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The precise localization of executive functions such as response
inhibition within the prefrontal cortex (PFC), although theoret-
ically crucial, has proven to be controversial and difficult'. Func-
tional neuroimaging has contributed importantly to this
debate!~7, but as human cortical lesions are seldom discrete, the
literature still lacks definitive neuropsychological evidence that
a specific region is necessary for task performance. We overcame
this limitation by using a new observer-independent method to
relate the degree of damage within a specific prefrontal region to
performance on a stop-signal task that is sensitive to the neu-
rodevelopmental aspects of stopping behavior? and to attention-
deficit/hyperactivity disorder (ADHD) as well as its amelioration
by methylphenidate8.

Go/no-go and stop-signal tasks require subjects to perform
speeded responses on ‘go’ trials and to inhibit their response on
‘no-go’ or ‘stop’ trials. Such response inhibition usually activates
a right-lateralized inferior frontal gyrus (IFG) region in neu-
roimaging studies>~ (Fig. 1a). We investigated whether this
region is critical for response inhibition by studying the perfor-
mance of patients with lesions of the right frontal lobe; if so, then
the extent of damage to the right IFG, but not other regions of
interest (ROIs), should correlate with task performance.

Eighteen patients (7 male, 17 right-handed, mean age 54.6 *
9 years) with lesions of the right frontal lobe (9 aneurysm or hem-
orrhage, 9 excisions of meningioma; mean chronicity of lesion
3.2 £ 3.4 years) were selected from the Cambridge Cognitive Neu-
roscience Research Panel (CCNRP). Exclusion criteria were psy-
chiatric diagnosis, color blindness or non-specific neurological
disease. Patients were compared with 16 controls (8 male, 11
right-handed, mean age 53.7 years + 10.7) matched on age (< 1,
n.s.) and predicted verbal IQ (¢ < 1, n.s). All subjects gave written
informed consent, and the study was approved by the local
research ethics committee.

For MRI scanning of patients’ brains, we used three-
dimensional set acquisition in the coronal plane using a SPGR
T1-weighted sequence and a T2-weighted axial sequence.
Lesions were traced using MRIcro (University of Nottingham,
UK) and normalized to a standard template using SPM96
(Wellcome Department of Cognitive Neurology, London) with
cost-function masking®. MRIcro was used to trace five ROIs:
medial frontal (MED), orbital frontal gyrus (ORB), inferior
frontal gyrus (IFG), middle frontal gyrus (MFG) and superi-
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or frontal gyrus (SFG) onto the standard SPM T1 template
(Fig. 1b). The normalized lesion for each subject was super-
imposed onto each ROI to compute the volume of damaged
gray matter for each brain region.

Response inhibition was tested using the stop-signal proce-
dure!® (Fig. 2). On each trial, a left- or right-pointing arrow stim-
ulus was displayed on a computer screen. The subject responded
with a left or right key press as quickly as possible (go task) unless
they heard a beep (25% of trials, randomly dispersed), in which
case they tried to withhold a response (stop task). The stop-
signal delay (SSD) varied. Each subject performed five blocks of
64 trials each. This task gives a sensitive estimate of inhibitory
control[] the stop signal reaction time (SSRT)[ reflecting the
time it takes to internally suppress a response.

SSRT for right frontal patients was significantly slower than for
controls (patients, 239 = 78 ms; controls, 189 = 46 ms;
t1,30 = 2.3, P <0.05). To test the specific hypothesis that the right
IFG is critical for response inhibition, we correlated damage to each
ROI with SSRT (Fig. 3). Correlations between SSRT and ROI dam-
age were as follows: SEG (n = 18, r = 0.34, n.s), MFG
(r=0.53, P=0.025), IFG (r = 0.83, P < 0.0001), ORB (r = 0.30,
n.s.) and MED (r=0.51, P = 0.030). Therefore, IFG damage seems
to be particularly critical for response inhibition. This was con-
firmed as the strength of correlation between SSRT and IFG was
significantly greater than between SSRT and any other ROI
(P < 0.05 for all comparisons; test of non-independent correla-
tions'!). A further analysis explored the correlations between dam-
age to IFG and other ROIs. These were as follows: SFG
(n=18,r=0.4,n.s.), MFG (r=0.59, P=10.01), ORB (r = 0.48, n.s.)
and MED (r = 0.62, P = 0.007). Common damage to IFG and other
ROIs therefore possibly explained the significant correlations
between SSRT and MFG and between SSRT and MED. This was
confirmed using multiple regression to assess the correlation
between SSRT and MFG while simultaneously controlling for dam-
age to IFG (MFG coefficient, f;5 < 1, n.s.), and the correlation
between SSRT and MED while controlling for damage to IFG
(MED coefficient, t,5 < 1, n.s.). For both of these multiple regres-
sions, damage to IFG significantly accounted for variability in SSRT.
Although patients were significantly slower than controls to per-
form the go task (patients, 582 * 136 ms; controls, 472 * 70;
U=175.0, P <0.05), the correlation between median no-signal RT

Fig. 1. Voxels activated by response inhibition in neuroimaging studies,
and region of interest (ROI) approach of current study. (a) Coronal slices
(y = 34, 24, 14, 4, —6) showing all Talairach coordinate foci reported in
previous response inhibition studies: (l) Bunge et al. 2002, (CJ) Rubia
et al. 1999, (@) Garavan et al. 1999, (O) Menon et al. 1999, (@) Konishi
et al. 1999 and () Konishi et al. 1998. (b) ROls in the present study,
shown from left to right (y = 20): MED, ORB, IFG, MFG and SFG.
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Fig. 2. Race-model estimation of SSRT'0. A distribution of no-signal RTs
(go trials) is shown beneath the curve. On stop trials, a tone occurs
after the primary stimulus at a particular stop-signal delay (SSD). The
stop signal divides the no-signal RT distribution into two probabilities: a
left part consisting of responses fast enough to escape inhibition
(Prespona) and a right part corresponding to Pi;.. Provided SSD is var-
ied to yield 50% P, . (the point of median no-signal RT), SSRT is
estimable by subtracting average SSD from median no-signal RT. We
ensured convergence to 50% P ipic by using step-up and step-down
interleaved staircases. If the subject inhibited successfully on a stop trial,
then inhibition was made more difficult on the next stop trial by increas-
ing the SSD by 50 ms; if the subject did not successfully inhibit on a stop
trial, then SSD was decreased by 50 ms. Average SSD was computed
from the values of four staircases after convergence on 50% P; pipic-

and damage to IFG was not significant (r = 0.14), nor did median
no-signal RT correlate reliably with SFG (r = —=0.29), MFG
(r=0.07), ORB (r=—0.38) or MED (r = —0.33). Therefore, slowing
of patients for the go task was not specifically due to damage of IFG
or any other ROI, and probably did not account for the impact of
IFG damage on SSRT estimation.

These findings were specific to the right frontal lobe as
patients with left frontal cortex lesions had significantly faster
SSRTs than did right frontal patients, and SSRT did not corre-
late significantly with damage to any ROI (see Supplementary
Fig. 1 online). A more detailed analysis of the right IFG used tem-
plates from the automated anatomical labeling (AAL) map'2.
Damage to the pars triangularis (Brodmann area 45) correlated
significantly with SSRT (Fig. 3; r = 0.65, P = 0.004), as did dam-
age to the pars opercularis (BA 44), but less so (r = 0.57, P =
0.014). Simultaneous multiple regression showed that damage
to the pars triangularis significantly accounted for the variabili-
ty in SSRT (f = 2.2, P < 0.05), whereas damage to the pars oper-
cularis did not (f = 1.4, n.s.). Although our data strongly support
the hypothesis that response inhibition is implemented unique-
ly by the right IFG (in particular, the pars triangularis), low vari-
ability in damage to ORB and MED for this sample leaves open
the possibility that other foci may be critical.

These results show the utility of fMRI for generating hypothe-
ses that are testable on patients. They provide important evidence
for addressing the ongoing debate between the ‘general purpose’
view of PFC function! (that is, that executive functions are not
readily localizable) and the ‘modular’ view that specific execu-
tive functions lie within discrete regions!3. Our results certainly
show that a specific executive function, response inhibition, can
be localized to a discrete region of the PEC. Moreover, as neu-
roimaging studies have co-activated right IFG during response
inhibition and other tasks such as cognitive set switching’ or
interference suppression?, the right IFG may play a particular
sort of inhibitory role across a range of tasks requiring suppres-
sion of response tendencies. Additionally, a specific role for the
right IFG provides a strong basis for better understanding the
neurodevelopment of stopping?, the pathology of ADHD? and
its amelioration by stimulant drugs®.

116

@ A a

& & 8

& o ® o
.

5

IFG damage (cm®)
~

o
o

PARS TRI. damage (cm®)

100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
SSRT (ms) SSRT (ms)

w
8

@

38

5
.

SFG damage (cm
3
MFG damage (cm®)
3 8

o

o
.

.
.

Ly
35
&
3>

100 150 200 250 300 350 400
SSRT (ms)

IS
&
3

3

8

150 200 250 300 350 400 450
SSRT (ms)

@
3

@

3

N
3

N

3

@
8

@

8

3>
.

MED damage (cm®)
8

ORB damage (cm®)
3 8

o
.
.
.
o
.
.
.
.
o
.
.
.

&
5
-
5

100 150 200 250 300 350 400 450
SSRT (ms)

3
8

150 200 250 300 350 400 450
SSRT (ms)

Fig. 3. Correlations between SSRT (ms) and the volume of damage to
each region of interest (SFG, IFG, MFG, ORB, MED and pars triangularis,
cm?) for 18 patients. Damage to the right IFG was significantly correlated
with SSRT, as was damage to the pars triangularis subregion of the IFG.

Note: Supplementary information is available on the Nature Neuroscience website.
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