Supplemental Methods

Language assessments for autistic subjects

The severity of impairments in our sample of autistic patients precluded these children from completing a formalized language assessment battery. Most had short attention spans and were not able to attend to a request for more than a few minutes before becoming distracted. Measures of receptive and expressive language ability reported here are meant to further describe the severity of language disability in these patients. Assessments reported were derived from the Bilingual Aphasia Test – Monolingual version (BAT) and the Peabody Picture Vocabulary Test, as well as the verbal communication section of the Childhood Autism Rating Scale (CARS).  

Receptive language was assessed using portions of the above-mentioned tests and involved the child pointing to a picture that accurately described a sentence that was read. All patients were able to perform these tasks when simple canonical (subject, verb, object) sentence constructions were presented. However, only one subject was able to comprehend more complex grammatical constructions (i.e. passive voice). 

Expressive language was assessed during a 30 minute ‘free play’ session with the referring clinician. The number of words uttered by the child during this session was tallied from audio recordings taped throughout the session. Many of these autistic children had some form of verbal apraxia and words were counted only when others could understand what was uttered. For free play testing, each child sat in a playroom and chose to view a language-learning program, such as Leap Frog’s “the Letter Factory” or an interactive DVD such as Blues Clues. If no spontaneous utterance was heard after five minutes, then language was elicited via what Applied Behavior Analysis (ABA) calls “verbal operants” which distinguishes between echolalic and prompted utterances, and those produced to make a request or label something in the environment. Utterances were thus classified into those in response to a request or general question, and those uttered as a spontaneous request for need or gratification that were not replies to a question.

Anesthesia Management

Propofol dosages ranged from 150-250 mcg/kg/min during the structural portion of the MRI scan. Once fMRI was begun, the condition of somnolence produced by a steady state propofol dose was studied for one cycle of fMRI testing. Using the absence of movement artifacts on either end-tidal CO2 or pulse oximetry tracings, the propofol dose was reduced by 50 mcg/kg/min increments, using a technique previously described (Souweidane et al. , 1999). fMRI resumed at this lower anesthetic concentration. Scanning was stopped if gross patient movement occurred. All patients were ready for discharge from the recovery room within 1 hour of arrival. There were no reported complications from the administration of anesthesia. Permission was provided by parents of eligible patients to include these medical scans.

Large-scale functional connectivity analyses

SPM8 preprocessing 

Realigned T2*-weighted volumes were slice-time corrected, spatially transformed to the standard MNI brain and smoothed with a 8-mm full-width half-maximum Gaussian kernel. First-level regressors were created by convolving the onset of each stimulus epoch with the canonical HRF with duration of 15 seconds. Additional nuisance regressors included motion, global white matter and CSF signal.  Prior to extraction, each voxel’s time-series were adjusted for effects of interest by removal of the above nuisance effects.

ROI definition

Brain regions were parcellated by the Harvard-Oxford Cortical and Subcortical atlases and the AAL (cerebellum) atlas and were trimmed to ensure no overlap (Figure 3b). The time-series from each voxel in each region was extracted, segmented according to condition onsets and durations (incorporating a lag of 1 TR, or 3s, to account for the HRF), and concatenated across all conditions and subjects.  Singular Value Decomposition (SVD) was then applied to the m x n data matrix to reduce data dimensionality, where m = number of voxels in each region, and n = number of time points across all subjects and conditions (4080). For each region, eigenvariates that accounted for greater than 5% of the total variance across all subjects and conditions were used as ROIs for the whole-brain connectivity analysis. This resulted in 298 total time courses (eigenvariates) and ROIs (spatial eigenmaps) from the 133 initial regions. Concatenation across subjects was performed prior to data reduction in order to ensure that each ROI had identical, normalized spatial locations across all subjects.  ROI locations were defined in MNI coordinates at the peak value of each eigenmap.

DTI Analyses:

Definition of masks for tractography

An anatomical mask of Heschl’s gyrus (primary auditory cortex, A1) was defined as the seed for tractography. Anatomical masks were created in normal space using the Harvard-Oxford atlas probability distributions and transformed into individual DTI space to ensure the most systematic creation of individual masks. Voxels with probability values of over 20% were included. To exclude white matter from the seed mask, we multiplied each subjects’ seed mask by the binarized grey-matter skeleton for that subject (generated using FLIRT segmentation). This was done because we wished to track fiber projections originating from a specific cortical region only, otherwise seeding from a major white-matter track could lead to tractography of all projections from that track. 

Because there is a possibility that projections from A1 may differ between autistic and control groups, we first ran the tractography analysis from the seed masks to identify all tracts originating from A1 before specifying waypoint masks to isolate specific tracts. Inspection of projections from individual subjects confirmed that both patients and controls show expected dorsal and ventral white matter projections (Supplemental Figure S1a shows tracts for one representative subject from the A1 seed). To isolate dorsal and ventral tracts, waypoint masks were chosen based on known anatomy and confirmed by visual inspection of all tracts originating from the Heschl’s gyrus seed. 

For the dorsal tract, waypoint masks were defined by hand from color fractional anisotropy (FA) maps on a coronal slice along a clearly visible section of the posterior portion of the superior longitudinal fasciculus (SLF) and arcuate fasciculus (AF) (Supplemental Figure 1b). All hand-drawn masks were of the same cross-sectional volume consisting of 55 voxels, large enough to encompass the entire projection for all subjects. This method has been utilized in previous studies to isolate the arcuate fasciculus, which runs along the SLF 
 ADDIN EN.CITE 

(Glasser and Rilling, 2008, Nucifora et al. , 2005, Rilling et al. , 2008, Vernooij et al. , 2007)
. We specified the hand-drawn mask along SLF and IFG as waypoints, and the IFG for the termination mask. The IFG was determined anatomically from the Harvard-Oxford atlas.

For the ventral tract, we used the putamen, insula, and IFG as waypoints, and the IFG for the termination mask. All waypoint and target masks were derived from the Harvard-Oxford neuroanatomy atlas. Fibers of the ventral tract include the inferior occipito-frontal (IOF) fasciculus, which joins the uncinate fasciculus (UF) and connects to the frontal lobe via the extreme capsule. These fibers lie medial to the insula and lateral to the putamen 


(Makris and Pandya, 2009, Schmahmann and Pandya, 2006) ADDIN EN.CITE . Because the probability maps from the Harvard-Oxford neuroanatomy atlas for putamen and insula overlap and span across the white-matter pathways between the two gray matter regions, we used the conjunction of the putamen and insula as a waypoints for the ventral track (Supplemental Figure S1c). The alternative method using hand drawn waypoints would yield the same result.

Supplemental Figures
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Supplemental Figure S1. Waypoint masks for DTI tractagraphy. (a) Anatomically defined waypoint mask to isolate dorsal tracts (yellow) overlaid on color FA maps of an autistic subject. (b) Anatomically defined waypoint masks of the putamen (white) and insula cortex (yellow), which overlap to span the ventral white-matter tracts. 
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Supplemental Figure S2. fMRI activation during speech and song stimulation in sedated autistic patients. (a) Bilateral A1 activity was observed during both speech and song stimulation. Additional areas active during song include right and left IFG (yellow circles). (b) The song > speech contrast in the sedated autism group showed greater activation in left IFG and supramarginal gyrus (yellow circles).
Supplemental Tables

Peak Voxel Co-ordinates for fMRI and functional connectivity analyses

	(a) CONTROL GROUP

	
	
	MNI co-ordinates
	

	Speech 
	Hem
	x
	y
	z
	Z-max

	Primary Auditory Cortex
	L
	-44
	-30
	4
	5.7

	
	R
	44
	-30
	4
	5.17

	Superior Temporal Gyrus / Planum Temporale 
	L
	-58
	-30
	0
	5.87

	
	R
	52
	-28
	0
	5.57

	Middle Temporal Gyrus
	L
	-56
	-18
	-10
	4.36

	
	R
	48
	-24
	-10
	4.66

	Angular Gyrus
	L
	-52
	-64
	26
	4.29

	
	R
	54
	-58
	18
	3.35

	Inferior Frontal Gyrus
	L
	-52
	16
	2
	4.07

	
	R
	50
	18
	26
	4.31

	Medial Prefrontal Cortex
	L
	-2
	46
	34
	4.46

	
	R
	0
	28
	34
	5.55

	Precuneus
	L
	-4
	-62
	16
	4.76

	
	R
	2
	-60
	30
	3.96

	Posterior Cingulate Cortex
	L
	-4
	-54
	24
	4.59

	
	R
	6
	-50
	22
	4.06

	Thalamus
	L
	-4
	-14
	14
	3.99

	
	R
	2
	-12
	14
	4.14

	Supplemental Motor Area
	L
	-4
	6
	56
	3.32

	
	R
	2
	6
	58
	2.72

	Song (with vocals) 

	Auditory Cortex
	L
	-54
	-10
	6
	5.35

	
	R
	26
	-14
	2
	5.2

	Superior Temporal Gyrus
	L
	-62
	-26
	8
	5.2

	
	R
	62
	-30
	6
	5.38

	Inferior Frontal Gyrus
	R
	50
	16
	4
	2.32

	Thalamus
	L/R
	0
	-4
	8
	3.22

	Precuneus
	L
	-6
	-74
	24
	3.08

	Anterior Cingulate Cortex
	L/R
	0
	-8
	34
	2.83

	Cerebellum
	L
	-26
	-62
	-24
	3.78

	
	R
	26
	-58
	-24
	2.94

	Song (no vocals) 

	Auditory Cortex
	L
	-48
	-24
	8
	4.23

	
	R
	50
	-22
	8
	3.82

	Insula
	L
	-34
	18
	4
	3.04

	
	R
	40
	12
	4
	2.87

	Inferior Frontal Gyrus
	R
	48
	14
	16
	3.54

	(b) AUTISM GROUP
	 
	 
	 
	 
	 

	
	
	 MNI co-ordinates 
	

	Speech 
	Hem
	x
	y
	z
	Z-max

	Auditory Cortex
	L
	-52
	-20
	6
	5.41

	
	R
	62
	-12
	6
	5.53

	Superior Temporal Gyrus / Planum Temporale  
	L
	-58
	-36
	10
	4.18

	
	R
	66
	-28
	12
	3.72

	(b) song (with vocals)
	
	
	
	
	

	Primary Auditory Cortex
	L
	-46
	-22
	4
	5.32

	
	R
	50
	-20
	4
	5.26

	Superior Temporal Gyrus / Planum Temporale  
	L
	-58
	-36
	16
	4.6

	Inferior Frontal Gyrus 
	L
	-52
	10
	8
	2.75

	
	R
	52
	20
	10
	3.01

	Putamen
	L
	-18
	-4
	12
	2.25

	Thalamus
	L
	-8
	-26
	14
	2.34

	
	R
	2
	-14
	14
	2.57

	Brain stem
	L
	-4
	-30
	-12
	2.3

	
	R
	8
	-36
	-8
	2.59

	Song (No vocals)
	
	
	
	
	

	Primary Auditory Cortex
	L
	-44
	-26
	12
	4.02

	
	R
	56
	-10
	2
	3.1

	Inferior Frontal Cortex
	L
	-56
	16
	6
	2.96

	
	R
	56
	14
	18
	2.77

	Anterior Insula
	L
	-30
	22
	4
	2.97

	Frontal Pole
	L
	-30
	50
	4
	3.08

	Cerebellum
	L
	-34
	-76
	-26
	2.64

	
	R
	34
	-70
	-26
	3.07

	(c) CONTRASTS
	 
	 
	 
	 
	 

	
	
	MNI co-ordinates
	

	Speech: Control > Autism
	Hem
	x
	y
	z
	Z-max

	Superior Temporal Gyrus
	L
	-56
	-30
	-2
	4.17

	
	R
	54
	-28
	2
	3.85

	Middle Temporal Gyrus
	L
	-48
	-28
	-6
	3.98

	
	R
	48
	-22
	-10
	3.6

	Angular Gyrus
	L
	-50
	-58
	22
	3

	Inferior Frontal Gyrus
	L
	-46
	22
	6
	2.48

	Thalamus
	L
	-4
	-12
	8
	3.16

	
	R
	2
	-12
	12
	3.65

	Caudate
	L
	-12
	4
	14
	2.5

	
	R
	10
	10
	14
	2.9

	Middle Frontal Gyrus
	L
	-44
	14
	42
	3.27

	Superior Frontal Gyrus
	L
	-18
	30
	48
	3.22

	Posterior Cingulate Cortex
	L
	-4
	-54
	24
	3.43

	
	R
	4
	-48
	22
	3.16

	Song: Control > Autism
	 
	 
	 
	 
	 

	Precuneus/Cuneal Cortex
	L
	-6
	-76
	24
	2.81

	
	R
	6
	-79
	32
	2.55

	Lingual gyrus
	L
	-6
	-82
	2
	2.94

	
	R
	12
	-74
	12
	2.87

	Song: Autism > Control (uncorrected)
	 
	 
	 
	 

	Supramarginal gyrus
	L
	-54
	-40
	30
	2.37

	Lateral occipital cortex / Middle Temporal Gyrus
	L
	-52
	-62
	10
	2.76

	Planum Polare
	R
	60
	-4
	8
	2.48

	Inferior Frontal Gyrus
	L
	-58
	10
	10
	2.45

	Supplemental Motor Area
	L
	-6
	8
	60
	2.57

	Control: Speech > Song
	
	
	
	
	

	Superior Temporal Gyrus
	L
	-60
	-10
	-8
	4.78

	
	R
	54
	-34
	0
	3.53

	Middle Temporal Gyrus
	L
	-56
	-18
	-12
	5.01

	
	R
	62
	-20
	-8
	4.45

	Inferior Frontal Gyrus
	L
	-54
	10
	16
	4.09

	Middle Frontal Gyrus
	L
	-36
	12
	44
	4.2

	Superior Frontal Gyrus
	L
	0
	46
	38
	4.36

	Supplemental Motor Area
	L
	-10
	10
	62
	4.12

	precuneus
	L
	-4
	-62
	16
	4.61

	Posterior Cingulate Gyrus
	L
	-8
	-48
	34
	4.01

	
	R
	4
	-48
	12
	3.58

	Control: Song > Speech
	 
	 
	 
	 
	 

	Primary Auditory Cortex
	R
	52
	-22
	12
	2.84

	Planum Polare
	R
	54
	8
	-6
	3.02

	Insula
	R
	42
	-10
	-6
	3.2

	Supramarginal gyrus
	R
	42
	-42
	36
	2.8

	Autism: Song > Speech
	 
	 
	 
	 
	 

	Superior Temporal Gyrus
	L
	-60
	-26
	10
	3.35

	
	R
	66
	-18
	8
	3.31

	Inferior Frontal Gyrus
	L
	-54
	20
	12
	2.56

	
	R
	54
	12
	18
	2.58

	Thalamus
	L
	-14
	-16
	18
	2.02

	
	R
	10
	-12
	18
	2.6

	Superior Frontal Gyrus
	L
	0
	16
	58
	3.09

	Supplemental Motor Area
	L
	0
	6
	54
	3.44

	Occipital Fusiform Gyrus
	R
	20
	-76
	-12
	3.02

	
	L
	-26
	-70
	-22
	3.01


	(d) FUNCTIONAL CONNECTIVITY (Psychophysiological interaction, PPI)
	
	
	
	
	

	
	
	MNI co-ordinates
	

	Autism
	Hem
	x
	y
	z
	Z-max

	song > speech
	
	
	
	
	

	Angular Gyrus
	L
	-62
	-52
	14
	4.08

	Superior Temporal Gyrus / Planum Temporale 
	L
	-56
	-38
	6
	2.96

	
	
	
	
	
	


Table 2. MNI co-ordinates for peak cluster voxels for fMRI analyses. (a) Control group. (b) Autism group. (c) Control versus autism and song versus speech contrasts. (d) Psychophysiological interaction functional connectivity.

