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Abstract— Magnetoencephalography (MEG) was used to female, both diagnosed with ADHD-Combined Type,
investigate the cortical activity differences in cognitte = compared with the results of age, sex, and 1Q matched
processing in adult patients with Attention-Deficit normal controls in an attempt to begin to understand
Hyperactivity Disorder (ADHD) — Combined Type and differences in the cortical activation associatedhwiitis
normal controls. Using MR-FOCUSS, we compared diagnosis during vigilance, selective attention to visual
MEG images of the localization of cortical activity stimuli, and the executive control over verbal respens
measured from the ADHD patients and control subjects

while performing a Visual Continuous Performance Test . METHODS
(CPT) and the Stroop Interference Test (SIT). Althogh ) ) _ )
the results should be interpreted cautiously, this stly Two patients diagnosed with ADHD-Combined Type,

suggests the presence of functional defects in thefital ~ @nd two normal control subjects were recruited viaadn
and parietal cortex in adult ADHD patients. Analysis of Placed in a hospital publication and then tested. One male
two subject pairs indicated an absence of frontal cortex (39 Yo) and one female (48 yo) were diagnosed using the
activation in ADHD at ~200 ms during both selective DSM-IV criteria with the aid of multiple behavioredting
attention and response preparation. A shift from leftto ~ Measures [2,3,4]. The exclusion criteria for all papéots
right hemispheric activation in ADHD was indicated ~Were a medical history of organ, mental, and neurological
during vigilance, along with a difference in cortical disease and/or medication use that could affect the test
activity at ~300 ms. Processing deiaysl hemispheric results. The Institutional Review Board of Henry Ford
differences, and frontal and parietal cortex deficits vere ~ Hospital approved the protocol for this study and informed
found during response error detection and response consent was obtained. The MEG data were collected aSlng
control in adult ADHD. These activation shifts from Whole-head  neuromagnetometer (4D  Neuroimaging
normal may differ based on sex. WH2500) consisting of 148 magnetometers. The
participants were prepared for studies in the lab’s customar

Keywords— Attention-Deficit Hyperactivity Disorder,  way [5].

ADHD, MEG, MR-FOCUSS A Visual Continuous Performance Test (CPT) [6] was
used to measure the participant’s MEG field responseg whil
[. INTRODUCTION he/she maintained vigilance and engaged processes of

selective attention. Random letters were shown forief b

Attention-deficit hyperactivity disorder (ADHD) is the 150 ms each with a 1.8 second inter-stimulus interval (4
most common psychiatric disorder of childhood andlocks of 100 trials). The participant was instructed to
continues into adulthood for approximately 30% of theaespond as quickly possible by pressing a switch to the “X”
cases. ADHD is characterized by symptoms of inattentiotarget stimulus when it followed the “A” cue stimulus.
(Inattentive ~ Type), impulsivity —and  overactivity Sixty percent of the trials were a letter other thari tX
(Hyperactive Type). Patients presenting with symptoms imA” (Condition 1). Twenty percent of the trials in each
both categories are diagnosed with ADHD — Combine@lock were cued, “no go” trials (Condition 2: “A” cue
Type. Attention to this public health problem has incedas appears, but is not followed by the target “X”) and 20% of
in recent years. In 1998, the National Institutes ofltHea the trials in each block were target, “go” trials (Cdioti 3:
held a consensus development conference on the diagna®\” cue is followed by the “X” target.
and treatment of ADHD [1]. The members of this panel The Stroop Interference Test (SIT) [7] was used to
called for research to improve the understanding of theieasure the participant's MEG field responses duringla ta
diverse causes of ADHD to aid the prevention, diagnosishat necessitates the use of higher executive coote
and treatment. Although considerable research ipehavior. Stimuli were presented individually for 500 ms,
neuropsychology, neurochemistry, and molecular biologwith a 1.5 second inter-stimulus interval (3 Conditions, 40
indicate that multiple neurobiological factors undethés trials each). Condition 1 involved the verbal identifima of
disorder, current diagnostic practice is focused primanly color stimuli, which was performed twice. Condition 2
behavioral rating scales. This study seeks to expandvolved reading the names of colors written in the
knowledge of the neurosubstrates of ADHD. We preserjongruent color text, was also performed twice. In
here the results of one 39 year old male and one a&8oje
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Condition 3, words were presented in a text color that wadistribution of imaged sources. Therefore, to achieve
incongruent to the name of the color, and the colothef statistical robustness against initialization biagndom
text was identified. The results in this report comphee amplitudes were incorporated in source initialization and
participants’ brain activation during an early run whenwenty solutions were generated and averaged for MEG
numerous response errors occurred (Condition 3A) withata, at each time point. Thus, activity common to most
brain activation during a later run when few responsar®err all twenty solutions dominate the final average MR-
occurred (Condition 3B). This condition was run on agera FOCUSS images of activity.
5 times. Selection of significant activation is determined by
Each participant was asked to have a MRI scasetting the display threshold to 25% of the maximum
performed. The MRI scans were used to co-register theortical source amplitude (color coded blue, in figures),
MEG data to specific locations in the cortex of eaclwhich accounts for 5 to 10 percent of the cortex. ityil
participant. This allowed for a precise localizationtteé  locations for which the amplitudes are above 80 % of
anatomical landmarks and cortical activation areamaximum amplitude are color coded red. These sites
associated with the tasks (0-650 ms following stimulusepresent 0.3 percent of the cortex (9 out of 2900 sites).
presentation). All MEG study data were digitally fillgre-  For the MR-FOCUSS solution in this study, approximately
50 Hz. For each condition 0-650 ms of averaged data (660 percent of all source locations have amplitudes less tha
80 trials) was analyzed with MR-FOCUSS. All four blocks0.5% of the maximum amplitude. At these setting, MR-
were averaged for the analysis of the data in Conditlons FOCUSS preferentially images signal over noise.
and 3 of the CPT study. For each subject the latemcy (i
ms), location (x,y,z coordinates), and average amplitdide o lll. RESULTS
response (hanoAmp-meter) were extracted from the MR-
FOCUSS [8] |mag|ng results for each Cognitive process The results collected during the Visual-CPT and the SIT
Step_ VECMF's were ana|yzed at the time of data code distinguished a 39 year old Male ADHD patient and a 48
by ECD. year old Female ADHD patient from their matched normal
MR-FOCUSS [8, 9], a current density source imaging:ontrol subjects (NC) along several dimensions oficart
technique, was applied to the data to locate possibRetivation. The following results highlight the fingis for
extended areas of cortical activation associated wigset Frontal and Parietal cortical regions known to be ieglin
tasks. The MR-FOCUSS technique employs a discret@e control of attention and executive control [11]LE#,
model of approximately 3000 x, y, and z oriented curreri®=Right, B= Bilateral, F= Frontal Cortex, P= Parietal
dipole source locations matched to the distribution ofortex, I=Inferior, S= Superior, D= Dorsolateral.
cortical gray matter derived from each subject's MRI
volumetric slice sequence. The accuracy of forward modé} Visual Continuous Performance Test
calculations is enhanced by utilizing a spherical model of During the state of maintained vigilance in Condition 1,
the head exactly matched to local skull curvature for §oth the Male and Female NC subjects showed greater
different regions of the brain, corresponding to theatfro activation (250-450 ms post-stimulus) of left hemispheric
middle and back of each hemisphere. Typically, carrerProcessing (LIF). The ADHD patients showed more
density |mag|ng techniques are characterized by po(yyidespread cortical activation with greater activityth‘e
resolution of compact source activity. However, MR-fight hemisphere during this interval. The Male anthé&le
FOCUSS overcomes this weakness of generalized curréddE subjects showed LIF activation with a brief spread to
density imaging filters by performing a recursive refinemenRIF at the end of this interval. The Male ADHD patien
of an initial estimate of cortical activity at eacté point of ~Showed activation of attention resources in BSP, Lz,
data. The mathematical optimization performed by tfie M RIF cortex, whereas the Female ADHD patient showed a
FOCUSS algorithm is designed to avoid imaging of nois€rolonged activation of resources in BIF, LDF, and BSF
contained in the data. Noise insensitivity is furthelCortex.
enhanced because MR-FOCUSS uses a multiresolution In Condition 2 during the allocation of selective
wavelet representation of cortical activity as wal a attention, both the Male and Female NC subjects showed
conjugate gradient solution of the imaging equations t@reater activation of left hemispheric processingF]LI
avoid inversion of ill-conditioned matrices. In additighe Vversus greater right hemispheric activation in the ADHD
MR-FOCUSS wavelet representation of cortical activity i Patients during the 250 — 350 ms post-stimulus interval. The
used to control both the global and focal distribution ofMale NC subject showed mainly LIF activation during this
imaged activity. Cortical activity is efficiently lcalated ~ interval with a brief activation of RIF at the enthe
using a least squares solution for a small set of wavel&emale NC showed only activation of LIF cortex. Thalé/
amplitudes rather than the weighted minimum nornADHD (Fig. 1) patient showed activation of attention
technique used in the FOCUSS [10] iterative algorithmfesources in RIF cortex (287-360 ms) and LDF (318 ms),
MR-FOCUSS, like all MEG imaging techniques, Whereas the Female ADHD patient (Fig. 2) showed
incorporates mathematical constraints that limit the
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activation of RSF cortex (291 ms) followed by activation
BIF (329-356 ms).

E
g

R< >L R< >L B < >F

Fig. 1. Activation of Right Inferior Frontal anceft Dorsolateral
Frontal cortex in Male ADHD patient at 318 ms pstiaulus
of CPT- Condition 2.
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Fig. 2. Activation of Right Superior Frontal cotten Female ADHD

patient at 291 ms post-stimulus of CPT — Condiflon
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Fig. 3. Activation of Right and Left Inferior Frtal and Right
Superior and Dorsolateral Frontal, and Right Rakieortex in Male
ADHD at 350 ms post-stimulus of CPT- Condition 3.
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Fig. 4. Activation of Right Inferior Frontal cortén Female
ADHD patient at 376 ms post-stimulus of CPT — Cdindi3.
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During the preparation of a response in Condition 3,
both the male and female NC subjects showed greater
activation of the left hemisphere during the 300 — 400 ms
post-stimulus interval, whereas the ADHD patients showed
greater right hemispheric activation. The Male NGvasd
activation restricted to LIF, LDF, and LSF cortex, wes
the Female NC showed brief RF cortical activatiomnglo
with the same regions in LF cortex. The Male ADHD
patient (Fig. 3) showed activation of RSF, RDF, and RIF
cortex, as well as LSF, LIF and LSP cortex in Condition 3.
The Female ADHD patient (Fig. 4) showed less diffuse
activation, which was limited to RIF and LIF cortex.

B. Sroop Interference Test

In Condition 3A (high error rate reflecting poor
executive control), both the Male and Female NC subjects
showed wide-spread bilateral activation during the 200 —
500 ms post-stimulus interval. This activation occurred in
the BIP, BSP, and BIF cortex of the Male NC, wheréa
occurred in the BIF, LSF, LDF, and RIP cortex of the
Female NC. Conversely, the Male ADHD patient showed
only a delayed activation of LF and LIP cortex. The &em
ADHD patient showed activation of RIF cortex at thenea
time as the Female NC (266 ms versus 272 ms,
respectively), but the Female ADHD patient showed
activation of no additional cortical resources during this
challenging condition.

In Condition 3B (low error rate reflecting good
executive control), the Female NC subject and both Male
and Female ADHD patients showed activation of right
hemispheric processing (RIF). In each case, the ld-Léh
activation found in the 200-450 ms post-stimulus interval
found for the high error Condition 3A ceased. The Male NC
subject was unique by showing activation of the left
hemisphere (LIP and LSP). The activation of right
hemisphere processing (RIP, RSP, and RIF) that wasgl foun
in the high error Condition 3A ceased for the Male NC.

IV. DISCUSSION

ADHD may be associated during vigilance (CPT-
Condition 1) with right rather than left hemisphere
activation and a lack of activation of Left Inferidceft
Superior, and Left Dorsolateral Frontal cortex andhtéilal
Parietal cortex at ~300 ms relative to normal. Theag be
a sex difference in the processing activated withirrityie
hemisphere patients, with Right Superior Parietal aigitR
Inferior Frontal activation in Male ADHD and Right
Superior and Inferior Frontal activation in Female ADHD.
When selective attention is engaged (CPT-Condition 2),
ADHD may be associated with a lack of activation oftLe
Inferior Frontal Cortex relative to normal. Rightohtal
processing may be uniquely characteristic of the ADHD
brain during the 250 — 350 ms interval following a stimulus
attended to selectively. This Right Frontal cortiaziheation
may be prolonged beyond 400 ms in Female ADHD. When
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a response is prepared to a cued target (CPT-Conditjon 3)
ADHD may be associated with a lack of right hemispgheri
activation relative to normal. In addition, Male ADHBay

be associated with a greater activation of Left étakiand
Left Frontal cortex at ~300 ms relative to normalwad as
more widespread activation in Right Frontal and Parietal
cortex at 350 ms, when only the Left Inferior Frontaitex

is activated in normal processing. Female ADHD may be
uniquely characterized by the activation of Right Superior
Frontal cortex during selective response preparation,
whereas Male ADHD may be uniquely characterized by
activation of Right Dorsolateral Frontal and Right tide
Frontal processing during the 250 — 375 ms post-stimulus
interval.

The Stroop Interference Test results suggest that ADHD
in both males and females may be associated with agéduc
level of activation of attention processing in Bilaler
Parietal and Frontal cortex (~200-320 ms) relative to
normal. When the executive control of responses (Camditi
3A) is dysfunctional due to challenging task demands, Male
ADHD may be associated with a lack of normal actorati
of Bilateral Inferior and Superior Parietal cortex 206 ms
In addition, Male ADHD may be associated with a latk o
normal activation of Bilateral Inferior Frontal coxtat ~300
ms Female ADHD may be associated with a decrease in
executive control relative to normal, with only brief
activation of Right Inferior Frontal cortex at approzitaly
275 ms post-stimulus. When the executive control of
responses is functional (Condition 3B), ADHD may be
associated with Right Inferior Frontal activation. The
activation of Left Inferior and Superior Parietal eortat
~258 ms in the normal male may be absent or reduced in
both Male and Female ADHD, as well as in normal fesiale

V. CONCLUSION

Due to the limited number of subjects tested soHar t
results should be interpreted cautiously. This study suggests
however, thatMEG imaging techniques may be used in
determining the structure, activation sequence, and dtrengt
of neuronal interaction during visual attention and the
executive control of responses. In addition, this study
indicates that MEG should increase the understanding of
how attention and other forms of executive control odgur
those diagnosed with ADHD. MEG studies may help refine
the diagnosis of subtypes of ADHD, as well as sex
differences in the pattern of ADHD, leading to selectinel
more effective behavioral and pharmacological treatroén
these subtypes. Sex differences in cortical contribsition
the control of attention [11] may be relevant to ddeisin
research focused on the neurosubstrates of ADHD. In
addition, MEG studies may help to elucidate the generators
of the neurophysiological event-related potentials, both
normal and those affected by ADHD [e.g., 12, 13].

61

4 of 4

ACKNOWLEDGMENT

Supported by NIH/NINDS Grant RO1-NS3091.

REFERENCES

[1] Diagnosis and Treatment of Attention Deficit Hyperactivity
Disorder. NIH Consensus Statement Online 1998 Nov 16-18;
[http://consensus.nih.gov/cons/110/110_statement.htm]; 16(2):
1-37.

[2] American Psychiatric AssociatioBpmmittee on Nomenclature
and Statistics: Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition, Washington, D.C.:American Psychiatric
Association, 1994.

[3] Conners, C.K., “The Conners Rating Scales: idsginical
assessment, treatment planning and researcblaof
Psychological Testing for Treatment Planning and Outcome
Assessment, M. Maruish, Ed., Hillsdale, NJ: L. Erlbaum, 1994.
[4] Ward, M.F., Wender, P.H. & Reinherr, F.W., ‘@Wender
Utah Rating Scale: An aid in the retrospective dagis of
childhood attention deficit hyperactivity disordeAmerican
Journal of Psychiatry, vol. 150, no. 6, pp. 885-890 1993.

[5] Bowyer, S.M., Mason, K., Tepley, N., Smith, B.Barkley,
G.L., “MEG validation parameters for clinical evation of
interictal epileptic activity,"J Clin Neurophysiol., vol. 20, no. 2,
pp. 87-93, 2003.

[6] Ricco, C.A., Reynolds, C.R., Lowe, P., MooreJ.J “The
continuous performance: a window on the neural tsates for
attention?”Archives of Clinical Neuropsychology, vol. 17, pp.
235-72, 2002.

[7]1 Stroop, J.R., “Studies of interference in akvierbal reactions,”
Journal of Experimental Psychology, vol. 28, pp. 643-62, 1935.

[8] Bowyer, S.M., Moran, J.M., Mason, J.E., Consitaou, B.J.
Smith, L., Barkley, G.L., Tepley, N., “MEG localizan of
language specific cortex utilizing MR-FOCUSS\eurology,
Vol. 62, pp. 2247-2255, 2004.

[9] Moran J.E., Bowyer, S.M., Tepley, N.,“Multi-resolution
FOCUSS source imaging of MEG data,”. in 3rd Intéioral
Symposium on 7 Noninvasive Functional Source Imggin
within the Human Brain and HeaBiomedizinische Technik,
vol. 46, pp. 112-14, 2001.

[10] Gorodnitsky, IF., George, J.S., Rao, B.D., tikmmagnetic
source imaging with FOCUSS: a recursive weightedimmim
norm algorithm,” Electroencephalography and Clinical
Neurophysiology, vol. 95, pp. 231-251, 1995.

[11] Nagel-Leiby, S., Buchtel, H.A., Welch, K.M.ACerebral
control of directed visual attention andeanting saccades,”
Brain, vol. 113, pp. 237-76, 1990.

[12] Makeig, S., Westerfield, M., Jung, T-P., Cayon, J.,
Townsend, J., Sejnowski, J., Courchesne, E., “Fomaily
independent components of late positive eventedlg@ibtential
during spatial attention,The Journal of Neuroscience, vol. 19,
no. 7, pp. 2665-2680, 1999.

[13] Overtoom, C.C.E., Verbaten, M.N., Kemner, ‘@ssociations
between event-related potentials and measuredeftian and
inhibition in the continuous performance task irldiien with
ADHD and normal controls,Journal of the American Academy
of Child and Adolescent Psychiatry, vol. 37, no. 9, pp. 977-085,
1998.



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

	header01: IJBEM
Vol. 7, No. 2, 2005
	01: 58
	header02: IJBEM
Vol. 7, No. 2, 2005
	02: 59
	header03: IJBEM
Vol. 7, No. 2, 2005
	03: 60
	header04: IJBEM
Vol. 7, No. 2, 2005
	04: 61


