s 84.9 ± 5.1 85.5 ± 3.8 n.s
Continue accuracy (%) 71.9 ± 6.1 64.0 ± 7.8 p = 0.03 69.0 ± 8.2 73.1 ± 7.2 n.s
Stop accuracy (%) 51.8 ± 0.9 52.9 ± 0.6 n.s 57.5 ± 3.1 51.7 ± 1.2 n.s
SSRT (ms) 289 ± 21 304 ± 31 n.s 284 ± 24 314 ± 23 n.s
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Neuroimaging results

Results for ROI analyses are presented in Fig. 2. We rep-
licated previous findings on the cortical effects of ATO 
on response inhibition: there were a main effect of drug 
(F(1,17) = 6.17, p = 0.02) and specific drug effects on the 
rIFG (p = 0.03), ACC (p = 0.04) and SMG (p = 0.03), respec-
tively, examined in post hoc tests. However, when atten-
tional processing is controlled for in the SS > CC contrast, 
a different drug-related cortical mechanism of inhibitory 
control emerged. Although the main effect of ATO was 
obtained (drug: (F(1,17) = 7.26, p = 0.015), post hoc tests 
revealed that the drug effect during outright stopping was 
only seen in lateral pre-SMA (p = 0.042) and right SMG 
(p = 0.04). There was no drug effect (F < 1) or drug × region 
interaction (F(4,14) = 1.5, p = 0.23) for the CC > GO con-
trast, confirming that attentional processing of frequency 
information is not modulated by ATO. Including drug order 

as the between-subject factor had no effect on the results of 
ROI-based analyses. These findings were also replicated in 
the whole brain analyses (online resource 4–7).

Moreover, to rule out the potential vascular confound 
of the drug effect on BOLD responses, peripheral blood 
pressures (BP) and whole-brain voxelwise signal changes 
induced via CO2-modulated vasodilation in a breath-hold 
task were both compared between drug and placebo condi-
tions (online resource 8 & 9). There was no effect of ATO in 
changing BP (t(17) < 1 for both systolic and diastolic BPs) or 
in modulating BOLD signals during breath-hold (Figure S3), 
suggesting that the drug effect on the neural responses is 
unlikely to be driven by cerebrovascular reactivity.

ROI analyses with subdivisions of the rIFC revealed a 
contrast × region interaction in response to ATO modula-
tion (F(4,13) = 6.819, p = 0.007). As shown in Fig. 3, post 
hoc tests revealed that the rIFJ was subject to drug modula-
tion irrespective of baseline selection (p = 0.043 for SS > CC 

Fig. 2  Percentage signal changes in a priori defined ROIs (blue: lat-
eral/medial pre-SMA, red: SMG, yellow: rIFG, pink: medial pre-
SMA, green: ACC) for the Stop versus Continue (SS > CC), Stop 

versus Go (SS > GO) and Continue versus Go (CC > GO) contrasts (* 
pholm < 0.05, error bars represent SEM)
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contrast; p = 0.05 for SS > GO contrast). In contrast, the drug 
effect in the rIFG can be observed using the classic SS > GO 
contrast confounded by attentional capture (p = 0.03), but 
not for the SS > CC contrast (p = 0.123). No contrast has 
revealed any drug modulation on rIFG/AI. ATO had no 
effect on any rIFC subregions in the CC > GO contrast. Drug 
order had no effect on these findings.

LC integrity and drug effects.
Next, we focused on testing the role of LC integrity 

in modulating behavioural and neural effects of ATO in 
response inhibition where the LC was measured in vivo 
using neuromelanin-sensitive sequence (Fig. 4A). A quad-
ratic relationship was detected between LC CNR and 
∆SSRT (Fig. 4B,  R2 = 0.411, F(2,17) = 5.24, pmodel = 0.019, 
βLC = 4.05, p = 0.006, βLC2 =  − 3.98, p = 0.006) which 
remained significant when age and ATO plasma level 
were additionally included in the model  (R2 = 0.377, 
F(4,13) = 3.57, pmodel = 0.035, βLC = 4.44, p = 0.003, 
βLC2 =  − 4.42, p = 0.003). Moderate level of LC CNR was 
linked with ATO-induced SSRT reduction, whereas higher 
or lower LC CNR was associated with increased SSRT 
after a single dose of ATO. We also explored the role of 

LC integrity in mediating the drug effect on the pre-SMA 
and the SMG, the two brain regions whose neural activities 
were enhanced by ATO during outright stopping (SS > CC). 
The exploratory analyses revealed a significant linear rela-
tionship between ATO-related signal change in the SMG 
and LC CNR for the SS > CC contrast (Fig. 4C,  R2 = 0.274, 
F(1,16) = 6.04, βLC = 0.52, p = 0.026). This relationship 
remained significant after including age and plasma level of 
ATO as covariates  (R2 = 0.422, F(3,14) = 3.411, βLC = 0.54, 
p = 0.023). The ATO effect in the pre-SMA was not medi-
ated by LC integrity (F(2,17) = 1.44, βLC = 0.29, p = 0.25).

Discussion

In this study, the effect of ATO on response inhibition was 
revisited with a modified version of the SST that controls 
for attentional capture. This experimental manipulation 
was adopted to disentangle the neural mechanisms of the 
drug that are specific to inhibitory control by introducing a 
more effective comparison condition in the fMRI contrast 
that models stopping per se. For this contrast, we obtained 

Fig. 3  The effects of ATO on subregions of the rIFC for SS > CC, 
SS > GO and CC > GO contrasts (* indicates pholm < 0.05 in post-hoc 
tests). Locations of the rIFJ, rIFG and rIFG/AI are overlaid onto a 3D 

rendered brain template for visualisation. The pink area represents the 
anatomical definition of the rIFG (pars opercularis and pars triangula-
ris) derived from the Harvard–Oxford atlas
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BOLD signal increase over pre-SMA and SMG with a single 
dose of ATO. The drug also modulated the rIFJ, instead of 
the rIFG, during inhibition. Furthermore, signal intensity 
in the LC, the main source of cortical NA, correlated with 
signal change variability over SMG, further supporting the 
role of LC-integrity on response inhibition.

Previous studies have highlighted the importance of the 
pre-SMA in motor inhibition (Chen et al. 2010; Obeso et al. 
2013), which ATO modulates during outright stopping. In 
the current study, a more selective control condition in the 
form of continue trials was used to match the frequency 
and temporal profile of critical stop signals. When we spe-
cifically interrogated the subregions of medial and lateral 
pre-SMA, using predefined regions, the effect of ATO was 
restricted to the lateral pre-SMA. The lateral pre-SMA is 
functionally distinguishable from the more medial and ros-
tral subregions, which may be more involved in the pro-
cess of response conflict (Sharp et al. 2010). In line with 

the proposed functional specificity of the pre-SMA in 
motor control, imaging studies in PD patients have shown 
decreased activation in this region (Lindenbach and Bishop 
2013), and diminished cortical and subcortical connectivity 
during the SST, which can be ameliorated by a single dose 
of ATO (Rae et al. 2016).

Compared to previous studies emphasising a dedicated 
and unified role of the rIFC during response inhibition, our 
results describe a dissociable and heterogeneous functional 
mapping of this structure whereby the observable drug effects 
on the rIFC depends on the choice of rIFC subregion for a 
given contrast. In comparison to the go baseline, the increased 
ventrolateral rIFC activation on ATO seen in our study echoes 
findings in healthy adults and patients with PD (Chamberlain 
et al. 2009; Rae et al. 2016). However, employing the CC > GO 
contrast to index attentional reorientation revealed compara-
ble effect of ATO and PLA over the rIFG, suggesting that the 
effect of ATO does not in fact extend to this non-selective 

Fig. 4  LC CNR calculation and correlations with behavioural and 
imaging results. A Locations of LC bilaterally and reference dorsal 
pontine region with the distribution of the LC ROI used for the CNR 

extraction. B Relationship between LC CNR and ATO-induced SSRT 
changes. C Relationship between LC CNR and signal changes at the 
SMG (stop > continue)
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process. Furthermore, our findings of varied cortical effects 
following ATO administration mirror the dorsal-to-ventral 
functional dissociation in the rIFC. Specifically, a baseline-
independent effect of drug modulation was observed only for 
the dorsally located rIFJ, whereas the ventral rIFG/AI showed 
no response to the drug (Fig. 3). In the stop task, the role of the 
rIFJ can be dissociated from that of the rIFG/AI when control-
ling for attentional capture, where the latter more specifically 
contributes to action plan updating and the implementation 
of cognitive control (Cai et al. 2014; Sebastian et al. 2016; 
Verbruggen et al. 2010). Unlike the rIFG, IFJ activation has 
been consistently reported in tasks relying on various cogni-
tive abilities such as in task switching (Derrfuss et al. 2005), 
providing a more domain-general control function (Levy and 
Wagner 2011). The IFJ has also been proposed to mediate 
interactive inputs from neighbouring structures which manipu-
late stimulus–response mapping and working memory (Brass 
et al. 2005). In line with this, we propose that by modulating 
the rIFJ, ATO promotes response inhibition via an integrative 
mechanism involving top-down control over multiple, critical, 
task demand dictated functions.

The SMG, which is also modulated by ATO during stop-
ping irrespective of the comparison condition, is another 
candidate region contributing to functional integration dur-
ing response inhibition. In the whole-brain analysis, the 
cortical extent of this cluster coincides with the anatomi-
cal location of the temporoparietal junction (TPJ), another 
key node within the ventral attention network (Corbetta 
et al. 2008). Neural activity in the TPJ is suppressed during 
focused attention by direct cortical or indirect subcortical 
circuits (Shulman et al. 2003). Consistently with more recent 
findings highlighting a domain-general role of the TPJ (Geng 
and Vossel 2013), the observed effects of ATO over this 
region signify facilitation over the detection of behaviourally 
critical, yet infrequent stop signals.

While the inclusion of continue stimuli in the current ver-
sion of the task has been widely used to isolate motor inhi-
bition and detection of the stop signal, this task design has 
been criticised for response slowing on continue trials which 
might complicate the interpretation of our results. Recent 
studies have shown that infrequent stimuli in the stop-
signal task can elicit residual brain activations similar to 
stop-related neural signatures, the degree of which predicts 
the speed of action slowing after infrequent events (Waller 
et al. 2019). We acknowledge that this type of slowing might 
reflect a ‘brake’ mechanism in reactive motor inhibition 
where the action stopping is gradually achieved in response 
to behaviourally relevant stimuli (Aron et al. 2015; Wes-
sel and Aron 2017). However, this inhibition-like response 
slowing effect on continue trials does not compromise its 
validity as a frequency-controlled baseline: when contrast-
ing stop responses to a stringent baseline encompassing 
continue trials with potential action slowing features, we 

still observed brain activations that are typically involved 
in motoric inhibition (Fig. 2) even when the drug modula-
tion was absent. The distinctive activation patterns revealed 
in SS > CC, SS > GO and CC > GO contrasts in the current 
study mimicked the same functional dissociation between 
motor control brain regions and rIFC subregions in an fMRI 
and neurophysiological study in humans and primates (Xu 
et al. 2017) which showed that ventral rIFC specifically 
encodes the context of the stimulus–response mapping, indi-
rectly contributing to inhibitory control rather than being 
directly responsible for behavioural inhibition. Moreover, 
although attentional features were explicitly controlled in 
the current task design, the mechanism underpinning the 
neuromodulatory effect of atomoxetine in response inhibi-
tion cannot wholly exclude a drug effect on attention-related 
cognitive processing: the two brain regions whose neural 
activities were altered, SMG/TPJ and rIFJ, subserve integra-
tion that mediates multifactorial cognitive control, recruiting 
cortical and subcortical regions in the attention network.

Our findings are in line with current theories of noradr-
energic function in cognition (Aston-Jones and Cohen 
2005; Dayan and Yu 2006) where a low dose of ATO may 
enhance the phasic-to-tonic ratio of LC neuronal activity 
(Bari and Aston-Jones 2013). This drug action on the LC 
distally facilitates the processing of task-relevant, resource-
demanding events at the cortical level, such as the SMG/TPJ 
area (Kahnt and Tobler 2013). This is supported by the posi-
tive linear relationship between the LC CNR and the drug-
induced signal changes in the right SMG, and behaviourally 
a LC CNR-dependant drug-related SSRT changes. However, 
this evidence must be considered exploratory before it is 
validated in a larger study. Thus, NA represents a common 
neurochemical denominator for both attention and inhibi-
tion (Robbins and Kehagia 2017), and the LC represents 
a putative anatomical source of this modulation (Bari and 
Aston-Jones 2013). The LC contrast can reliably index the 
structural integrity of the LC-NA system as neuromelanin-
sensitive MRI has been histologically validated (Keren et al. 
2015). The application of this in vivo imaging assessment 
of the LC-NA system might be valuable in neurodegenera-
tive disorders for early detection and monitoring of evolving 
pathology (Betts et al. 2019) and could support personalised 
medicine strategies (O'Callaghan et al. 2020).

Several limitations need to be addressed in future studies. 
Behaviour was not altered in our group by the drug effect, 
though this could reflect a ceiling effect, not readily amena-
ble to improvement as seen on tasks with limited age-related 
decrements (Rey-Mermet and Gade 2018). The dose may 
also have been insufficient to alter performance. Neverthe-
less, it has been argued that imaging effects in the absence of 
behavioural change effect on task performance allow for more 
precise modelling of the BOLD signal response without a dif-
ferential confound of error trials between conditions (Murphy 
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and Garavan 2004). In addition, the sample size in the current 
study might be sufficient for detecting a modulatory effect of 
atomoxetine on some brain regions at a lower dose, whereas 
the involvement of other brain regions less responsive to the 
drug might be determined using bigger samples and/or higher 
doses in future studies. Moreover, sensitivity and reliability of 
LC measurement can be improved upon using more advanced 
sequences and at higher magnetic field strengths (Priovoulos 
et al. 2018; Ye et al. 2021) as the LC is a small, narrow, elon-
gated structure on the rostrocaudal axis of the pons. A magnet-
isation transfer-weighted sequence combined with ultra-high 
field 7 T MRI is sufficient to provide submillimetre resolution 
for imaging the structure which allows more accurate and sen-
sitive investigation on the effect of LC integrity in mediating 
noradrenergic modulation in response inhibition (O'Callaghan 
et al. 2021; Ye et al. 2021).

The results of this study point to a model of noradrenergic 
modulation of inhibition involving critical nodes of the ventral 
attentional network (TPJ, rIFJ) along with the pre-SMA and 
its enhanced connectivity to the STN. From a methodological 
perspective, combining ATO with a modified SST, includ-
ing controls for attentional capture, illustrates the importance 
and utility of baseline conditions in psychopharmacological 
imaging studies as a means of unconfounding cognition, and 
elucidating its underlying neurochemistry. Moreover, we have 
demonstrated that employing neuromelanin-sensitive MRI to 
target the LC is a promising step toward more holistic models 
of brain function and pharmacological modulation, with sig-
nificant implications in neurodegenerative diseases.
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