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Objective: Studies of attention deficit hy-
peractivity disorder (ADHD) have reliably
found reduced amplitude event-related
potentials (ERPs) measuring attention-re-
lated brain function, indicating impair-
ment in the brain’s ability to automati-
cally orient attention to odd or novel
environmental stimuli and to represent
that information in working memory.
However, the relationship between ab-
normal neurocognition and dysfunction
in specific brain regions in ADHD remains
unclear.

Method: The authors used functional
magnetic resonance imaging (fMRI) to
identify brain regions with abnormal he-
modynamic activity during processing of
target and novelty oddball stimuli that
engage attention. Forty-six boys 11–18
years of age participated in the study, in-
cluding 23 diagnosed as having ADHD
with hyperactivity and impulsivity (com-
bined type) and 23 demographically
matched control subjects. Event-related
fMRI data were collected while partici-

pants performed a three-stimulus audi-
tory oddball task. Hemodynamic activity
was compared between ADHD partici-
pants and control subjects in brain re-
gions previously linked to P3 ERPs.

Results: Participants with ADHD showed
deficits in brain activity elicited by infre-
quent attentionally engaging stimuli in
regions associated with attentional ori-
enting and working-memory cognitive
processes. These deficits co-occurred with
highly variable and slow task perfor-
mance.

Conclusions: This study links ADHD at-
tentional orienting and working-memory
deficits to dysfunction in specific cortical
brain regions. The results indicate that
ADHD pathophysiology impairs brain sys-
tems that are important for allocating at-
tention and using cognitive representa-
tions to guide cognition and behavior.
Attention-related neural dysfunction is
thus an important factor to consider in
neurobiological theories of ADHD.

(Am J Psychiatry 2007; 164:1737–1749)

A diagnosis of attention deficit hyperactivity disorder
(ADHD) is given to children and adults who have develop-
mentally inappropriate impulsive, hyperactive, or inatten-
tive behavior severe enough to impair social, educational,
or occupational activities (1). Studies of neuropsychologi-
cal performance (2, 3), brain function (4, 5), brain struc-
ture (6), and molecular genetics (7) indicate that ADHD
has a neurobiological basis. Theories propose that ADHD
is associated with impairment in executive functions that
regulate or direct attention and behavioral control (2, 3, 8,
9). A consistently replicated neurocognitive abnormality
in ADHD is reduction of event-related potentials (ERPs)
during performance of attentionally demanding tasks re-
quiring detection of infrequent target stimuli (that is,
“oddballs”; see review in reference 4). It has been argued
that low-probability oddball stimuli engage orienting of
attention (10), as reflected by ERPs peaking ~300 msec af-
ter infrequent stimuli—the P3a and P3b. The P3a is be-
lieved to represent orienting of attention to rare event
types (11); it also follows unique and engaging novel
sounds (i.e., “novelty P3”) (12–14). The P3b follows task-

relevant target stimuli (15), peaks slightly later than the
P3a, has a more posterior scalp topography, and is thought
to index decision-making processes and contextual up-
dating of working memory (16). Intracranial recordings in-
dicate that P3a reflects activity in the inferior frontal sul-
cus, superior temporal plane, supramarginal gyri, and
anterior cingulate cortex (11, 17). Target P3b is associated
with activity in the hippocampus, superior temporal sul-
cus, ventrolateral prefrontal cortex, anterobasal temporal
lobe, and superior parietal lobule (11, 17–19). These in-
tracranial results have been confirmed by numerous func-
tional magnetic resonance imaging (fMRI) experiments
(20–32). Target P3b links to temporal-parietal brain activ-
ity are supported and extended by EEG spatiotemporal
modeling using fMRI data dipole sources (31–33) and
EEG/fMRI fusion (34).

Children with ADHD consistently show reduced poste-
rior brain target P3b amplitude on oddball tasks requiring
a goal-directed response (35–41). Although several studies
provide contradictory evidence (42–44), evidence from
larger, well-controlled studies indicates that children and
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adolescents with ADHD show abnormal target P3b ampli-
tude (37, 41). Contradictory evidence has come only from
samples with mixed DSM-IV subtypes of ADHD (42), sam-
ples with comorbid psychiatric conditions, and samples
for which comorbidity is not reported (42–44). Some stud-
ies have also found reduced P3a elicited by oddball
“novel” stimuli in youths with ADHD (35, 39). There is
mixed evidence for other ERP abnormalities in ADHD. The
largest studies with rigorously controlled sampling criteria
found reduced P1, N1, P2, and N2 amplitudes in youths
with ADHD (37, 39, 41).

This study was motivated by the need to identify the
neural substrates of attentional orienting dysfunction in
ADHD. To date, only one study has examined oddball-elic-
ited brain function in ADHD. Tamm and colleagues (45)
found diminished hemodynamic activity in ADHD sub-
jects in the parietal lobe bilaterally, the thalamus, and the
mid-cingulate regions compared with healthy control
subjects on a choice visual oddball task. The Tamm et al.
study did not examine the brain response to novelty stim-
uli, which more aptly reflects automatic attentional ori-
enting. In addition, the brain’s response to infrequent tar-
get stimuli is believed to engage cognitive processes
different from novelty stimuli processing. The “attention-
grabbing” nature of novelty stimuli make them particu-
larly relevant to the study of ADHD, a disorder in which
distractibility is a central characteristic. We used an event-
related fMRI auditory oddball task to examine hemody-
namic activity in ADHD in brain regions linked to P3 ERPs
to both target and novelty stimuli, thus extending the re-
sults previously reported by Tamm et al. (45). We chose to
focus on adolescents with ADHD with hyperactivity and
impulsivity (ADHD combined type, DSM-IV diagnostic
code 314.01) because previous studies (35, 37) found ERP
differences between DSM-IV ADHD subtypes on this par-
adigm. Hereafter in this article, “ADHD” refers only to
DSM-IV 314.01 diagnoses.

Hypotheses were based on the prediction that adoles-
cents with ADHD would have deficits in automatic atten-
tional orienting (to both target and novel stimuli) and
working-memory contextual updating processes (during
target stimuli processing). Based on intracranial recording
and ERP/fMRI fusion work cited above, adolescents with
ADHD were hypothesized to have less hemodynamic ac-
tivity in response to target stimuli than control adoles-
cents in the superior temporal sulcus regions, the middle/
inferior frontal gyri, the anterobasal temporal lobe, the in-
ferior parietal lobule, and the superior parietal lobule.
Consistent with putative novelty-P3a neural generators,
we predicted that adolescents with ADHD would show
less activity in response to novel stimuli in the inferior
frontal sulcus region, the superior temporal plane, the left
and right supramarginal gyri, and the anterior cingulate
cortex. These predictions also are consistent with the few
previous fMRI studies of ADHD showing abnormal activ-

ity in the anterior cingulate (46–49) and lateral prefrontal
cortex regions (47, 48, 50).

Method

Participants

Participants were 46 boys 11–18 years of age; 23 had been diag-
nosed as having ADHD and had lifetime psychostimulant treat-
ment histories, and 23 were demographically matched healthy
control subjects who were recruited via physician referral and
community advertisements. ADHD diagnosis was evaluated by
the Schedule for Affective Disorders and Schizophrenia for
School-Age Children—Present and Lifetime Version (51) admin-
istered by experienced staff. No participant had any non-ADHD
psychiatric diagnoses, history of formal learning disability, or sig-
nificant medical conditions. Because two participants with
ADHD were left-handed by self-report, a similar number of left-
handed participants, matched by age, were included in the con-
trol group. Study group characteristics and t test comparison re-
sults are reported in Table 1. Study groups were matched on age,
socioeconomic status (52), self-report scores for depression (53)
and anxiety (54), and estimated intelligence (55). Neuropsycho-
logical impairment was assessed with the Conners Continuous
Performance Test—2nd ed. (56). The symptoms of all but one
ADHD participant were managed by psychostimulant medica-
tion; 18 were taking sustained-release/long-acting methylpheni-
date; one was taking a twice-daily formulation of methylpheni-
date; one was taking both sustained-release/long-acting
methylphenidate and a once-a-day formulation of methylpheni-
date; and three were taking extended-release mixed amphet-
amine salts. At the time of fMRI, ADHD participants had not
taken medication for at least 24 hours.

Study procedures were explained in detail to potential partici-
pants and a parent or legal guardian in the course of an informed
consent/assent protocol approved by Hartford Hospital’s institu-
tional review board. Research procedures adhered to ethical stan-
dards. Study participants received monetary compensation for
their time.

fMRI Task and Procedure

The task was a three-stimulus auditory oddball task similar to
that used in previous fMRI studies (24–26, 57, 58), using custom
software (VAPP; http://www.nrc-iol.org/vapp/) for presentation.
The standard stimulus was a 1,000 Hz tone (probability=0.80), the
target stimulus was a 1,500 Hz tone (probability=0.10), and the
novel stimuli (probability=0.10) consisted of nonrepeating ran-
dom digital noises (e.g., tone sweeps, whistles). In each run, there
were 24 target tone stimuli, 24 novel sound stimuli, and 196 non-
target tone stimuli. Stimuli were presented for 200 msec with a
pseudorandom stimulus onset asynchrony ranging from 1,000 to
3,000 msec (mean=1,500). Target and novel stimuli were always
preceded by at least three standard stimuli and as many as five.
Participants were instructed to respond as quickly and as accu-
rately as possible with a right index finger button press for every
target tone, but not for other stimuli. During scanning, all partic-
ipants reported that they could hear the stimuli and discriminate
them from the background scanner noise. Stimulus events and
behavioral responses (hits or false alarms within 1,250 msec) were
recorded and monitored online on a separate computer.

Analysis of Behavioral Performance

Two-sample t tests were used to evaluate mean reaction time
for correct target responses and false alarm rates for novel and
standard stimuli.
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Imaging Parameters

Imaging was done on a Siemens Allegra 3T system at the Olin
Neuropsychiatry Research Center of the Institute of Living/Hart-
ford Hospital in Hartford, Conn. Functional image volumes were
collected in axial orientation to the anterior commissure-poste-
rior commissure line using a gradient-echo sequence sensitive to
the blood-oxygen-level-dependent (BOLD) signal (repetition
time=1,500 msec, echo time=28 msec, flip angle=65°, field of
view=24×24 cm, 64×64 matrix, 3.4×3.4 mm in plane resolution, 5
mm slice thickness, 30 slices) effectively covering the entire brain
(150 mm) in 1.5 sec. The two runs each consisted of 255 time
points, including a 9 sec rest session at the beginning that was
collected to allow T1 effects to stabilize. These initial six images
were not included in subsequent analyses.

Image Processing

Functional images were reconstructed offline, and each run
was separately realigned using INRIAlign (59, 60) as implemented
in the Statistical Parametric Mapping software (SPM2, Wellcome
Department of Cognitive Neurology, London). Two-sample t tests
found group differences in one of six realignment coefficients: we
found evidence, at an uncorrected p value <0.05, that pitch rota-
tions were greater in adolescents with ADHD (see Table 1). The
fact that one of these six motion-correction parameters showed
group differences raises the possibility that motion could influ-
ence group comparisons of brain activation. In addition, 12 par-
ticipants in the entire sample (eight in the ADHD group and four
in the control group) had displacement >1 voxel length. Although
a valid case could be made for the conservative approach of ex-
cluding these cases from the analysis, we instead assessed the im-
pact of motion on our data to determine empirically whether the

larger sample should be retained. First, we compared the magni-
tude of left postcentral gyrus activation during target detection in
participants with >1 voxel movement and those with less. Be-
cause signal strength in the motor cortex would not be expected
to differ between groups on this task, a direct comparison be-
tween participants with more versus less movement serves as an
internal quality control. In an 8 mm radius around voxel coordi-
nates reported in previous work (26) (x,y,z=–57, 21, 18), no group
differences were observed. Thus, there was no evidence that the
group difference in mean pitch movements or that the handful of
participants with head displacement >1 voxel length adversely af-
fected activation amplitude. We found no evidence that head mo-
tion in either group was correlated with onsets of target or novel
stimuli. Also, no significant group differences in correlation coef-
ficients were found, indicating that motion did not differentially
affect a condition of interest in either group. Collectively, these
data strongly suggest that there was no adverse impact of head
movement on BOLD signal. Study hypotheses were evaluated us-
ing the full sample; however, the same analyses using the sub-
sample (N=34) with low movement is also presented to provide
confidence in the results.

A mean functional image volume was constructed for each
participant for each session from the realigned image volumes
and was used to determine parameters for spatial normalization
into standardized Montreal Neurological Institute space. These
normalization parameters were then applied to the correspond-
ing functional image volumes. Normalized images were
smoothed with a 12 mm3 full width at half maximum Gaussian fil-
ter. A fifth-order IIR Butterworth low-pass filter of 0.16 Hz re-
moved high-frequency noise associated with alterations in the
applied radio frequency field.

TABLE 1. Characteristics and Behavioral Performance on a Three-Stimulus Auditory Oddball Task in Participants With
ADHD and a Demographically Matched Control Group

Characteristic or Measure

ADHD Group (N=23) Control Group (N=23) Analysis

Mean SD Range Mean SD Range t
Demographic and clinical characteristics
Age (years) 14.7 1.85 15.1 1.94 0.856
Hollingshead-Redlich Scale score 21.8 7.05 24.2 7.19 1.119
Schedule for Affective Disorders and 

Schizophrenia for School-Age Children—
Present and Lifetime Version
Score on ADHD hyperactive/impulsive 

symptoms section 7.50 1.10 0.0 0.00 29.616***
Score on ADHD inattentive symptoms section 6.41 1.87 0.0 0.00 14.925***

Beck Depression Inventory, 2nd ed. 4.6 4.54 3.2 4.49 1.043
Multidimensional Anxiety Scale for Children 37.0 12.79 37.9 10.14 0.257
IQ estimate (reading subtest of the Wide-Range 

Achievement Test, 3rd ed.) 101.8 9.70 107.1 11.8 1.627
Conners Continuous Performance Test—2nd ed.
Number of omission errors 14.7 19.57 1.59 2.06 3.130**
Number of commission errors 20.3 12.1 17.4 5.76 0.926
Reaction time 407.7 133.31 383.5 50.57 0.847
Reaction time variability 23.5 29.18 8.42 4.08 2.390*
fMRI task behavioral performance
Target stimulus reaction time 438.9 99.46 384.5 79.17 2.052a

Target stimulus hit percentage 95.7 6.98 97.7 5.86 1.049
Novel stimulus false alarm percentage 4.26 6.87 4.26 5.01 0.001
Standard stimulus false alarm percentage 0.93 1.22 0.61 0.76 1.073
fMRI realignment statistics
Mean x displacement (mm) 0.71 1.11 0.18–7.73 1.41 2.13 0.10–5.51 1.387
Mean y displacement (mm) 2.24 3.35 0.39–14.38 0.71 1.11 0.27–4.27 1.501
Mean z displacement (mm) 1.15 0.91 0.34–7.92 2.24 3.35 0.43–6.02 1.810
Mean pitch rotation (degrees) 2.87 2.47 0.47–9.59 1.15 0.91 0.35–6.53 2.342*
Mean roll rotation (degrees) 1.75 1.67 0.22–5.87 2.87 2.47 0.14–9.05 0.553
Mean yaw rotation (degrees) 3.16 2.66 0.16–9.68 1.75 1.67 0.10–5.94 0.818
a The difference between groups approached statistical significance (p=0.073).
*p<0.05. **p<0.01. ***p<0.001.
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fMRI Statistics

The regressors for each participant’s fMRI model were derived
by extracting stimulus onset timing for correct target, novel, and
standard stimuli and modeled using a synthetic hemodynamic
response function and temporal derivative (61). Six motion-cor-
rection parameter estimates (x, y, and z displacement and roll,
pitch, and yaw rotations) were included as covariates of no inter-

est to statistically control signal change related to motion. A high-
pass filter (cutoff period=128 sec) was incorporated into the
model to remove low-frequency signals. For each condition of in-
terest, SPM2 wrote an image in which each voxel represented the
estimated amplitude of hemodynamic response. A latency varia-
tion amplitude-correction method provided a more accurate esti-
mate of hemodynamic response for each condition (62). Group

TABLE 2. Hemodynamic Activity in Regions of Interest for Target Stimuli Versus the Standard Baseline in Participants With
ADHD (N=23) and Healthy Control Subjects (N=23)a

Region of Interest

Comparisons With Standard Baseline Dataa
Voxel of Peak Intergroup 

Difference in tCenter of Region of Interest t

x y z
Control 
Group ADHD Group x y z

Frontal lobes
Left superior/middle frontal gyrus –33 51 24 8.00c 5.57c –36 45 27
Right superior/middle frontal gyrus 24 51 24 10.37c 5.41c 21 45 27
Left middle frontal gyruse –45 36 24 7.65c 5.14c –39 39 27
Left inferior frontal gyruse –57 9 24 7.34c 4.21c

Right inferior frontal gyruse 51 12 24 8.13c 3.78c 57 9 24
Medial frontal gyrus 0 0 51 11.06c 10.62c –3 –3 45
Anterior cingulate gyruse 0 15 39 12.26c 11.99c –6 12 36
Left insula –39 15 –9 15.23c 8.01c –45 12 –9
Right insula 42 24 –12 11.94c 6.81c 48 21 –9
Left precentral gyrus –36 –15 63 10.35c 11.55c

Right precentral gyrus 36 –9 60 7.09c 4.17c

Parietal lobes
Left postcentral gyrus –57 –21 18 12.60c 11.50c

Left postcentral gyrus –33 –36 60 7.86c 5.91c

Right postcentral gyrus 63 –21 21 9.64c 7.36c 66 –21 15
Left inferior parietal/supramarginal gyruse –60 –39 24 12.70c 7.98c –63 –36 18
Right inferior parietal/supramarginal gyruse 60 –39 24 9.08c 6.88c

Left superior parietal lobulee –36 –51 63 5.75c 4.33c

Right superior parietal lobulee 24 –57 60 2.51d 2.88d

Posterior cingulate gyrus 0 –48 27 3.96c 3.53c

Precuneus 0 –45 51 6.83c 3.62c

Temporal lobes
Left superior temporal gyrus (posterior)e –48 –36 –9 9.13c 6.47c –45 –33 –3
Right superior temporal gyrus (anterior)e 54 15 –18 12.79c 7.44c 57 15 –12
Left middle temporal gyruse –57 –18 –15 7.68c 5.20c –60 –24 –18
Right middle temporal gyruse 57 –24 –12 13.36c 8.37c 57 –24 –6
Left middle temporal gyruse –57 –60 3 5.43c 4.89c

Right middle temporal gyruse 57 –57 0 6.79c 4.88c 60 –54 –3
Left amygdala/parahippocampal gyrus –21 –3 –21 7.79c 6.94c

Right amygdala/parahippocampal gyrus 21 –3 –21 8.14c 7.19c 18 –3 –18
Occipital lobes
Left lingual gyrus/cuneus –9 –69 –3 10.41c 7.08c –15 –72 0
Right lingual gyrus/cuneus 15 –69 3 6.83c 4.41c 21 –66 3
Deep gray matter
Left thalamus –15 –18 9 8.20c 11.29c

Right thalamus 9 –15 3 7.63c 7.70c

Left putamen/globus pallidus –27 3 –6 11.46c 11.63c

Right putamen/globus pallidus 24 3 0 9.72c 8.34c

Other
Left cerebellum –27 –60 –33 13.10c 9.37c –21 –63 –36
Right cerebellum 21 –51 –33 13.41c 12.73c 27 –48 –33
Brainstem 0 –24 –24 9.38c 6.18c

a For the main effect of condition in the ADHD and control groups, Student’s t is reported for the voxel showing peak activation amplitude
within the region of interest centered at the coordinates listed (standardized Montreal Neurological Institute space).

b For the comparison of ADHD and control groups, Student’s t and uncorrected p values are reported for the voxel of peak difference between
groups within the region of interest; region of interest is listed only if the group difference in the entire-sample comparison surpassed an
uncorrected p value of 0.05. Group comparisons are presented for both the entire sample and for the subsample of participants whose mo-
tion correction parameters indicated less than 1 voxel length total displacement across each run. The critical threshold at the Bonferroni-
corrected p value of 0.05 was t=2.77 for comparisons of the entire sample (N=46) and t=2.82 for comparisons of the low-movement subsam-
ple (N=34).

c Surpasses the critical threshold at the Bonferroni-corrected p value of 0.05.
d Surpasses the critical threshold at the uncorrected p value of 0.05.
e Region of interest hypothesized to differ between the ADHD group and the control group.
f Surpasses the critical threshold at the Bonferroni-corrected p value of 0.05, and meets or surpasses the critical threshold at the uncorrected

p value of 0.001.
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analyses used these latency-corrected contrast images in ran-
dom-effects statistical analyses.

Group Analyses

First, we verified that participants in both the ADHD group and
the healthy control group showed activity in the full set of regions
of interest (ROIs) identified in our previous reports (25, 26). ROIs
were voxel clusters of 2.187 cm3 (8 mm radius spheres) centered

at locations of target-elicited hemodynamic activity (37 ROIs),
novel-elicited activity (31 ROIs), and standard-elicited activity (4
ROIs) from previous work (25, 26). One target-processing ROI in
the left postcentral gyrus and two novelty-processing ROIs in the
cerebellum were omitted because they were too proximal to oth-
ers. Because there were no group differences in any standard-
stimulus-processing ROIs (26), we contrasted hemodynamic ac-
tivity elicited by target and novel stimuli relative to a baseline pro-

Group Comparisonb

Entire Sample (N=46) Low-Movement Subsample (N=34)

ADHD Group < 
Control Group

ADHD Group > 
Control Group

ADHD Group < 
Control Group

ADHD Group > 
Control Group

t p t p t p t p

1.93d 0.029 0.47 0.271 1.51 0.066 0.37 0.299
2.10d 0.020 –0.68 0.527 0.90 0.168 0.85 0.180
2.89f 0.002 0.14 0.358 2.16d 0.018 –0.40 0.481
0.93 0.161 1.23 0.105 0.90 0.170 0.66 0.225
1.80d 0.038 –0.28 0.457 0.94 0.161 0.70 0.215
1.73d 0.044 –1.15 0.582 0.42 0.287 0.32 0.312
1.88d 0.032 –0.77 0.540 0.77 0.199 0.29 0.320
3.05f 0.001 –1.19 0.585 2.25d 0.015 –0.60 0.515
2.10d 0.020 –0.99 0.566 1.12 0.126 0.02 0.386
0.58 0.243 1.62 0.054 –0.31 0.464 1.34 0.090
1.35 0.086 1.30 0.094 0.66 0.225 1.50 0.069

1.50 0.067 0.91 0.167 0.26 0.326 1.88 0.033
0.66 0.224 0.61 0.238 0.23 0.334 0.93 0.163
2.02 0.024 –0.34 0.468 0.74 0.205 0.59 0.243
2.31d 0.012 –0.24 0.450 2.00 0.026 0.30 0.317
1.50 0.067 0.12 0.362 0.81 0.190 0.70 0.215
1.29 0.096 0.70 0.215 1.13 0.124 0.43 0.284
0.08 0.371 0.77 0.198 –0.13 0.424 0.77 0.199
1.06 0.135 0.12 0.362 0.47 0.271 0.45 0.277
1.07 0.133 0.69 0.218 1.06 0.137 0.31 0.315

2.29d 0.013 –0.35 0.471 1.73d 0.045 0.18 0.347
3.26f 0.001 –0.81 0.546 1.97d 0.028 0.04 0.382
2.70d 0.004 –1.23 0.588 0.74 0.205 0.84 0.183
3.15f 0.001 –1.45 0.602 2.53d 0.008 –0.30 0.460
1.19 0.112 –0.03 0.401 0.57 0.247 0.60 0.241
1.83d 0.036 –0.61 0.517 0.93 0.163 0.63 0.232
1.18 0.114 –0.21 0.442 0.38 0.297 0.96 0.157
2.22d 0.015 –0.04 0.405 1.70d 0.048 0.84 0.182

1.76 0.041 –0.75 0.538 0.54 0.255 0.30 0.317
1.77 0.040 –0.66 0.525 0.63 0.231 0.20 0.341

1.00 0.148 0.49 0.268 0.35 0.303 1.01 0.147
1.11 0.126 –0.05 0.406 0.77 0.198 0.32 0.311
1.30 0.093 0.18 0.348 0.52 0.260 1.32 0.092
1.16 0.116 0.09 0.370 0.48 0.270 1.15 0.120

2.75 0.004 –0.99 0.567 2.42 0.010 –0.84 0.549
2.18 0.017 0.01 0.389 1.88 0.033 0.22 0.338
1.51 0.065 0.14 0.357 1.31 0.094 0.15 0.355
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duced by frequent standards, as in our previous reports (24, 26).
We used random-effects one-sample t tests separately for ADHD
and control participants to determine whether there was activity
in all a priori defined target- and novelty-processing ROIs. Bon-
ferroni corrections were used to adjust for multiple statistical
tests. For 37 target-processing ROIs, p<0.05/37=0.0014 (tcritical=
3.40). For the 31 novelty-processing ROIs, p<0.05/31=0.0016 (tcrit-

ical=3.31). Results are reported as the maximum t score within
each ROI.

Second, we contrasted brain activity in ADHD and control
participants in a smaller subset of ROIs suggested by the theo-
retical and empirical research reviewed above. Hypotheses were
addressed with random-effects two-sample t tests examining
the 12 target-processing ROIs and nine novelty-processing ROIs

predicted a priori to differ between groups. For target-process-
ing ROIs, group differences were examined in the left middle
frontal gyrus, left and right inferior frontal gyri, anterior cingu-
late, left and right inferior parietal lobules/supramarginal gyri,
left and right superior parietal lobules, and left and right supe-
rior and middle temporal gyri. For novel stimuli, ROIs were ex-
amined in the left and right middle/inferior frontal gyri, anterior
cingulate, left inferior parietal lobule/supramarginal gyrus, and
left and right posterior superior temporal gyri. Bonferroni-cor-
rected thresholds were an alpha of 0.004167 (0.05/12) and a tcrit-

ical=2.77 for target stimuli, and an alpha of 0.0056 (0.05/9) and a
tcritical=2.65 for novel stimuli. We also conducted supplemental
exploratory analyses using statistical corrections for searching
the whole brain to determine whether any group differences fell

TABLE 3. Hemodynamic Activity in Regions of Interest for Novel Stimuli Versus the Standard Baseline in Participants With
ADHD (N=23) and Healthy Control Subjects (N=23)

Region of Interest

Comparisons With Standard Baseline Dataa
Voxel of Peak Intergroup 

Difference in tCenter of Region of Interest t

x y z Control Group
ADHD 
Group x y z

Frontal lobes
Left middle/inferior frontal gyrusc –54 12 30 4.16d 2.13e –51 6 33
Right middle/inferior frontal gyrusc 51 18 27 4.60d 3.47d 48 12 30
Left inferior frontal gyrus/insula –39 18 –9 3.80d 3.00d –36 24 –12
Right inferior frontal gyrus/insula 42 24 –9 4.58d 2.74e 45 27 –15
Medial frontal gyrus 0 24 48 3.48d n.s. –3 30 51
Left anterior cingulate gyrusc –3 15 33 3.02e n.s. –6 12 39
Right anterior cingulate gyrusc 6 27 33 3.25e n.s. 12 30 36
Left insula –42 –9 3 6.03d 5.48d

Right precentral gyrus 45 3 30 4.90d n.s. 42 9 33
Parietal lobes
Left postcentral gyrus –60 –18 21 5.61d 3.74d

Right postcentral gyrus 63 –21 21 6.09d 3.87d

Left inferior parietal lobule –42 –51 45 2.77e n.s. –39 –48 51
Left inferior parietal lobule/supramarginal gyrusc –54 –42 36 4.51d n.s. –57 –45 33
Right inferior parietal lobule 54 –39 48 3.75d n.s. 57 –42 42
Right inferior/superior parietal lobule 36 –63 45 4.27d n.s. 33 –69 42
Right posterior cingulate gyrus 3 –39 27 2.74e 2.38e

Temporal lobes
Right superior temporal gyrus (anterior) 51 12 –15 7.59d 4.35d 57 12 –15
Left superior temporal gyrus (posterior)c –63 –33 9 11.34d 5.95d –66 –30 3
Right superior temporal gyrus (posterior)c 57 –39 15 8.47d 5.24d 60 –45 18
Left superior/middle temporal gyrusc –57 6 –18 5.71d 5.16d

Left superior/middle temporal gyrusc –57 –18 –3 9.68d 7.64d –63 –21 –3
Right middle/inferior temporal gyrus 60 –12 –15 11.13d 7.79d 63 –15 –21
Left amygdala/parahippocampal gyrus –24 0 –21 4.28d 2.02e –27 3 –27
Right amygdala/parahippocampal gyrus 27 0 –24 4.92d 2.58e 24 –6 –27
Occipital lobes
Left cuneus –6 –81 9 3.06e n.s. –9 –75 6
Right cuneus 6 –81 18 2.35e n.s. 9 –75 21
Deep gray matter
Left thalamus/caudate –15 –6 12 2.91e 2.21e

Right thalamus/putamen 15 –9 9 3.58d 1.87e 18 –3 12
Other
Left cerebellum –21 –72 –33 4.86d 3.94d –15 –69 –30
Right cerebellum 18 –72 –33 3.22e 3.29d 15 –66 –30
Brainstem/pons 0 –27 –36 3.34d n.s. 3 –30 –42
a For the main effect of condition in the ADHD and control groups, Student’s t is reported for the voxel showing peak activation amplitude

within the region of interest centered at the coordinates listed (standardized Montreal Neurological Institute space).
b For the comparison of ADHD and control groups, Student’s t and uncorrected p values are reported for the voxel of peak difference between

groups within the region of interest; region of interest is listed only if the group difference in the entire-sample comparison surpassed an un-
corrected p value of 0.05. Group comparisons are presented for both the entire sample and for the subsample of participants whose motion
correction parameters indicated less than 1 voxel length total displacement across each run. The critical threshold at the Bonferroni-corrected
p value of 0.05 was t=2.65 for comparisons of the entire sample (N=46) and t=2.69 for comparisons of the low-movement subsample (N=34).

c Region of interest hypothesized to differ between the ADHD group and the control group.
d Surpasses the critical threshold at the Bonferroni-corrected p value of 0.05.
e Surpasses the critical threshold at the uncorrected p value of 0.05.
f Surpasses the critical threshold at the Bonferroni-corrected p value of 0.05. Uncorrected p values range from 0.001 to 0.005.
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outside these ROIs (using a liberal threshold of p<0.05 uncor-
rected). The text and tables differentiate findings for hypothe-
sized regions (i.e., Bonferroni-corrected, pBonf) and exploratory
(uncorrected, puncorr) findings. Results of group analyses are dis-
played using cortical surface renderings with hemodynamic ac-
tivity overlays (63). Finally, to address any remaining possibility
that head movements in several participants may have influ-
enced the results, we reexamined the subsample whose head
displacement was ≤1 voxel length in either fMRI run. Because
the smaller sample size provided less statistical power, we as-
sessed this evidence at a puncorr of <0.05 and found that it indi-
cated the same effect as in the larger sample. Because the sam-
ple size was smaller, the critical t statistics for target and novel

stimuli were adjusted for degrees of freedom, yielding t=2.82
and t=2.69, respectively.

Results

Behavioral Performance

There were no statistically significant differences be-
tween participants in the ADHD and healthy control
groups in the number of hits or false alarms in response to
novel or standard stimuli (Table 1). Participants with
ADHD were slower than control participants to respond to
target stimuli (t=1.839, df=44, p=0.073).

Group Comparisionb

Entire Sample (N=46) Low-Movement Subsample (N=34)

ADHD Group < 
Control Group

ADHD Group > 
Control Group

ADHD Group < 
Control Group

ADHD Group > 
Control Group

t p t p t p t p

2.55 0.007e –1.28 0.592 1.46 0.073 –0.14 0.426
2.03 0.023e –1.29 0.592 0.93 0.164 0.05 0.379
2.30 0.012e –0.48 0.495 0.61 0.238 1.00 0.147
2.22 0.015e –1.14 0.581 –0.05 0.405 1.44 0.076
2.46 0.008e –1.03 0.571 1.25 0.102 0.93 0.164
1.57 0.059e –0.75 0.537 –0.23 0.446 1.16 0.118
1.60 0.056e –0.34 0.470 0.06 0.377 1.39 0.082
1.02 0.144 0.01 0.390 –0.08 0.414 1.24 0.105
2.56 0.006e –0.66 0.524 0.93 0.164 0.12 0.361

1.21 0.108 0.81 0.189 –0.53 0.504 2.06 0.023
1.57 0.059 –0.52 0.502 0.43 0.282 0.76 0.201
2.10 0.020e –1.16 0.583 0.81 0.189 0.28 0.322
2.67 0.005f –1.30 0.593 1.80 0.039e –0.01 0.397
2.34 0.011e –0.24 0.449 1.02 0.144 0.04 0.382
2.99 0.002f –1.43 0.601 2.65 0.006e –1.83 0.617
1.39 0.081 –0.61 0.517 0.54 0.255 0.60 0.240

2.35 0.011e –0.64 0.522 0.92 0.165 1.52 0.066
3.04 0.001f –1.03 0.571 1.84 0.036 –0.01 0.397
2.44 0.009e –1.01 0.569 0.95 0.159 1.02 0.145
1.44 0.075 –0.12 0.422 1.94 0.030e 0.48 0.270
2.39 0.010e –1.05 0.572 1.31 0.094 0.07 0.375
2.42 0.009e –0.80 0.545 0.40 0.290 0.17 0.349
2.55 0.007e –0.51 0.500 1.49 0.070 0.12 0.362
2.12 0.019e –0.57 0.510 0.69 0.217 0.62 0.235

2.15 0.018e –0.60 0.516 0.45 0.278 0.70 0.215
2.13 0.018e –0.48 0.496 0.15 0.354 0.92 0.166

1.42 0.077 0.00 0.392 0.14 0.358 0.85 0.181
1.66 0.049e –0.39 0.478 0.16 0.352 0.73 0.208

2.72 0.004f –1.14 0.581 2.38 0.011e –0.84 0.550
1.93 0.029e –0.84 0.549 0.83 0.184 0.53 0.257
2.38 0.010e –0.87 0.553 2.34 0.012e –0.05 0.405
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Main Effect of Target and Novel Stimuli in ADHD 
and Healthy Adolescents

In healthy adolescents, there was significant activity in
36 of the 37 target-processing ROIs (Table 2) found active
in previous studies and 23 of the 31 novelty-processing
ROIs (Table 3). For target stimuli, only the right superior
parietal lobule ROI did not show suprathreshold activity at
pBonf<0.05; however, this region did show activity when a
lower statistical threshold (puncorr<0.01) was used. Target
detection elicited significant hemodynamic activity in 36
of the 37 ROIs for ADHD participants at pBonf<0.05. As with
healthy adolescents, evidence for target activity in the
right superior parietal lobule only reached trend levels
(puncorr<0.01). For novel stimuli, only 13 of the 31 ROIs
(pBonf<0.05) were engaged in ADHD participants. When a
liberal threshold was used (i.e., puncorr<0.05 or <0.01),
there was evidence that seven additional ROIs were en-
gaged in ADHD participants during novelty processing.

ADHD participants failed to engage the remaining 11 nov-
elty-processing ROIs (Table 3). Thus, healthy control par-
ticipants activated almost all target- and novelty-process-
ing ROIs. Participants in the ADHD group activated almost
all target-processing ROIs but less than half of the novelty-
processing ROIs identified in previous research. Supple-
mental analysis did not find any activation to target or
novel stimuli outside ROIs at any statistical threshold.

Between-Groups Comparisons of Hemodynamic 
Response to Target and Novel Stimuli

Results for the comparison of ADHD and control groups
on response to target stimuli are shown in Table 2 and illus-
trated in Figure 1. Consistent with our hypotheses, ADHD
participants had less hemodynamic activity than healthy
controls in the left middle frontal gyrus, the anterior re-
gions of the right superior temporal gyrus, and the middle
region of the right middle temporal gyrus (pBonf<0.05). For

FIGURE 1. Brain Regions Showing a Significant Difference Between Participants With ADHD (N=23) and Healthy Control
Subjects (N=23) in the Amplitude of Hemodynamic Response to Target Stimulia

a Statistical results are thresholded at a low of p<0.05 (uncorrected) and a high of p<0.001 (uncorrected). Yellow-orange indicates regions where
amplitude is lower in the ADHD group than in the control group. Blue indicates regions where amplitude is higher in the ADHD group than
in the control group.

0.0 3.3

Adolescents with ADHD < comparison subjects
Adolescents with ADHD > comparison subjects
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several other hypothesized brain regions, there was evi-
dence at lower statistical thresholds (puncorr<0.05) for less
ADHD neural activity to target stimuli (Table 2). There were
no group differences in the superior parietal lobules for
target detection (pBonf<0.05 or puncorr<0.05).

Results for the comparison of ADHD and control groups
on response to novel stimuli are shown in Table 3 and illus-
trated Figure 2. In brain regions predicted a priori to differ
between groups, participants with ADHD showed dimin-
ished hemodynamic activity in response to novel stimuli in
the left inferior parietal lobule/supramarginal gyrus and
the posterior region of the left superior temporal gyrus. For
several other hypothesized brain regions, evidence for
group differences in activation was found only when liberal
statistical thresholds were used (puncorr<0.05; see Table 3).
There was no evidence for hypothesized group differences
in the left or right anterior cingulate for novelty processing.

In no ROI did participants with ADHD show a greater
amplitude of hemodynamic response relative to control
subjects for either target or novel stimuli. Supplemental

analysis did not find any group differences outside the
ROIs using statistical thresholds appropriate for searching
the entire brain.

The reexamination of data using participants whose
head motion did not exceed 1 voxel length (N=15 for the
ADHD group and N=19 for the control group) supported
nearly all these results, albeit not using stringent Bonfer-
roni corrections for searching multiple ROIs. For brain re-
gions hypothesized to differ between groups during target
processing, t tests failed to reach the critical t statistic (at
puncorr<0.05) in peak voxels only for the ROIs in the right
inferior frontal gyrus, the anterior cingulate, and the left
middle temporal gyrus. All other target effects were vali-
dated. For novel stimuli, the reanalysis of the smaller sub-
sample did not find group differences in the right middle/
inferior frontal gyrus and the right posterior superior tem-
poral gyrus or the left superior/middle frontal gyrus (al-
though the latter region approached significance). In two
novelty-processing ROIs, the peak group difference was
validated but was found in a different voxel within each

FIGURE 2. Brain Regions Showing a Difference Between Participants With ADHD (N=23) and Healthy Control Subjects (N=
23) in the Amplitude of Hemodynamic Response to Novel Stimulia

a Statistical results are thresholded at a low of p<0.05 (uncorrected) and a high of p<0.001 (uncorrected). Yellow-orange indicates regions where
amplitude is lower in the ADHD group than in the control group.

0.0 3.3

Adolescents with ADHD < comparison subjects
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ROI (left middle/inferior frontal gyrus [x,y,z=–51, 3, 36; t=
1.88, df=32, puncorr<0.05] and left superior/middle tempo-
ral gyrus [x,y,z=–60, –18, –9; t=1.31, df=32, puncorr<0.05]).

Discussion

We compared hemodynamic activity elicited in adoles-
cents with ADHD and demographically matched healthy
control subjects during oddball stimulus processing to
identify the neural substrates of attentional dysfunction in
ADHD. Consistent with our hypotheses, participants with
ADHD had less hemodynamic activity than control sub-
jects during target processing in the left middle frontal gy-
rus and the right superior temporal gyrus. To novel stim-
uli, participants with ADHD had hemodynamic deficits in
the left inferior parietal lobule/supramarginal gyrus and
the posterior region of the left superior temporal gyrus.
Hemodynamic deficits to both target and novel stimuli in
ADHD occur in brain regions linked to automatic atten-
tional orienting and the P3a in previous electrophysiology
studies (11, 17). Deficits in the right middle frontal gyrus
and anterior right superior temporal gyrus are regions
linked to P3b (11, 17–19). The P3b is generally believed to
reflect cognitive processes involved with contextual up-
dating of working memory (16). Thus, our results in this
study provide evidence that ADHD deficits in attentional
orienting and the ability to represent task-relevant target
stimuli in working memory are linked to several specific
frontal, temporal, and parietal lobe regions. These regions
are part of a dopaminergically innervated system impli-
cated as hypofunctional in ADHD by neuropsychological
(64), brain structural (6), neurochemical (65), and func-
tional neuroimaging evidence (5). On the Conners Contin-
uous Performance Test, adolescents in the ADHD group
were impaired in their ability to detect target stimuli and
had highly variable performance, suggesting clinically sig-
nificant impairment consistent with that identified in pre-
vious ADHD research (3, 66, 67). This result, along with the
statistical trend toward longer target reaction time to tar-
get stimuli in ADHD, indicates that these regional brain
function abnormalities likely underlie slow stimulus eval-
uation or subsequent impaired decision-making cognitive
processes. Therefore, our results link ADHD attention-re-
lated cognitive impairment to cortical dysfunction within
an abnormally functioning frontostriatal system.

These results are consistent with results reported by
Tamm et al. (45), who found evidence for parietal lobe dys-
function on an oddball task in ADHD. However, we also
found evidence for a greater number of dysfunctional
ADHD brain regions than did Tamm et al. These differ-
ences are likely related to the greater statistical power from
the larger sample size in this study and possibly to the dif-
ferent sensory modality used (visual versus auditory; see
reference 25) or use of proportional scaling by Tamm et al.
(45). Proportional scaling can produce artifactual deacti-
vations in BOLD fMRI when the local signal (e.g., to fre-

quent target stimuli) contributes greatly to the global sig-
nal, as it does in oddball tasks (68). It also is possible that
differences between the two studies reflect neurobiologi-
cal heterogeneity in ADHD (see references 69 and 70 for
discussions of single- versus multiple-effects models of
ADHD). Indeed, the observation of generally low t scores
for all group differences and the fact that some statistically
significant effects were not replicated even at liberal statis-
tical thresholds in the low-movement subsample raises
the possibility that there may be heterogeneity of brain ac-
tivation within the ADHD group. Our results ultimately
may direct future research in seeking biological markers
consistent with an etiological factor specific to attentional
dysfunction that is perhaps present in only a subgroup of
persons with ADHD. Our study extends the results of
Tamm et al. by reporting ADHD versus non-ADHD differ-
ences in brain activation in response to novelty oddball
stimuli. Because novelty stimuli are believed to more di-
rectly engage attentional orienting cognitive processes
relative to target detection, the evidence for impaired pari-
etal and temporal brain region activation in ADHD further
links these cortical regions to ADHD pathophysiology un-
derlying allocation of attentional resources. Our findings
also are consistent with previous fMRI studies of ADHD
that found abnormalities in the lateral prefrontal cortex
(47, 48, 50). There were no group differences in brain re-
gions that were not expected to vary on this task (i.e., the
primary motor cortex during target responses), which
supports the specificity of these results both to ADHD and
to attentional dysfunction.

ADHD neurobiological theories variously propose core
impairments in response inhibition (71, 72), other execu-
tive functions needed for attentional or behavioral control
(2, 3, 9) or motivation or effort (69, 73). Our findings can-
not easily be attributed to impaired response inhibition or
motivation, as this oddball task included conditions that
placed little demand on either domain. Oddball studies
that have manipulated task relevance or performance
feedback for oddball stimuli continue to find P3 impair-
ment in ADHD regardless of motivational significance (35,
39, 74, 75). While this does not rule out the possibility that
performance is globally affected in ADHD by deficits in
motivation or effort, the data more likely indicate a form of
executive dysfunction in attentional allocation to rare, sa-
lient stimuli that has yet to be fully detailed in neurocogni-
tive models of ADHD.

This study examined a larger sample than most previ-
ous fMRI studies of ADHD and more rigorously controlled
sampling and clinical characteristics than many oddball
ERP studies. Despite these strengths, our analysis does not
directly link the ADHD hemodynamic deficits to ERPs,
which would bolster the functional interpretation of these
results. Several brain regions found here to be abnormal in
ADHD have been linked to other ERPs, such as the N1 (17,
19, 34, 76–78) or N2 ERPs (34). Future work fusing ERP/
fMRI work would extend our findings in this study and



Am J Psychiatry 164:11, November 2007 1747

STEVENS, PEARLSON, AND KIEHL

ajp.psychiatryonline.org

help localize hemodynamic dysfunction in ADHD associ-
ated with specific attention-related cognitive processes.

Finally, we reported some group differences supported
by evidence from relatively low statistical thresholds, de-
spite being consistent with a priori hypotheses. Additional
work is needed to replicate ADHD abnormalities in these
brain regions.

In summary, this study links dysfunction in several spe-
cific brain regions to attention and working memory disrup-
tion in adolescents with ADHD, consistent with proposed
dopamine hypofunction models of ADHD pathophysiology.
In the context of the current strong theoretical and empirical
focus on response inhibition or reward system deficits in
ADHD, this study is important because it emphasizes that
the attentional impairments in ADHD also have a distinct
neurobiological basis. The cortical focus of these attention-
related brain function abnormalities suggests that they may
be separable from the proposed ADHD response inhibition
or reward system dysfunction that more strongly implicates
striatum dysfunction. This adds more evidence to proposals
that the causes of ADHD are multifactorial, involving differ-
ent influences on the same general neurobiological system.
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