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eAppendix 1. Detailed methods for image acquisition and pre-processing 
 

MRI and MRI-to-PET coordinate procedures 

Three-dimensional magnetic resonance imaging (MRI) was performed just before the PET examination using a 

0.3-T MRI unit (MRP7000AD; Hitachi Medical Corp.) and the following acquisition parameters: repetition time, 200 

msec; echo time, 23 msec; flip angle, 75°; slice thickness, 2 mm with no gap; and matrix, 256 × 256. In reference to the 

measurements of the tilt angle and spatial coordinates obtained in the procedure for determining the anterior-posterior 

intercommissural (AC-PC) line on each participant’s sagittal MRIs, a PET gantry was set parallel to the AC-PC line by 

tilting and moving the gantry for each participant, which permitted reconstruction of the PET images parallel to the 

AC-PC line without reslicing. Using this approach, we were able to allocate regions of interest to the target regions of 

the original PET images.1 

 

PET procedures 

PET was performed on a high resolution brain SHR12000 tomograph (Hamamatsu Photonics K.K.) having an 

intrinsic resolution of 2.9 × 2.9 × 3.4 mm at full width at half maximum (FWHM) and a 163-mm axial field of view, 

yielding 47 image slices simultaneously.2 In quantitative PET brain imaging, the motion artifact is the important 

degrading factor. Therefore, we paid enormous attention to reduce motion of the participants. Head of participants were 

fixed by means of a radiosurgery-purpose thermoplastic face mask. During the following PET scans, no sedatives were 

administered, and two physicians and a nursing staff observed carefully whether the participant kept immobilized. After 

a 10-min transmission scan for attenuation correction using a 68Ge/68Ga source, 32 serial PET scans (time frames: 4 × 30 

sec, 20 × 60 sec, and 8 × 300 sec) were performed for 62 min after a bolus intravenous injection of a 380-MBq dose of 

[11C]MP4A. After back projection and filtering with a Hanning filter of a cut-off frequency of 0.2 cycles per pixel, the 

final reconstructed image resolution was 6.0 × 6.0 × 3.6 mm at FWHM. 

 

PET image analysis and kinetic modeling 

When it comes to the estimation of tracer dynamics, a different choice of the brain region would affect the result 

of calculated kinetic parameters due to the partial volume effect (PVE). Thus, the MRI voxel size was first adjusted to 

the PET voxel size 3-dimensionally using image processing software (Dr View; Asahi Kasei Co.) on a Sun workstation 

(HyperSPARC ss-20; Sun Microsystems). These reformatted MRIs with 3-dimensional scales and coordinates identical 

to those of the PET images were used as anatomic landmarks for the ROI setting, which allowed for minimization of the 

PVE.1,3,4 

Regional cerebrocortical acetylcholinesterase activities were estimated by reference tissue-based linear 

least-squares (RLS) analysis, the non-invasive quantification method of the acetylcholinesterase (AChE) activity in the 

human brain using [11C]MP4A.5 [11C]MP4A, an acetylcholine analog, is highly lipophilic and passes through the 

blood-brain barrier in proportion to regional cerebral blood flow. A portion of [11C]MP4A diffuses back into blood, 

whereas the remainder is hydrolyzed specifically by acetylcholinesterase into the hydrophilic metabolite, 

N-methyl-4-piperidinol, which is irreversibly trapped in the site of metabolic reaction. Given such characteristic of the 

tracer, RLS analysis uses a reference region with very high AChE activity, such as the cerebellum, in contrast to 
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reference methods for receptor tracers which use a reference devoid of specific binding. By applying the method of 

Blomqvist6, the following multi-linear equation is derived using the tissue input function in the reference region where 

the input function is considered equivalent to the time integral of the arterial input function: 

 
 where C(t) is the time-activity curve (TAC) from a cortical target region, and CRef(t) the TAC from the reference region. 

It can be solved using multi-linear regression, yielding three regression coefficients from which three parameters of 

interest can be calculated: R1 = K1/KRef
1 = p1, the delivery in the target region relative to the reference; k2 = −p3 −p2/p1, 

the rate of back-diffusion from brain to blood; k3 = p2/p1, the rate of tracer hydrolysis by AChE. Computer simulation 

studies showed that in brain regions with low AChE activity, such as neocortex, RLS analysis yielded k3 with almost 

same accuracy as the standard nonlinear least square analysis with the arterial input.5 

A target cortical region and the cerebellum as reference region were delineated on the reformatted MRIs from 

each participant and transfer onto the dynamic PET images. Using software PMOD 2.95 (PMOD Technologies Ltd., 

Switzerland), the regional k3 and R1 values were calculated by TACs from the target and reference regions, and 

parametric images for both values were generated in each participant. The extracerebral structures of both k3 and R1 

distribution maps were masked by demarcating cerebral regions on MRIs. Then both maps were normalized to Montreal 

Neurologic Institute (MNI) standard brain using statistical parametric mapping software (SPM5; 

http://www.fil.ion.ucl.ac.uk/spm). The masked and normalized distribution maps were then smoothed with a 7 mm 

FWHM Gaussian filter. 
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eAppendix 2. Voxel-based morphometry of [11C]MP4A PET participants 
 

Methods 

In order to investigate possible differences in the brain structures between ASD (n=20) and control groups (n=20), 

we conducted voxel-based morphometry (VBM). For this purpose, we used a 3-T MRI scanner (Signa Excite; General 

Electric Medical Systems, Milwaukee, Wisconsin) to obtain T1-weighted volumetric images scanned by the inversion 

recovery-prepared fast spoiled gradient recalled (FSPGR) acquisition protocol as follows: repetition time = 11.0 msec, 

echo time = 5.0 msec, Prep time = 450 msec, flip angle 20°, number of excitations = 1, FOV = 24.0 cm, matrix = 256 × 

256, auto-zero-fill interpolation [ZIP] 512, location per slab = 160, slices thickness = 1.2 mm, voxel size = 0.94 × 0.94 

× 1.2 mm). T1-weighted volumetric images were analyzed using the VBM5.1 toolbox 

(http://dbm.neuro.uni-jena.de/vbm) implemented in SPM5 with the default parameters. 

Data analysis was conducted in two steps. First, estimates of the absolute gray matter (GM), white matter (WM), 

and cerebrospinal fluid (CSF) volumes were obtained after the automatic brain segmentation procedure had been carried 

out by VBM5.1. The total intracranial volume (ICV) was calculated as the sum of the volumes of the GM, WM, and 

CSF. To assess the differences between the groups in segmented brain volumes, we conducted multivariate analysis of 

covariance (MANCOVA) using SPSS, with group (ASD and control) as a between-subject factor, and segmented brain 

regional absolute volume (GM, WM and CSF) as a within-subject factor, and age and ICV as covariates. The statistical 

significance level was set at P < .05. Second, for the GM analysis, the normalized, modulated, and smoothed GM image 

segments in each group were entered into a voxel-wise two-sample t-test analysis in SPM5. An absolute threshold mask 

of 0.30 was used to avoid possible edge effects around the border between GM and WM. The statistical threshold was 

set at P < .05 corrected for multiple comparisons (false discovery rate [FDR] correction). 

 

Results 

The absolute volumes of the segmented brain regions were estimated in two groups (Control vs. ASD, GM: 670.4 

± 50.0 vs. 720.6 ± 75.5; WM: 413.3 ± 39.1 vs. 449.8 ± 45.4; CSF: 396.2 ± 45.7 vs. 435.4 ± 47.8) (eFigure 1). The 

MANCOVA revealed no significant differences in volume between the two groups (GM: F1,36 = .377, P = .54; WM: 

F1,36 = .002, P = .97; CSF: F1,36 = .272, P = .61). 

We further conducted a voxel-wise two-sample t-test analysis of normalized and smoothed GM images using 

SPM5. As shown in eTable and eFigure 2, there were several clusters which tended to different from each other group 

at the voxel level (uncorrected P < .001). However, at the adjusted cluster level (corrected P < .05), there was no 

significant difference in GM volume between groups.  

In summary, these lines of the VBM study confirmed no volumetric changes even in the fusiform region in the 

ASD group, suggesting that the fusiform [11C]MP4A k3 reduction in the present study reflects the in vivo 

pathophysiological feature of ASD. 
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eTable. Areas showing differences in GM volume between the ASD and control groups at 

voxel-level (p < .001, uncorrected). 
 

Set−level  Cluster−level  Voxel−level  MNI Coordinate 
p c  pcorrected kE puncorrected  pcorrected T puncorrected  x y z 

ASD > Control 
0.217 6  0.875 331 0.303  0.591 4.39 0.000  41 28 −1 

   0.707 574 0.179  0.591 4.37 0.000  55 44 12 
       0.591 4.19 0.000  56 44 3 
   0.975 124 0.538  0.591 4.04 0.000  21 48 49 
   0.320 1240 0.056  0.591 3.98 0.000  60 −36 14 
   0.895 298 0.329  0.591 3.77 0.000  44 7 −24 
       0.591 3.52 0.001  42 −4 −18 
   0.963 161 0.478  0.591 3.77 0.000  61 8 −33 

ASD < Control 
0.569 4  0.873 335 0.300  0.717 4.48 0.000  19 41 14 

   0.931 232 0.390  0.717 4.30 0.000  6 −32 −4 
   0.588 744 0.129  0.717 3.92 0.000  2 60 −12 
       0.717 3.67 0.000  2 62 5 
   0.844 380 0.270  0.717 3.65 0.000  36 62 9 

 
ASD, autism spectrum disorders. MNI, Montreal Neurological Institute Atlas. 
Pcorrected, false discovery rate (FDR) corrected for multiple comparisons using the VBM toolbox. 
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