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Objective: Emotional reactivity is one of the most disabling symptoms associated with
attention-deficit/hyperactivity disorder (ADHD). We aimed to identify neural substrates
associated with emotional reactivity and to assess the effects of stimulants on those substra-
tes. Method: We used functional magnetic resonance imaging (fMRI) to assess neural activity in
adolescents with (n � 15) and without (n � 15) ADHD while they performed a task involving the
subliminal presentation of fearful faces. Using dynamic causal modeling, we also examined the
effective connectivity of two regions associated with emotional reactivity, i.e., the amygdala and
the lateral prefrontal cortex (LPFC). The participants with ADHD underwent scanning both on and
off stimulant medication in a counterbalanced fashion. Results: During the task, we found that
activity in the right amygdala was greater in adolescents with ADHD than in control subjects. In
addition, in adolescents with ADHD, greater connectivity was detected between the amygdala and
LPFC. Stimulants had a normalizing effect on both the activity in the right amygdala and the
connectivity between the amygdala and LPFC. Conclusions: Our findings demonstrate that in
adolescents with ADHD, a neural substrate of fear processing is atypical, as is the connectivity
between the amygdala and LPFC. These findings suggest possible neural substrates for the
emotional reactivity that is often present in youths with ADHD, and provide putative neural
targets for the development of novel therapeutic interventions for this condition. J. Am. Acad.
Child Adolesc. Psychiatry, 2011;50(8):828–837. Key Words: ADHD, amygdala, effective
connectivity, fear, stimulant medication
s

t
s
t
A

A lthough attention-deficit/hyperactivity
disorder (ADHD) is characterized by in-
attention, hyperactivity, and impulsiv-

ity,1 one of the most disabling symptoms of the
disorder is the heightened emotional reactivity
that is present in so many youths with ADHD.2,3

Youths with ADHD frequently display poorly reg-
ulated outbursts of emotion,1 and they have rates of
mood disorders that are far beyond those that
would be expected by chance alone.4 Despite the
clinical significance of emotional reactivity in
ADHD, the neurobiological substrates for this as-
pect of the disorder remain poorly investigated.

In the current study, we investigated emo-
tional processing in youths with ADHD using a
task that engages the amygdala through the
Supplemental material cited in this article is available online.
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ubliminal presentation of fearful faces.5 This
task is useful for several reasons. First, the im-
portance of the amygdala in emotional process-
ing has been clearly established.6 Second, ana-
omical and functional MRI (fMRI) studies
uggest that amygdalar morphology and func-
ioning may be anomalous in youths with
DHD.7,8 Third, by using subliminal presenta-

tions of emotional stimuli, we aimed to diminish
the effects of differences in supraliminal attention
as a potential confound in comparing control
subjects versus youths with ADHD.9

We focused our study on amygdalar responses
to affective stimuli, and also on the neural connec-
tions between the amygdala and the lateral pre-
frontal cortex (LPFC; Brodmann area 47). We inves-
tigated the connectivity of the amygdala and LPFC
using dynamic causal modeling (DCM)10 and
chose this circuit because the amygdala and LPFC

have well described and abundant reciprocal con-
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AMYGDALAR FUNCTIONING IN ADHD
nections.11,12 The LPFC receives affective inputs
from the amygdala and integrates this information
with other sensory inputs, while at the same time
coordinating motor output.13 Through connections
with the amygdala, the LPFC is thought to inte-
grate affective cues, such as potential threats, allow-
ing these cues to guide goal-directed behaviors.
Conversely, disturbances of the amygdalar–LPFC
circuit produce impulsive behaviors characterized
both by a disregard for salient, affective cues and
by inattention with enhanced effects of distracting
stimuli.14

We also examined the effects of stimulant med-
ications on amygdalar functioning and amygdalar–
LPFC connectivity. We did this by scanning youths
with ADHD both on and off of their normally
prescribed stimulant medication. Our a priori hy-
potheses, based on the heightened emotional reac-
tivity that is often present in youths with ADHD,
was that these individuals, during their unmedi-
cated scans, would demonstrate the following: 1)
amygdalar hyperactivity relative to that in control
subjects, and 2) anomalous amygdalar–LPFC con-
nections.7,8 We further hypothesized that stimulant
medications would attenuate amygdalar hyperac-
tivity and anomalous amygdalar–LPFC connec-
tions. Stimulants often have a calming effect on
youths with ADHD, and this calming effect often
includes a reduction in emotional lability. The
neural mechanisms by which stimulants reduce
emotional lability are largely unknown; few studies
have examined this issue. In animal models, how-
ever, single-unit recordings during fear condition-

TABLE 1 Clinical and Demographic Characteristics of th

ADHD
(mean � SD)

H

Age (y) 13.5 � 1.2 13.4 �

Gender 3 Male 13 Ma
2 Female 2 Fem

Ethnicity 15 White 14 Wh
1 Mu

Hollingshead Index of Social
Position

32.4 � 13.9 31 � 1

FSIQ 111.4 � 16 114.1 �

Pubertal status 2.5 � 0.8 2.7 �

STAI 45.2 � 7.3 39.5 �

CDI 46.4 � 7.0 39.5 �

Note: Socioeconomic status was assessed with the Hollingshead Index of S
(PDS). ADHD � attention-deficit/hyperactivity disorder; CDI � Child
Spielberger State Anxiety Inventory.
aIndicates a statistically significant difference.
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ing indicate that dopamine attenuates activity in
both the amygdala and prefrontal cortex.15,16 We
thus reasoned that by augmenting dopamine trans-
mission, stimulants may attenuate the amygdalar–
LPFC circuitry in youths with ADHD.

METHOD
The Institutional Review Board of the Oregon Health
& Science University (OHSU) approved the study
procedures. All child participants provided written,
informed assent, and a parent or legal guardian pro-
vided informed, written consent.

Participants
The participants were 15 youths with ADHD and 15
healthy control subjects. Controls were group-matched
to the ADHD participants by age, gender, and ethnic-
ity (Table 1) and screened for psychiatric disorders
using the Diagnostic Interview Schedule for Children
(DISC) Predictive Scales17 and excluded for any prob-
able active Axis I disorder. A child psychiatrist inter-
viewed all participants with ADHD and at least one
parent; for all of the ADHD participants, child and
parent versions of the DISC18 were completed. ADHD
participants were excluded if they had any active Axis
I disorder other than ADHD, oppositional defiant
disorder, or conduct disorder. ADHD participants
were also excluded if they were taking any nonstimu-
lant psychotropic medication. Control subjects were
medication free. Additional exclusion criteria for both
ADHD participants and controls included (1) age �11
years or �16 years; (2) neurological illness; (3) signif-
icant head trauma (loss of consciousness �2 minu-

dy Sample

Controls
n � SD) Test Statistic p Value

t � 0.3 .8
�2 � 0 1.0

Mann–Whitney U � 105 .3
ethnicities

t � 0.3 .8

t � 0.5 .6
Mann–Whitney U � 98 .5

t � 2.1 .04a

t � 3.4 .003a

Position. Pubertal status was assessed with the Puberty Development Scale
Depression Inventory; FSIQ � Full Scale Intelligence Quotient; STAI �
e Stu

ealthy
(mea

1.2
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1.8
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0.7
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0.9
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tes); (4) serious medical problems; (5) pregnancy; (6)
IQ �80; (7) left-handedness; (8) non–native English
speaking; and (8) MRI contraindications.

Parents completed the Conners’ Parent Rating
Scales19 and Child Behavior Checklist.20 The parents of
ADHD participants completed these assessments
based on their child’s unmedicated presentation.
ADHD participants completed the Wechsler Abbrevi-
ated Scale of Intelligence (WASI)21; control subjects
completed the short form of the WASI, which consists
of the Matrix Reasoning and Vocabulary subtests. All
participants were administered the Edinburgh Hand-
edness Inventory,22 Hollingshead Index of Social Po-
sition,23 Children’s Depression Inventory (CDI),24

Spielberger State Anxiety Inventory (STAI),25 and Pu-
berty Development Scale (PDS).26 The ADHD partici-
pants were to complete two MRI scans; because ratings
on the CDI and STAI could in theory vary between the
first and second scan, the ADHD participants com-
pleted these measures twice, i.e.. once at the time of
their first MRI scan and again at their second MRI
scan. Scores did not differ significantly at these two
time points (CDI: p � .36; STAI: p � .38); therefore we
used only the scores obtained with the first MRI scan.
ADHD participants and controls did not differ signif-
icantly in regard to age, IQ, socioeconomic status, or
pubertal stage (Table 1). ADHD participants had
higher levels of depressive and anxiety symptoms (as
measured by the CDI and STAI, respectively), and
these differences were controlled for in the fMRI
analyses. Within the ADHD sample, 13 participants
were classified as ADHD, Combined Type, and two
were classified as ADHD, Predominantly Inattentive
Type. The fMRI analyses covaried for ADHD subtype.

MRI Scanning Sessions
ADHD participants completed two scanning sessions:
one while on their normally prescribed stimulant, and
another after abstaining from the stimulant for at least
48 hours (i.e., exceeding at least four half-lives for
available stimulant formulations). The order of the
scanning sessions was counterbalanced across ADHD
participants to control for medication status. Control
participants completed a single scanning session.

fMRI Task
The task used a block design consisting of two block
types: 1) neutral faces presented supraliminally, and 2)
fearful faces presented subliminally followed by neu-
tral faces presented supraliminally. For simplicity, we
will refer to the first block type as “neutral face blocks”
and to the second block type as “subliminal fearful
face blocks.” Each block type had 60 trials. On each
trial of the neutral face blocks, participants were
shown a face with a neutral facial expression for the
full duration of the trial (500 milliseconds). On each

trial of the subliminal fearful face blocks, participants
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were shown a fearful face for 30 milliseconds; then, for
the remainder of the trial (i.e., 470 milliseconds), they
were shown the same face but with a neutral expres-
sion rather than a fearful one. Prior research indicates
that such a brief presentation of a fearful face does not
permit supraliminal perception.5 The experiment con-
sisted of two runs of the task. Each run consisted of
four blocks, alternating between neutral face blocks
and subliminal fearful face blocks with 15 seconds of
fixation at the beginning and end of each run. The total
scan time per run was 2 minutes 30 seconds.

The fMRI paradigms were presented with E-
Prime (v. 1.0; Psychology Software Tools, Pitts-
burgh, PA) running on a desktop computer. We
back-projected the task stimuli onto a screen that
participants viewed via a mirror attached to the MRI
head coil. Before beginning the task, participants
were instructed to try to remember the faces that
would be presented. This was done to ensure that
the participants were attending to the task. At the
conclusion of the scanning session, participants
were shown a random selection of the faces pre-
sented during the task and asked to circle those they
remembered seeing. The faces used during the task
were obtained from the NimStim sample; in the
supplemental material, we provide further informa-
tion about the specific faces selected from the Nim-
Stim sample,27 as well as the instructions for the
fMRI task and the post-scanning questionnaire (Sup-
plement 1 and Table S1, available online). The faces
were presented as grayscale images at the center of
the subject’s visual field with a visual angle of
approximately 15° vertical and 12° horizontal.

Image Acquisition
Images were acquired using a 3.0-Tesla Siemens Mag-
netom Tim Trio scanner with a 12-channel head coil at
the OHSU Advanced Imaging Research Center. The
scanning protocol started with a high-resolution,
whole-brain structural image series collected in the
sagittal plane using a T1-weighted MPRAGE sequence
(TI � 900 milliseconds, flip angle � 10°, TE � 3.58
milliseconds, TR � 2300 milliseconds, bandwidth �
180 Hz/Px, 256 � 240 matrix, slice thickness � 1 mm).
Blood oxygen level–dependent (BOLD) images were
collected in an oblique plane (parallel to the AC–PC
line) using T2*-weighted echo-planar imaging (TR �
2,000 milliseconds, TE � 30 milliseconds, flip angle �
90°, FOV � 240 mm, in-plane resolution � 3.8 � 3.8
mm, 33 slices covering the whole brain, slice thickness �
3.8 mm, no skip).

Data Analysis
Behavioral Analyses. The total number of recalled
faces was calculated for each participant. To compare

medicated and unmedicated ADHD participants, we
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AMYGDALAR FUNCTIONING IN ADHD
used a paired t test; to compare ADHD participants
with control subjects, we used independent sample t
tests.
Image Processing. Images were analyzed using SPM8
(Wellcome Department of Imaging Neuroscience). Im-
ages were motion and slice time corrected, coregis-
tered with a high-resolution anatomical scan, normal-
ized into the Montreal Neurological Institute (MNI)
space, resampled at 2 mm3, and smoothed with a
Gaussian kernel of 6 mm3 FWHM.28 A 128-second
temporal high-pass filter removed low-frequency
noise. For each participant, linear models were con-
structed using regressors indexing the duration of each
block type (neutral faces and subliminal fearful faces)
convolved with the canonical hemodynamic response
function.

To account for head motion during scanning, we
calculated the root mean square (RMS) values of the
adjustments needed to realign each participant’s head
position into its original position at the beginning of
each scanning run. The RMS values were calculated on
the basis on three translational directions and rota-
tions. Only runs with �2 mm RMS of motion were
used in the imaging analyses. The head motion for the
three groups is presented in the supplemental material
accompanying this article (Supplement 1, available
online). A non–statistically significant trend suggested
greater motion in unmedicated ADHD participants
than in controls. To control for this trend, we incorpo-
rated into each participant’s linear model 6 nuisance
regressors reflecting motion parameters in three trans-
lational directions and rotations.
fMRI Activation Analyses. We used hierarchical lin-
ear models and for each participant generated a whole-
brain voxelwise contrast image that compared sublim-
inal fearful face blocks with neutral face blocks. The
contrast images were then entered in factorial models
that incorporated random effects and covaried for 1)
depressive and anxiety symptoms, 2) ADHD subtype,
and 3) presence of comorbid oppositional defiant dis-
order (ODD)/conduct disorder (CD). In the supple-
mental material, we include an additional analysis in
which depressive and anxiety symptoms were not
included as covariates; there was a nominal difference
in the level of statistical significance for the study’s
main findings (Supplement 1, available online). We
treated Group as a between-subject factor when com-
paring ADHD patients with controls, and as a within-
subject factor when comparing medicated and un-
medicated ADHD participants. Group � task
interactions were planned to isolate brain regions that
differed between the groups in their response to sub-
liminal fearful faces compared to neutral faces. We
used separate factorial models to compare 1) unmedi-
cated ADHD participants versus controls; 2) medi-
cated ADHD participants versus controls; and 3) med-
icated versus unmedicated ADHD participants. These

analyses could not be reduced into a single model with
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hree levels for Group (controls, unmedicated ADHD
articipants, and medicated ADHD participants) be-
ause comparing ADHD patients versus controls re-
uired a between-subject analysis, whereas a within-
ubject analysis was necessary to compare ADHD
atients in a medicated versus an unmedicated state.

n the supplemental material, we include a habituation
nalysis (Supplement 1, available online). This was
onducted to exclude the possibility that differences in
ctivation could be the result of differences in the rates
f habituation to the fearful faces between ADHD
outh and controls.

We localized regions of activation by attaining in
PM the MNI coordinates of the voxel with the peak
ignal intensity within each area of activation. We
ransformed the MNI coordinates into Talairach co-
rdinates using mni2tal (http://imaging.mrc-cbu.
am.ac.uk/imaging/MniTalairach) and then used
alairach deamon (http://www.talairach.org/daemon.
tml) to obtain an anatomical label. The labels were
onfirmed via visual inspection.

Dynamic Causal Modeling: Background. We imple-
ented dynamic causal modeling (DCM) using SPM8.
CM permits the construction and statistical testing of
odels of interacting brain regions.10 The constructed
odels are elaborated based on a balloon model that

uantifies how synaptic activity translates into hemo-
ynamic responses; coupling parameters are then
stimated based on the observed fMRI signal.10,29,30

Using bilinear differential equations, DCM explicitly
models the activity in a given brain area and how
this activity causes changes in the neural dynamics
of other brain regions. Given the observed data, the
likelihood that the model accurately represents the
true neural dynamics is then estimated within a
Bayesian framework.31

Three coupling parameters are estimated. The first
parameter (DCM.A) estimates intrinsic connections
between two brain regions. DCM.A estimates the
effect that one brain region has upon another, irrespec-
tive of the fMRI task (i.e., an intrinsic or “baseline”
connection between brain regions). The second param-
eter (DCM.B) estimates perturbations in the intrinsic
connections (that is, DCM.A) between two brain re-
gions that are the result of the fMRI task. DCM.B
quantifies the effect that the fMRI task has upon the
interregional connections rather than the effects that
the task has upon specific brain regions. The third
parameter (DCM.C) indexes the effects of the fMRI
task on specific brain regions. DCM.C replicates the
primary fMRI analyses and is therefore not reported.29

Time series data for the amygdala and LPFC were
extracted using the Wake Forest PickAtlas (http://
www.fmri.wfubmc.edu/download.htm). Blood Oxy-
gen Level-Dependent (BOLD) signal changes were
averaged across the voxels in each of the four regions

of interest (i.e., right and left amygdala, right and left
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LPFC). Visual inspection of the functional images
ensured that the LPFC was free of signal dropout.
Dynamic Causal Models: Between-Group Analyses.
For each participant, we calculated 1) the intrin-
sic connectivity (DCM.A) for top– down (LPFC¡
amygdala) and bottom–up (amygdala¡LPFC) con-
nections; and 2) the effects of the fMRI task on these
connections (DCM.B). We compared the intrinsic con-
nectivity between the sample groups using 2 � 2 � 2
factorial models with diagnostic group as the first
factor, connection type as the second factor (levels: 1,
top–down; 2, bottom–up), and hemisphere as the
third factor (levels: 1, left side; 2, right side). As with
the fMRI activation analyses, separate factorial models
were used to compare the following: 1) unmedicated
ADHD participants versus controls; 2) medicated
ADHD participants versus controls; and 3) medica-
ted versus unmedicated ADHD participants.

We used a similar approach to examine group
differences in DCM.B (i.e., the effects of the task upon
the intrinsic connections). A positive DCM.B, here
would suggest that the presentation of fearful faces
enhanced the connection. Conversely, a negative
DCM.B would suggest that the presentation of fearful
faces reduced or inhibited the connection.
Statistical Thresholds. For the fMRI activation analy-
ses, we determined our statistical threshold using
10,000 Monte Carlo simulations based on a connectiv-
ity radius of 3.0 mm. These simulations determined
that the conjoint requirement of a volume of 630 mL
with a voxelwise p value of �0.01 would yield an
effective p value of �0.000001. After accounting for
multiple comparisons, the corrected � is 0.001, a con-
servative statistical cutoff that minimizes the risk of
Type I errors. We conducted the Monte Carlo simula-
tions with AlphaSim32 adapted to run on a Matlab
platform (http://restfmri.net/forum). For the DCM
analyses, we used the Bonferroni correction for multi-
ple comparisons.
Stimulant Effects Analysis. We used a nonparametric
analysis as a post hoc method of examining the hy-
pothesis that stimulants have a normalizing effect on
amygdalar activation and amygdalar–LPFC connectiv-
ity. We conducted the test by assigning a positive (�)
or negative (�) value to each of the analyses of
amygdalar activation and amygdala–LPFC connectiv-
ity. We assigned an analysis a (�) value if the test
indicated that with stimulants, the results for the
ADHD particpants became more similar to those for
controls. Conversely, we assigned an analysis a (–)
value if the test indicated that with stimulants, the
results for the ADHD participants became less similar
to those for controls. A statistically significant result in
the positive direction would suggest a nonrandom
pattern, consistent with our hypothesis that stimulants
have a normalizing effect on amygdalar activation and

connectivity. p
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RESULTS
Behavioral Results
The number of recalled faces did not differ sig-
nificantly across groups. No more than a nominal
number of fearful faces were recalled (Tables S2
and S3, available online).

Imaging Results
All of the imaging results are based on whole
brain voxelwise analyses. In Table 2, we present
the task-related activations for each group (i.e.,
unmedicated ADHD participants, medicated
ADHD participants, and control subjects), as well
as the main effects of the task (i.e., the effects of
the task across the three groups) based on the
contrast: subliminal fearful face blocks versus
neutral face blocks. To test our primary hypoth-
esis that amygdala responses in youths with
ADHD would differ from controls, we examined
group � task interactions. We detected an inter-
action in the right amygdala that was driven by
greater activation in the right amygdala in the
unmedicated ADHD participants compared with
controls (Figures 1 and 2; t � 3.64; p � .001). No
group � task interaction was detected when
omparing the medicated ADHD participants
nd controls (Figure 2), because stimulant medi-
ation reduced amygdala activation to a level
omparable to the levels detected in controls. No
roup � task interaction was detected when
omparing the medicated and unmedicated
DHD participants.

ynamic Causal Modeling: Between-Group
omparisons of Intrinsic Connections
hen comparing unmedicated ADHD partici-

ants with controls, we found greater connectiv-
ty in the unmedicated ADHD participants com-
ared with controls (F1,27 � 6.5, p � .01; Figure 3).
hese findings demonstrate stronger bidirec-

ional and bilateral amygdala–LPFC connections
n the unmedicated ADHD participants com-
ared with controls (Figure 3). We found no
ignificant differences when comparing unmedi-
ated and medicated ADHD participants or
hen comparing medicated ADHD participants

nd controls.

ynamic Causal Modeling: Between-Group
omparisons of the Effects of the Task on the

ntrinsic Connections
hen comparing unmedicated ADHD partici-
ants with controls, we found a statistical trend
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suggesting a larger negative DCM.B in the
controls compared with the unmedicated
ADHD sample (F1,27 �3.1, p � .09; Figure 4). A

TABLE 2 Activations Detected During the Functional Mag
Between Subliminal Fearful Face Blocks and Neutral Face

M

x

Task main effects
Activations

Inferior frontal gyrus �48
Middle temporal gyrus 52
Middle temporal gyrus �62

Deactivations
Fusiform gyrus �30
Insular cortex 42
Superior frontal gyrus 28
Precuneus �10

Within-group analyses
Unmedicated ADHD youth

Activations
Amygdala 22
Middle occipital gyrus 32

Deactivations
Medicated ADHD youth

Activations
Superior occipital gyrus �22

Deactivations
Anterior cingulate cortex 10
Superior occipital gyrus 22

Healthy controls
Activations

Superior temporal gyrus 68
Middle frontal gyrus �32

Deactivations
Precentral gyrus 30
Cuneus 18
Insular cortex 38
Parietal cortex �26
Cingulate cortex �10

Group � task interactions
ADHD unmedicated youth � controls

Amygdala 20
Middle occipital gyrus 30

Controls � ADHD unmedicated youth
ADHD medicated youth � controls
Controls � ADHD medicated youth
ADHD unmedicated � ADHD medicated youth
Medicated ADHD � ADHD unmedicated youth

Note: Activations detected during the functional magnetic resonance imag
neutral face blocks. The coordinates and t values are reported at the pe
analyses. The task main effects indicate activations detected across the
task-related activation. One voxel � 2 mm3. ADHD � attention-defici
coordinates; NA � no cluster meets statistical significance; R � right.
post hoc t test demonstrated a significant dif-

JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 50 NUMBER 8 AUGUST 2011
ference in DCM.B for the right-sided connec-
tions (t � 2.5; p � .01; Figure 4) with a positive
DCM.B in the unmedicated ADHD participants

c Resonance Imaging (fMRI) Task Based on the Contrast
ks

oordinate

R/L Cluster Size t Valuey z

48 0 L 70 2.75
38 6 R 666 3.47
52 10 L 128 2.45

38 �16 L 99 �2.56
22 10 R 172 �2.49
54 32 R 119 �2.62
54 40 L 114 �2.28

12 �10 R 89 4.06
64 2 R 70 3.22

NA

90 30 L 282 3.55

38 14 R 265 �3.16
98 6 R 73 �3.20

26 0 R 83 4.63
18 38 L 542 5.90

34 60 R 942 �6.57
98 10 R 74 �3.24
16 6 R 198 �4.12
36 66 L 158 �4.41
12 46 L 84 �3.50

10 �10 R 71 3.64
62 2 R 78 3.56

NA
NA
NA
NA
NA

RI) task based on the contrast between subliminal fearful face blocks and
els in each cluster. All imaging results are based on whole-brain voxelwise
groups. Group � Task interactions indicate between group differences in
ractivity disorder; L � left; MNI � Montreal Neurological Institute brain
neti
Bloc

NI C

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

ing (fM
ak vox
three
(mean � 0.008) and a negative DCM.B for the
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controls (mean � �0.005). This suggests that
for the controls, the presentation of fearful
faces appears to have inhibited the amygdala–
LPFC connections bidirectionally on the right
side, whereas in the unmedicated ADHD pa-
tients the presentation of fearful faces may
have increased bidirectional connectivity be-
tween the amygdala and LPFC. We found no
differences when comparing unmedicated and
medicated ADHD participants or when we
compared medicated ADHD participants and

FIGURE 1 Group � task interactions. Note: The
figure shows coronal slices through the Montreal
Neurological Institute (MNI) y-coordinate �10.
Activations are shown in red/orange. Deactivations
are shown in blue/purple. Results are based on the
contrast: subliminal fearful face blocks versus neutral
face blocks. (A) The unmedicated attention-deficit/
hyperactivity disorder (ADHD) participants compared
with the healthy controls demonstrated greater
activation in the amygdala as indicated by the green
circle. (B) The unmedicated as compared with the
medicated ADHD participants demonstrated greater
activation in the right amygdala, but the difference
was not statistically significant, as indicated by the
green arrow. (C) No differences were detected in
amygdalar activation between the medicated ADHD
participants and healthy controls, as indicated by the
green arrow.
controls (Figure 4).
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Stimulant Effects Analysis
We conducted a nonparametric analysis by as-
signing (�) or (�) values to nine analyses of
amygdalar activation and connectivity (Table 3).
For example, we found that during the medi-
cated sessions, amygdalar activation for the
ADHD youth shifted in the direction of the
controls (Figure 2; i.e., the level of amygdalar
activation for ADHD subjects in the medicated
versus unmedicated scans become more, rather
than less, similar to that in controls). We there-
fore assigned this analysis a (�) value. Of the
nine tests conducted, seven yielded findings in
which the stimulant medication was associated
with a normalizing effect. This was a nonrandom
effect (Kolmogorov–Smirnov Test, p � .04) and
supports the hypothesis that stimulants had a
normalizing effect of amygdalar activation and
amygdalar–LPFC connectivity.

DISCUSSION
Our study examined the processing of sublimi-
nally presented fearful faces in youths with
ADHD and the effects of stimulant medications
on this processing. We found that in unmedi-
cated youths with ADHD, right amygdalar hy-
peractivation was associated with the presenta-
tion of the fearful faces. This finding overlaps
with that of another recent fMRI study in which

FIGURE 2 Parameter estimates for the activity in the
right amygdala (Montreal Neurological Institute brain
coordinates: x � 20, y � �10, z � �10). Note:
Greater activation was detected in the right amygdala in
the unmedicated attention-deficit/hyperactivity disorder
(ADHD) participants as compared with the controls (t �
3.64; p � .001). Conversely, amygdalar activation in
the medicated ADHD sample did not differ significantly
from that in controls.
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AMYGDALAR FUNCTIONING IN ADHD
ADHD subjects were asked to provide subjective
ratings of fear in response to neutral faces.8

Although that task design differed from ours in
important ways, both studies suggest that fear
processing is associated with amygdalar hyper-
activation in youths with ADHD. Our study
extends these findings by also demonstrating
that stimulant medications normalize amygdalar
hyperactivation in youths with ADHD. This is
consistent with an often-noted clinical response
of improved emotional control resulting from the
use of stimulant medication.33 A recent positron
emission tomography (PET) study described at-
tenuated release of dopamine in the amygdala of
patients with ADHD,34 a finding that helps ex-
plain why dopaminergic agents such as stimu-
lants may help to normalize amygdalar function-
ing in ADHD patients.

Along with abnormal amygdalar activation,
we also found abnormal connectivity between
the LPFC and amygdala in unmedicated ADHD
participants. Although some studies suggest that
the prefrontal cortex (PFC) and in particular, the
orbitofrontal cortex, may be involved in the reg-

FIGURE 3 Connectivity parameters for the attention-
deficit/hyperactivity disorder (ADHD) participants and
healthy controls. Note: Baseline connectivity (dynamic
causal model matrix A [DCM.A; intrinsic connectivity])
was estimated between the amygdala and lateral
prefrontal cortex (LPFC) separately for the left and right
hemispheres. Bottom–up (amygdala¡LPFC) and top–
down (LPFC¡amygdala) connection strengths were
estimated. Greater connectivity was detected in the
unmedicated ADHD participants compared with controls
(F1,27 � 6.5, p � .01). No difference in connectivity
was found when comparing unmedicated and
medicated ADHD participants or when comparing
medicated ADHD participants and controls.
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ulation of emotion,35,36 others suggest a division
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ithin the PFC with the medial portion indexing
eward and pleasure, and the more lateral por-
ion indexing loss and negative affect.11,37 This

functional division of the medial and lateral
portions of the PFC was supported by a recent
meta-analysis of 87 functional neuroimaging
studies involving the PFC.37 The enhanced
mygdala–LPFC connectivity in ADHD patients
ay therefore suggest an over-representation, or

mplification, of the negative affect associated
ith fearful faces. Indeed, intense outbursts of

egative emotion, such as frustration, are quite
ommon in youths with ADHD.38 Similarly, we

found that the presentation of fearful faces pro-
duced a greater inhibitory effect on the amygdala–
LPFC connection in the controls compared with
the unmedicated ADHD participants. This differ-
ence seemed to be greater in the right amygdala–
LPFC connections than on the left, consistent
with our main finding of right amygdalar hyper-
activation in the unmedicated ADHD sample.
Taken together, our findings support the inter-
pretation that anomalous processing of negative
stimuli within the amygdala and amygdala–
LPFC circuit may underlie the intense, negative
emotional reactions often seen in youths with

FIGURE 4 Connectivity parameters for the attention-
eficit/hyperactivity disorder (ADHD) participants and
ealthy controls. Note: The modulatory effect of the
unctional magnetic resonance imaging (fMRI) task
DCM.B) on baseline connectivity was estimated between
he amygdala and lateral prefrontal cortex (LPFC)
eparately for the left and right hemisphere. Bottom–up
amygdala¡LPFC) and top–down (LPFC¡amygdala)
onnection strengths were estimated. A statistical trend
as found suggesting a larger negative DCM.B in the
ontrols as compared with the unmedicated ADHD
ample (F1,27 � 3.1, p � .09). DCM.B � dynamic

causal model matrix B (modulatory connectivity).
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ADHD. Subsequent investigations with larger
sample sizes and more detailed assessments of
behavioral responses to negative stimuli should
be able to test this interpretation.

Several limitations of this study merit consid-
eration. First, because ADHD participants were
scanned twice and the controls only once, the
possibility that practice effects account for some
of our findings cannot be excluded. This is un-
likely, given that the ADHD participants demon-
strated amygdalar hyperactivation, and practice
effects should produce less amygdalar activation,
not more. Second, the ADHD participants began
the study on stimulant medications, and it is
therefore possible that our results were the prod-
uct not of ADHD but, rather, of medication
exposure itself. This is also unlikely, given our
findings that the stimulant medications seem to
normalize neural activity. Third, the ADHD par-
ticipants were not all taking the same stimulant
medication. Although stimulant medications
overlap considerably in their clinical effects and
mechanisms of action, they may nonetheless
have different effects on the processing of fearful
faces; a larger, follow-up study would be neces-
sary to examine this possibility. Fourth, our sam-

TABLE 3 Nonparametric Analysis

Analysis Value Assigned

Right amygalar activation �

DCM.A
L. amygdala¡L. LPFC �

L. LPFC¡L. amygdala �

R. amygdala¡R. LPFC �

R. LPFC¡R. amygdala �

DCM.B
L. amygdala¡L. LPFC �

L. LPFC¡L. amygdala �

R. amygdala¡R. LPFC �

R. LPFC¡R. amygdala �

Note: A nonparametric analysis was conducted on the basis of the nine
analyses listed in the table. The Kolmogorov–Smirnov test examined
the effects of stimulant medication on amygdalar activation and
amygdalar–lateral prefrontal cortex (LPFC) connectivity. For each of
the tests listed, a (�) value was assigned if the test indicated that in the
medicated versus unmedicated scans, the results for the attention-
deficit/hyperactivity disorder (ADHD) subjects become more, rather
than less, similar to controls. A (–) value was assigned if the test
indicated that with stimulants, the results for the ADHD patients shifted
away from controls. DCM.A � dynamic causal model, matrix A
(intrinsic connectivity); DCM.B � dynamic causal model, matrix B
(modulatory connectivity); L � left; R � right.
ple size was small, and thus a follow-up study
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with a larger sample is needed to establish the
stability of our findings. Fifth, the threshold
between subliminal and supraliminal perception
may differ between youths with ADHD and
controls. Thus, it is possible that for the youths
with ADHD, the presentation of the fearful faces
were, at times, supraliminal whereas for the
controls, the presentation of the fearful faces
remained subliminal. This is unlikely, given that
post-scanning questionnaires indicate that the
youths with ADHD were no more likely than the
controls to recall having seen the fearful faces;
but this potential confound cannot be fully ex-
cluded. Sixth, dynamic causal modeling is de-
pendent on the construction of a priori models
of interacting brain regions. For each model,
causality (i.e., neural activity in region A
causes change in the neural activity of region
B) is mathematically specified and statistically
tested; however, as with all cross-sectional
research, causal versus correlational links can-
not be definitively established.

In conclusion, we have shown increased
amygdalar activation in unmedicated youths
with ADHD in response to subliminal fearful
face processing, as well as the coupling of this
increased activation with enhanced connectivity
between the amygdala and LPFC. Finally, our
study demonstrates that by altering amygdalar
activation and amygdalar–LPFC connectivity,
stimulant medications can have a normalizing
effect on emotional processing. &
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SUPPLEMENT 1
Subject Instructions for the Functional Magnetic
Resonance Imaging (fMRI) Task and Post-
Scanning Questionnaire
Subjects were given the following instructions for
the fMRI task:

You will be shown several faces. Please look
at the faces and try to remember them. After
the MRI scan, you will be asked about the
faces that you remember seeing.

After the MRI scan, we asked subjects to
identify the faces that they recalled seeing. They
were shown a sample of the faces presented (six
neutral faces and six fearful faces). They were
asked to circle the faces that they recalled seeing.
We instructed the subjects to circle the face if they
remembered seeing both 1) the person and 2) that
person’s facial expression.

Faces Used for the fMRI Task
We selected 15 faces from the NimStim sample to
use in the fMRI task. The characteristics of the
faces are provided in Table S1, available online.

Head Motion During Scanning
We calculated the root mean square (RMS) val-
ues of the adjustments needed to realign each
subject’s head position into the position that it
was in at the beginning of each scanning run.
Only runs with less than 2 mm RMS of motion
were used in these analyses. Greater motion was
detected in unmedicated ADHD subjects as com-
pared with control subjects; however, after cor-
recting for multiple comparisons, this was not
statistically significant. To control for this trend
of greater motion in the unmedicated ADHD
participants, we incorporated into each subject’s
linear model six nuisance regressors reflecting
motion parameters in three translational direc-
tions and rotations. The motion across the three
groups was as follows: mean RMS values for
controls: 0.37 mm; medicated ADHD subjects:
0.48 mm; and unmedicated ADHD subjects: 0.61
mm; comparison of controls and medicated
ADHD subjects: p �.24; comparison of controls
and unmedicated ADHD subjects: p � .05; com-
parison of medicated versus unmedicated ADHD
subjects: p � .13.

Each of the three groups (unmedicated ADHD
participants, medicated ADHD participants, and

control subjects) consisted of 15 subjects, with
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each subject completing two runs of the fMRI
task for total of 30 runs per group. The numbers
of runs excluded because of excessive motion, for
each group were as follows:
1. unmedicated ADHD participants: three runs

excluded (two runs from one subject and one
run from a second subject).

2. medicated ADHD participants: one run ex-
cluded.

3. and control subjects: four runs excluded (two
runs from one subject and two runs from
another subject).
Based on the following nonparametric tests,

we found no evidence to suggest that the three
groups differed in terms of the number of scans
excluded because of excessive motion: ADHD
unmedicated versus ADHD medicated:
1. related-samples Wilcoxon signed ranks test,

p � .3.
2. ADHD unmedicated participants versus con-

trols: independent-samples Kruskal–Wallis
test, p � .9.

3. and ADHD medicated participants versus
controls: independent-samples Kruskal–Wal-
lis test, p � .5.

fMRI Activation Analyses—Without Covarying for
Depressive and Anxiety Symptoms
We initially conducted group-level analyses by
entering contrast images from the subject-level
analyses into factorial models that included co-
variates for depressive and anxiety symptoms.
The results indicated that right amygdalar acti-
vation was greater in unmedicated ADHD sub-
jects as compared with controls (t � 3.64; p �
001). We repeated these analyses without cova-
ying for depressive and anxiety symptoms to
etermine whether these covariates removed im-
ortant variance from the analysis. The results
ere only nominally different. Right amygdalar

ctivation remained greater in the unmedicated
DHD subjects as compared with controls, al-

hough the � level changed slightly (t � 3.00; p �
.004). We suspect that including depressive and
anxiety symptoms as covariates had little impact
on the results because the ADHD subjects and
controls differed minimally on anxiety and de-
pression measures.

Habituation Analysis
Each subject completed two runs of the fMRI

task. We reasoned that if habituation were occur-
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number of faces presented during the post-scanning questionnaire.
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ring, amygdalar activation for the contrast of
subliminal fearful face blocks versus neutral face
blocks would be greater in run 1 versus run 2.
Therefore, we generated for each subject, a con-
trast image that compared: run 1 versus run 2
based on the contrast of subliminal fearful face
blocks versus neutral face blocks. These contrast
images were then entered into group level anal-
yses. In this analysis, greater amygdalar activa-
tion in run 1 versus run 2 would suggest habit-
uation. Conversely, if amygdalar activation did
not differ significantly between run 1 and run 2,
habituation would be unlikely. We found no
evidence for habituation in the unmedicated
ADHD subjects (p � .3), medicated ADHD sub-

TABLE S1 Characteristics of the Faces Used in the
Functional Magnetic Resonance Imaging Task

Gender Race/Ethnicity Positiona

Female (n � 8) White (n � 9) Mouth open (n � 8)
Male (n � 7) Asian (n � 2)

African American
(n � 4)

Mouth closed (n � 7)

Note: aThe neural and fearful faces were matched according to the
mouth position.
jects (p � .06), or control subjects (p � .4).
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TABLE S2 Faces Recalled During the Post-Scanning
Questionnaire

Subject Group

Faces Recalled (%)a

Neutral
Faces

Subliminal Fearful
Faces

Unmedicated ADHD subjects 71 7
Medicated ADHD subjects 80 7
Healthy controls 83 9

Note: ADHD � attention-deficit/hyperactivity disorder.
aFor each group, the number of faces recalled as percentage of the total
837.e2www.jaacap.org
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TABLE S3 Group Comparisons of the Number of Faces Recalled During the Post-Scanning Questionnaire
Administration

Comparison

Neutral Faces Recalled
Subliminal Fearful Faces

Recalled

Test Statistic p Value Test Statistic p Value

Controls vs. unmedicated ADHD subjects t � 1.7 .1 t � 0.4 .7
Controls vs. medicated ADHD subjects t � 0.4 .7 t � 0.4 .7
Unmedicated vs. medicated ADHD subjects Paired t � 1.7 .1 Paired t � 0 1.0

Note: No group differences were detected in the number of faces recalled during the post-scanning questionnaire. ADHD � attention-deficit/hyperactivity

disorder.
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