SUPPLEMENTARY MATERIAL
Methods

Participants

Thirty medication-naive right-handed boys between 10-17 years with a clinical diagnosis of inattentive/hyperactive-impulsive combined subtype of ADHD (DSM-IV-TR)(American Psychiatric Association, 2000) were recruited through clinics. Twenty-one right-handed healthy boys (between 10-17 years) were recruited through advertisement in the same geographical South London area. ADHD diagnosis was determined by a multidisciplinary clinical team through a comprehensive clinical assessment. This included information from semi-structured clinical assessment interviews with parents/carers, questionnaires from parents and teachers, school reports, developmental history, cognitive assessments and behavioural observation of the child. The presence of learning disability was concluded from the information provided by parents and school during the clinical and cognitive assessments, or by the presence of significant discrepancies between verbal and performance IQ subscores, which is considered as an indicator of potential learning difficulties. 


Eleven participants (1 control, 10 ADHD boys) were excluded due to: above clinical threshold on the CPRS-R score in one control subject, IQ <70 (N=1), excessive motion parameters (>3mm)(N=1), neurological abnormalities detected at the scan (N=1), technical problems that led to loss of data (N=2), inability to tolerate the scanning situation (N=4) or braces (N=1). Thus, the final sample consisted of 20 healthy control boys and 20 medication-naïve children with ADHD. 

fMRI Imaging acquisition and analysis

XBAM uses median statistics to control for outlier effects and permutation rather than normal theory-based inference. Furthermore, the most common test statistic is computed by standardising for individual difference in residual noise before embarking on second level, multi-subject testing using robust permutation-based methods. This allows a mixed effects approach to analysis recommended for fMRI(Thirion et al., 2007). 

fMRI data were first processed to minimise motion related artifacts (Bullmore et al., 1999a). A 3D volume consisting of the average intensity at each voxel over the whole experiment was calculated and used as a template. The 3D image volume at each time point was then realigned to this template by computing the combination of rotations (around the x y and z axes) and translations (in x y and z) that maximised the correlation between the image intensities of the volume in question and the template (rigid body registration). Following realignment, data were then smoothed using a Gaussian filter (FWHM, 7.2mm) to improve the signal to noise characteristics of the images. 
After preprocessing, time series analysis for each individual subject was based on a wavelet-based data resampling method for functional MRI data 
 ADDIN EN.CITE 
(Bullmore et al., 2001, Bullmore et al., 1999a)
. We convolved each experimental condition (1-Back; 2-Back; 3-Back; contrasted with 0-Back) with two Poisson model functions (peaking at 4s and 8s) after motion correction, global detrending and spin-excitation history correction. We then calculated the weighted sum of these two convolutions that gave the best fit (least-squares) to the time series at each voxel. A goodness-of-fit statistic (the SSQ-ratio) was then computed at each voxel consisting of the ratio of the sum of squares of deviations from the mean intensity value due to the model (fitted time series) divided by the sum of squares due to the residuals (original time series minus model time series). The appropriate null distribution for assessing significance of any given SSQ-ratio was established using a wavelet-based data re-sampling method (Bullmore et al., 2001) and applying the model-fitting process to the re-sampled data. This process was repeated 20 times at each voxel and the data combined over all voxels, resulting in 20 null parametric maps of SSQ-ratio for each subject, which were combined to give the overall null distribution of SSQ-ratio. The same permutation strategy was applied at each voxel to preserve spatial correlation structure in the data. 
A group activation map was then produced for each of the experimental conditions (1-Back; 2-Back; 3-Back, each separately contrasted with 0-Back) by calculating the median SSQ-ratio over all subjects at each voxel in standard space and testing them against the null distribution of median SSQ-ratios computed from the identically transformed wavelet re-sampled data (Brammer et al., 1997). The voxel-level threshold was first set to p <0.05 to give maximum sensitivity and to avoid type II errors. Next, a cluster-level threshold was computed for the resulting 3D voxel clusters such that the final expected number of type I error clusters was <1 per whole brain. Cluster mass rather than a cluster extent threshold was used, to minimise discrimination against possible small, strongly responding foci of activation (Bullmore et al., 1999b). This combined voxel/cluster tests coupled with permutation testing allow for type I error control at the cluster level 


(Bullmore et al., 1999a, Bullmore et al., 1999b) ADDIN EN.CITE . For each analysis, <1 false positive 3D cluster per map were expected at a p-value of <0.05 at the voxel-level and <0.01 at the cluster-level.
In both ANOVA designs, we used randomization-based tests for voxel or cluster-wise differences (Bullmore et al., 1999b). Less than 1 false activated cluster was expected at a p-value of p<.05 for voxel and p<.01 for cluster comparisons. Thus, an expected cluster-level type I error rate of <1 per brain was achieved by first applying a voxel-level threshold of p<.05 followed by thresholding the mass of the 3D clusters formed from the voxels that survived this initial step at a cluster-level threshold of p<.01. The cluster level threshold of p<.01, was therefore not applied to the whole brain (which would be lenient) but rather to the data previously thresholded at a voxel-wise level of p<.05. The necessary combination of voxel and cluster level thresholds is not assumed from theory but rather determined by direct permutation for each data set. In large connected clusters, we identified local maxima that were farther apart than the upper bound of the likely Talairach mapping error (3 voxel radius:10 mm) (Thirion et al., 2007). Voxels were then assigned to the nearest local maximum with a statistic value that exceeded that of the voxels.
Results
Brain activation within groups

During the easier condition (2-Back), controls showed activation in bilateral dorsolateral prefrontal cortices (DLPFC), extending to inferior prefrontal cortex (IFC), bilateral thalamus, superior temporal (STL), inferior parietal gyri (IPL), precuneus and occipital regions. Additional activation was observed during the more difficult condition (3-Back) in the left caudate body extending to mid-cingulate gyrus, as well as in the dorsal anterior cingulate (ACC) extending to the supplementary motor area (SMA) (Supplementary Table 2, Supplementary Figure 1).

Boys with ADHD under placebo showed activation during the easier 2-Back condition in bilateral IFC, medial and superior frontal regions (MFC and SFC, respectively), ACC, striatum, precuneus, IPL and superior parietal lobe (SPL), as well as in the right lingual cortex. These regions were also activated during the more difficult 3-Back condition of the task, with bigger cluster sizes especially in the striatum, and with additional activation in the cerebellar vermis, subthalamic nuclei and in left parahippocampal gyrus (Supplementary Table 2, Supplementary Figure 1).

After acute MPH administration, boys with ADHD during the easier condition (2-Back) showed activation in bilateral inferior, middle and superior frontal brain regions, precentral cortices, striatum, thalamus, insula, dorsal ACC, precuneus, IPL, subthalamic nuclei and the cerebellar vermis. During the more difficult condition (3-Back), activation was observed in the same brain regions, but extending further into the cerebellum and subthalamic nuclei, and with less activation in frontal and striatal regions (Supplementary Table 2, Supplementary Figure 1). 

Boys with ADHD under a single dose of ATX showed activation during the easy condition in bilateral IFC, MFC and SFC, ACC and SMA, striatum, thalamus, insula, temporo-parietal regions, cuneus, precuneus and subthalamic nuclei. The same regions were activated during the difficult condition, but more extensively, with the exception of temporal regions that were no longer observed, and with additional activation in the cerebellar vermis (Supplementary Table 2, Supplementary Figure 1). 

Effect size comparisons of case-control conditions to test for significant “normalization” effects

When comparing two effect sizes, the z-test can evaluate the likelihood of whether they are significantly heterogeneous. The difference between the two effect sizes can be considered a normalized variable, where the standard error of the difference is a combination of the standard errors of the two comparisons. Based upon this, the probability of a Type I error can be calculated using the formula: p (α) = (es1 - es2) / sqrt(se12 + se22).
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Supplementary Figure 1. Within-group brain activation maps for the three task conditions. Axial sections showing within-group brain activation for the healthy comparison boys and boys with ADHD under each condition (placebo, MPH, ATX) for the contrasts a) 2-Back versus 0-Back, b) 3-Back versus 0-back. Talairach z-coordinates are indicated for slice distance (in mm) from the intercommissural line.
Supplementary Table 1.  Sample characteristics for healthy control boys and patients with ADHD.

	Variables
	Controls (20)

Mean (SD)
	ADHD (20)

Mean (SD)

	Age (months)
	164 (29)
	156 (19)

	IQ
	114 (11)
	91 (11)

	SDQ Hyperactive-impulsive/

Inattentive Subscale
	1(2)
	8 (2)

	SDQ – Total scores 
	4 (5)
	21 (6)

	SCQ Total
	1 (1)
	9 (5)

	CPRS-R Total T score
	44 (5)
	78 (11)


Supplementary Table 2. Brain Activation within each group 

	Brain regions of activation 
	Brodman area (BA)


	Peak Talairach coordinates

(x;y;z)
	N of voxels
	P value

	a) 1-Back

	Healthy control boys

R medial/superior frontal gyri

L inferior/medial frontal/premotor gyri
R postcentral/inferior parietal gyri
L inferior/superior parietal gyri
Boys with ADHD under PLACEBO

R medial/superior frontal gyri
L medial frontal gyrus
L inferior frontal/caudate/putamen/pre/postcentral/insula/superior temporal/inferior parietal gyri 

R caudate/putamen/premotor/insula/anterior cingulate gyri

R inferior parietal gyrus
Boys with ADHD under MPH

L inferior/medial frontal/premotor gyri/insula

L inferior frontal gyrus
L inferior parietal gyrus
R inferior parietal gyrus/cunues/precuneus

R medial/inferior temporal gyri

L medial/inferior temporal/medial occipital/fusiform gyri
R + L vermis cerebellum/subthalamic nuclei

Boys with ADHD under ATX

R inferior/medial/superior frontal/premotor gyri
L inferior frontal gyri/insula/lenticular nucleus/thalamus

R anterior cingulate/medial frontal/premotor/caudate/putamen/thalamus/insula

R putamen/thalamus/insulamedial/superior temporal gyri 

L medial temporal/fusiform gyri/caudate tail

R inferior parietal/postcentral gyri
R + L vermis cerebellum/subthalamic nuclei
	46/9/8

44/8/9/6

2/40
40/7
9/10/46

9/46

44/6/12/3/4/22/40

6/24/32

40
44/9/6

44
40

7/19/40
21/37

21/37/18/19

-

44/45/9/10/46/6
45/47

24/32/8/6

21/37/39/22

21/19

40/1/2/3
-
	40; 41; 26

-43; 11; 37

32; -44; 37

-29; -48; 37

36; 41; 20

-25; 33; 20

-43; 11; 4

11; 22; 26

43; -30; 37

-40; 7; 20

-58; -15; 4

-40; -37; 26

29; -41; 31

51; -56; 13

-43; -67; -13

4; -26; -13

29; 33; 26

-29; 30; -2

18; 4; 4

40; -33; 4
-32; -37; -2

32; -44; 31

40; -52; -2
	98

47

86

26

103

40

190

 135

37

45

22

29

88

25

61

76

186

209

130

102

53

32

35
	<0.001

0.004

<0.001

0.009

<0.001

0.002

<0.001

<0.001

0.002

0.001

0.005

0.005

<0.001

0.005

0.002

<0.001

<0.001

< 0.001

<0.001

<0.001

0.001

0.001

0.004

	b) 2-Back

	Healthy control boys
R medial/superior/inferior frontal gyri

L medial/superior/inferior frontal gyri

R anterior cingulate gyrus

R & L thalamus

L superior temporal/inferior parietal gyri

R cuneus/precuneus/middle/superior occipital/inferior parietal gyri

L precuneus/occipital/medial temporal/inferior parietal gyri

Boys with ADHD under PLACEBO

R inferior frontal gyrus/insula/caudate/putamen

R superior/medial frontal gyri

L inferior/middle/superior frontal/pre/postcentral gyri/caudate/putamen/thalamus
R + L anterior cingulate gyrus

R subthalamic nuclei/thalamus

R lingual/middle temporal gyri

R precuneus/inferior/superior parietal gyri

L superior occipital gyrus/cuneus
Boys with ADHD under MPH

R + L inferior frontal/middle/precentral gyri/insula/caudate/putamen/thalamus

R middle/superior frontal gyri

R + L anterior cingulate gyrus

R + L inferior parietal gyrus/precuneus /superior temporal gyri 

L inferior/medial temporal/medial occipital/fuisform gyri

R superior temporal/ inferior parietal gyri

R fusifurm gyrus
Boys with ADHD under ATX

R inferior/middle/superior frontal/precentral gyri/insula/caudate/putamen/globus pallidus/thalamus, R + L subthalamic nuclei/L globus pallidus 

R + L mesial frontal/anterior cingulate/supplementary motor area

L medial temporal gyri

R inferior parietal/medial temporal/precuneus

L inferior parietal/superior temporal gyri/cuneus/precuneus
	10/46/9/8/44

10/46/9/8/45

24/32

-

22/40

7/18/19/40

7/19/39/40

44/45/47

9/10/46

44/45/47/46/9/10/6/4

24/32

-

18/37

18/19/7/40

19

44/45/47/9/10/46/6

46/10/9

32

40/7/19/39

37/21/19

22/40

19

44/45/47/46/9/10/6

8/32/6

21/38

40/39/7/19

40/22/19/7
	36; 37; 26
-36; 22; 31

11; 18; 37

-4; -18; 9
-40; -48; 20
29; -63; 42

-32; -48; 37

29; 26; -2
36; 30; 26

-25; 26; 4

11; 37; 9

7; -11; -13
29; -55; 4

11; -59; 37

-18; -59; 26

-29; 26;-2

40; 41; 26

11; 30; 9

32; -41; 31

-36; -52; -13

51; -37; 9

40; -41; -18
29; 48; 9

-4; 18; 37

-32; -41; -7

32; -48; 31

-32; -48; 31
	287
233

37
53
27
196
129
133
187
304
57
45
26

128
33
967
105
13

257
43

36
28
926
79
48

83

75
	<0.001

<0.001

0.005

0.003
0.007
<0.001

<0.001

<0.001

<0.001

<0.001

0.002
0.008
0.009

<0.001

0.007

<0.001

<0.001

0.007

<0.001

0.005
0.006
0.006

<0.001

<0.001

0.004
<0.001

<0.001

	c) 3-Back

	Healthy control boys

L inferior frontal gyrus/putamen

R superior/middle/inferior frontal gyri

L superior/middle/inferior frontal gyri

R + L dorsal anterior cingulate/supplementary motor area

L thalamus/caudate body/mid-cingulate gyrus

L thalamus/subthalamic nuclei

R cuneus/precuneus/superior occipital/inferior/superior parietal gyri

L precuneus/superior occipital/inferior/superior parietal gyri 

Boys with ADHD under PLACEBO

R + L inferior/middle/superior frontal/precentral gyri/caudate/putamen/thalamus/nucleus accumbens/subthalamic nuclei /hippocampus/parahippocampal/lingual gyri
L inferior frontal gyrus

R + L anterior cingulate gyrus

R + L anterior cingulate gyrus

R + L inferior/superior parietal/superior occipital/precuneus

L, cerebellar vermis

Boys with ADHD under MPH

R middle/superior frontal gyri

L inferior frontal gyrus
L inferior/middle/superior frontal/precentral/insula/R + L caudate/putamen/globus pallidus/thalamus/subthalamic nuclei/L superior temporal/fusiform gyri

R + L inferior parietal/precuneus/R postcentral gyri

Boys with ADHD under ATX

L middle frontal gyrus

R inferior parietal gyrus/precuneus

L inferior /middle frontal/precentral gyri

R + L inferior frontal/anterior cingulate/supplementary motor/R middle/superior frontal/R + L caudate/putamen/globus pallidus/thalamus/subthalamic nuclei/cerebellum (vermis)

R + L precuneus

L inferior parietal gyrus
	47/45

9/46/8/44

9/46/8/44

24/32/6

23

-

19/7/40

19/7/40

44/45/47/46/9/10

44

32

32

40/7/18/19

-
10/46

47
44/45/9/10/6/22/19

40/7/19/1/2

10/46

40/19/7

44/45/9/6

44/45/47/24/32/6/9/10/46

7

40
	-25; 26; -7

32; 30; 31

-22; 41; 37
11; 26; 26

-7; -7; 9

4; -18; -7

29; -63; 26
-22; -63; 42
-22; 59; 9

-36; 4; 26

-4; 26; 31

7; 26; 20

29; -44; 31

25; -33; -29
26; 55; 4

-54; 37; -13

-40; 26; 26

32; -41; 31

-36; 48; 4

36; -48; 31

-36; 22; 26

-25; 26; -2
7:-67; 37

-32; -48; 31
	42
258
234

82
38

54
133
143
965

31
18
23

268
32
46

18
624
339

58
69
90
1134
40
83
	0.006
<0.001

<0.001

<0.001

0.007

0.007
<0.001

<0.001

<0.001

0.005

0.006
0.007

<0.001

0.006

<0.001

0.009

<0.001

<0.001

0.001

<0.001

<0.001

<0.001

0.008
<0.001


Note: N voxels = number of voxels. L = left; R = right. The maps are thresholded to give less than 1 Type I 3D error cluster per map. 
	Cluster
	BOLD signal
	Comparison
	z value
	p value

	R DLPFC
	Controls: 0.024669


	C-Placebo

C-MPH
	1.218563


	0.11



	
	ADHD placebo:-0.00032


	C-Placebo

C-ATX
	-0.64919


	0.26



	
	ADHD MPH: -0.00782


	C-MPH

C-ATX
	-1.8742


	0.03



	
	ADHD ATX: 0.003879


	
	
	

	R IFC-THALAMUS-STRIATUM

(from C vs ATX case-control comparison)
	Controls: -0.0065


	C-Placebo

C-MPH
	-0.33672


	0.37



	
	ADHD placebo: 0.00468
	C-Placebo

C-ATX
	-2.43446


	0.007



	
	ADHD MPH: 0.005848


	C-MPH

C-ATX
	-1.81309


	0.03



	
	ADHD ATX: 0.012621


	
	
	

	R STG-STRIATUM

(from C vs MPH case-control comparison)
	Controls: -0.01081


	C-Placebo

C-MPH
	-2.62937


	0.004



	
	ADHD placebo:-0.00245


	C-Placebo

C-ATX
	-0.92845


	0.18



	
	ADHD MPH: 0.00586


	C-MPH

C-ATX
	1.602936


	0.05



	
	ADHD ATX: 0.000538


	
	
	


Supplementary Table 3. Results of the z-test to test the significance of the differences of the effect sizes of the comparisons between all case-control conditions (ADHD placebo versus controls; ADHD MPH versus Controls; ADHD ATX versus Controls; and ADHD ATX versus ADHD MPH). This was conducted to test for the significance of the normalisation effects in the brain region that was reduced in ADHD under placebo and normalised with ATX (right dorsolateral prefrontal cortex) and to test for the significance of the upregulation effects of MPH and ATX on the two brain activation clusters that were significantly enhanced under MPH and ATX (respectively) relative to controls.  
Note:  C= Healthy control boys; Placebo= ADHD boys under placebo; MPH= ADHD boys under Methylphenidate; ATX= ADHD boys under Atomoxetine; R= right; L = left; VLPFC= Ventrolateral prefrontal cortex; OCC-CB= occipito-cerebellum; TL= Temporal Lobe; BOLD= Blood Oxygen-Level Dependent.
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