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 Purpose: To determine the feasibility of applying functional mag-
netic resonance (MR) imaging as an objective indicator 
of language disability in autism by using passive speech 
stimulation.

 Materials and 
Methods: 

This prospective study was approved by the institutional 
review board, and informed consent was obtained from 
the parents or guardians of all subjects. Functional MR 
imaging was performed during passive presentations of 
prerecorded speech in 15 control subjects (mean age  6  
standard deviation, 12.1 years  6  4.3) and 12 language-
impaired, age-matched autistic subjects   (mean age, 12.4 
years  6  4.7). An additional 27 autistic children (mean 
age, 8.4 years  6  3.1), who underwent imaging while se-
dated with propofol as part of routine clinical MR evalua-
tions, were also included. Activation maps for each subject 
were computed by using univariate general linear model 
analyses. The spread (quantifi ed as number of voxels) and 
amplitude of the functional MR imaging activation were 
then quantifi ed within two anatomically specifi ed regions 
of interest known to be involved with language: the primary 
auditory cortex (A1) and the superior temporal gyrus 
(STG). Group differences were compared by using analysis 
of variance, two-sample  t  tests, and Wilcoxon rank sum 
tests where appropriate. The threshold for autism was 
defi ned as 1 standard deviation below the control mean for 
subjects imaged in the alert state  . A similar threshold was 
estimated for sedated autistic subjects on the basis of differ-
ences between nonsedated and sedated autistic subjects.

 Results: Activity in A1 did not differ between autistic and control 
subjects. However, mean amplitude and spread of activity 
in the STG differed between autistic and control subjects 
( P  ,   .001). Values for 10 of the 12 (83%) nonsedated autis-
tic subjects decreased at least 1 standard deviation below 
the control distribution  . The threshold derived from seda-
tion-adjusted values of the control group enabled identifi -
cation of 26 of the 27 (96%) sedated autistic subjects  .

 Conclusion: Functional MR imaging activation within the STG in re-
sponse to passive speech stimulation helped differentiate 
autistic from control subjects, demonstrating the poten-
tial utility of functional MR imaging as an objective indica-
tor of language impairment in autism. Future studies may 
lead to an early and objective indicator for autism with 
these methods.
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female (mean age, 12.015 years  6  5.14; 
age range, 8.38–15.63 years) and 10 
male (mean age, 12.481 years  6  4.90; 
age range, 7.01–22.47 years) subjects. 
An additional 27 autistic subjects (mean 
age, 8.62 years  6  3.14; age range, 
5.41–17.93 years) who underwent rou-
tine clinical MR imaging evaluations 
(structural and functional) while under 
propofol sedation were also evaluated. 
Those subjects included two girls (mean 
age, 8.24 years  6  2.84; age range, 6.23–
10.24 years) and 25 boys (mean age, 
8.38 years  6  3.12; age range, 5.41–
17.93 years). The parents or guardians 
of all subjects   gave permission to include 
their images in this study in accordance 
with procedures approved by the insti-
tutional review board and Health Insur-
ance Portability and Accountability Act 
guidelines. Detailed subject information 
is provided in  Tables 1–3  .   Groups were 
matched for age and maternal educa-
tion. The study initially included 17 con-
trol subjects and 16 nonsedated autistic 
subjects; however, two control and four 
autistic subjects were excluded because 
of excess head movement  . 

 Autistic subjects were recruited by 
means of physician referral, and control 
subjects were recruited by posting fl yers 
around the hospital. Autistic subjects 
met inclusion criteria for this study if 

sedation are generally consistent with 
the canonical adult hemodynamic re-
sponse function (HRF) ( 12–14 ), although 
propofol can alter rates of cerebral blood 
fl ow and oxygen extraction ( 15 ). 

 We aim to develop automated and 
systematic functional MR imaging proce-
dures and measures to document blood 
oxygen level–dependent (BOLD  ) activ-
ity that would reliably help differentiate 
language-impaired autistic patients from 
age-matched control subjects on an indi-
vidual basis. The purpose of this study 
was to determine the feasibility of apply-
ing functional MR imaging as an objective 
indicator of language disability in autism 
by using passive speech stimulation. 

 Materials and Methods 

 Subjects 
 For this prospective study, we ana-
lyzed single-subject data acquired be-
tween 2008 and 2010 within a group 
study designed to investigate the neu-
ral mechanisms that underlie language 
impairment in autistic subjects. Data 
were analyzed from 15 nonautistic con-
trol children (mean age  6  standard de-
viation, 12.13 years  6  4.34; age range, 
4.19–17.78 years) and 12 autistic sub-
jects (mean age, 12.40 years  6  4.70; 
age range, 7.01–22.47 years) who were 
imaged while alert. The control group 
included fi ve girls (mean age, 12.28 years 
 6  5.47; age range, 5.05–17.51 years) 
and 10 boys (mean age, 12.05 years  6  
4.00; age range, 4.19–17.78 years), and 
the autistic subjects included two 

             Autism is a spectrum disorder es-
timated to affect up to one in 100 
children ( 1,2 ) in the domains of 

impaired social interactions, impaired 
language and communication, and re-
petitive and restricted behaviors. De-
spite apparently increasing prevalence, 
the diagnosis of autism remains limited 
to parent and clinician observation of 
missed developmental milestones ( 3 ). 
Because functional magnetic resonance 
(MR) imaging is performed without 
added risk or invasiveness relative to 
standard imaging procedures indicated 
for medical assessments, functional im-
aging of impaired systems, including lan-
guage, may appropriately aid objective 
indications of language impairment in 
autistic patients. Recent functional MR 
imaging studies of language systems in 
autistic patients indicated group-level pat-
terns of atypical activity in temporal and 
frontal brain regions known to be involved 
in language processing ( 4–10 ). However, 
no systematic and widely implementable 
MR imaging applications have been pro-
posed for individual patients suspected 
of having or known to have autism. 

 Tolerance to imaging conditions is a 
major obstacle to performing functional 
MR imaging in young children. Thus, 
functional imaging for diagnostic purposes 
would necessarily require the use of 
sedation in most patients. As such, func-
tional MR imaging research related to 
autism ideally would include data regard-
ing functional MR imaging in the set-
ting of sedation. Sedation has been 
successfully applied with use of passive 
stimulation to map language-specifi c 
brain areas for neurosurgical planning 
and clinical assessment ( 11–13 ). Further-
more, previous studies in adults and 
children imaged under sedation indicate 
that brain responses under propofol 

 Implications for Patient Care 

 The results of this study suggest  n

that objective imaging techniques 
may be used to differentiate 
language-impaired autistic sub-
jects from control subjects with 
normal language development  . 

 Additional observations with sub- n

jects under light propofol seda-
tion, which is often necessary 
when imaging young children and 
those with developmental delay, 
suggest that these methods may 
also apply to sedated patients. 

 Advance in Knowledge 

 Functional MR imaging activation  n

in response to passive language 
stimuli can help differentiate 
language-impaired autistic sub-
jects from control children with 
83% (10 of 12 subjects) specifi c-
ity and 92% (14 of 15 subjects) 
sensitivity. 
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previously described technique ( 11 ). 
Functional MR imaging resumed at this 
lower anesthetic concentration. Imaging 
was stopped if gross patient movement 
occurred. Anesthesia was administered 
by J.C.S., an attending anesthesiologist 
with 10 years of experience. 

 Image Acquisition and Preprocessing 
 Alert subjects were imaged with a unit 
devoted to research, and sedated sub-
jects were imaged at a clinical site within 
the same hospital by using a compara-
ble unit of the same brand and model 
with use of the same imaging param-
eters. At both locations, a 1.5-T unit 
(Twin Speed; GE Medical Systems, 
Milwaukee, Wis  ) was used and functional 
MR images were acquired by using an 
echo-planar T2*-weighted gradient-echo 
sequence (repetition time = 3000 msec, 
echo time = 51 msec, 83° fl ip angle). 
Twenty-seven contiguous transverse 
sections covering the entire brain were 
acquired along the anterior commis-
sure–posterior commissure plane  , with 
a 192  3  192-mm fi eld of view imaged 
on a 128  3  128 grid, yielding an in-
plane resolution of 1.56  3  1.56 mm and 
a section thickness of 4.5 mm. High-
spatial-resolution   structural images were 
acquired by using a three-dimensional 

being in the imaging unit, recent events, 
plans after imaging). Familiar voices 
are used to increase task compliance 
in younger and autistic children. Audio 
stimuli were power-normalized across 
subjects to ensure similar acoustic prop-
erties across subjects. Two independent 
raters (not authors) judged whether the 
15-second clips of voice recordings from 
parents of 10 randomly selected autistic 
subjects could be differentiated from 
those from parents of 10 randomly se-
lected control subjects. Both raters judged 
the subject’s diagnosis with only 55% 
accuracy (11 of 20 subjects) and a 43% 
correspondence   (nine of 20 subjects). 
Close-to-chance levels of performance 
indicate that narratives from parents of 
autistic subjects did not differ perceptibly 
from those of parents of control subjects. 

 Imaging Procedures 
 Alert subjects.—  To minimize head 
movement and distractibility, a familiar 
video was shown on mute by means of a 
rear-projection screen or MR imaging–
compatible goggles throughout the im-
aging examination. Comparisons across 
stimulus conditions (speech vs baseline) 
reveal activity related to the auditory 
stimulus and not the video that played 
continuously during both auditory and 
baseline epochs. 

 Sedated subjects.—  Subjects imaged 
under conventional clinical conditions 
with use of sedation underwent imag-
ing for neurologic assessment as or-
dered by their referring physician. 
Anesthesia was induced via a mask 
with sevofl urane in an oxygen–nitrous 
oxide mixture to facilitate placement 
of an intravenous line. Once the intra-
venous line was placed, patients were 
transitioned to an intravenous-based 
anesthetic with propofol. The initial 
propofol dose was adjusted to render 
the patient motionless but able to main-
tain his or her airway without an en-
dotracheal tube. The condition of sleep 
produced with a steady-state propofol 
dose was studied for one cycle of func-
tional MR imaging testing. With use of 
the absence of movement artifacts at 
either end-tidal CO 2  or pulse oximetry 
tracings, propofol dose was reduced in 
50 mcg/kg/min increments by using a 

they were diagnosed with autism accord-
ing to criteria from the fourth edi-
tion of the  Diagnostic and Statistical 
Manual of Mental Disorders  ( 16   ) and 
the Autism Diagnostic Interview–
Revised (ADI-R). With the ADI-R  , au-
tism is diagnosed when the subject’s 
score is higher than a specifi ed mini-
mum on all three sections (social:  . 10; 
language:  . 8; repetitive behavior:  . 3). 
The course of medical treatment was 
not altered for subjects included in this 
study. Control subjects met inclusion 
criteria for the study if they were de-
velopmentally normal, if they did not 
have siblings on the autism spectrum, 
and if they performed at expected aca-
demic and social levels, as confi rmed by 
scholastic performance at grade level 
and parent reports. Control and au-
tistic subjects were excluded from this 
study if they had comorbid neurologic 
or developmental disorders or any con-
traindications to MR imaging. In addi-
tion, control subjects were excluded if 
they were diagnosed with any psychi-
atric conditions or if they were taking 
any psychiatric medications. All autistic 
subjects   were evaluated by the referring 
physician (H.D.S., with 13 years of ex-
perience) and referred only if they met 
all inclusion and exclusion criteria. 

 Functional MR Imaging Stimulation 
 The duration of functional MR image 
acquisition was 2 minutes 29 seconds. 
A 24-second baseline period was fol-
lowed by four 15-second presentations 
of speech stimulation alternating with 
15-second baseline epochs. A 24-second 
initial baseline period was used because 
the fi rst three acquisitions (9 seconds 
total) would be discarded before image 
processing owing to the signal artifact 
at the beginning of each run before 
steady-state imaging has been reached. 
Two images were acquired within a total 
of 4 minutes 38 seconds. Prerecorded 
parents’ voices were used as stimuli, 
and voices were presented passively via 
MR imaging–safe headphones. Similar 
techniques using passive stimulations 
are used for neurosurgical planning and 
other evaluation purposes ( 11,17   ). 

 For all recordings, parents were in-
structed to talk about the same topics (ie, 

 Table 1 

 Characteristics of Control Subjects 

Subject 
No./Sex

Dominant 
Hand

Age at 
Imaging (y)

1/M Right 13.55
2/M Right 14.62
3/M Right 17.78
4/M Right 11.10
5/M Left 16.84
6/M Right 4.19
7/F Right 15.93
8/F Right 15.02
9/M Right 9.87
10/F Right 5.05
11/F Right 7.90
12/M Right 13.07
13/F Right 17.51
14/M Right 9.64
15/M Right 9.84
 Mean ± 
   standard 

deviation

... 12.13  6  4.34
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for each subject. Group comparisons at 
each interval were based on two-tailed 
independent sample  t  tests, where  P   ,  
.05 was considered to indicate a signifi -
cant difference  . 

 Group comparisons.—  For statistical 
mod eling, fi rst-level general linear model 
analysis was performed by using FEAT, 
which is part of the FSL software pack-
age. One regressor modeled the stimulus-
on periods with a weight of  1 1 and base-
line periods with a weight of 0 for each 
subject and each run. A second-level 
fi xed-effects analysis was performed for 
the average effect across the two func-
tional runs. Group analyses were per-
formed by using FLAME 1, FSL’s mixed 
effects analysis  . Contrasts between con-
trol subjects versus sedated autistic 
subjects and between nonsedated ver-
sus sedated autistic subjects were run 
within A1 and STG ROIs. 

 Spread and amplitude of functional 
MR imaging signals.—  Repeated-measures 
anal ysis of variance (ANOVA) was per-
formed to test main effects and interac-
tions between groups (control subjects 
vs nonsedated autistic subjects, nonse-
dated autistic subjects vs sedated autis-
tic subjects), regions (STG and A1), and 
hemispheres (left, right). Signifi cant 
interactions were followed by post hoc 
paired comparisons by using two-tailed 
two-sample  t  tests for between-group 
comparisons and two-tailed paired 
 t  tests for within-group comparisons. 
Signifi cance levels ( P  values) were de-
termined with Bonferroni adjustment 
for multiple comparisons, and  P   ,  .05 
was considered to indicate a signifi cant 
difference  . 

 Results 

 Behavior 

 All autistic subjects scored in the high 
range of impairment on all three ADI-R 
subsections (reciprocal social interac-
tion: mean, 21.18  6  1.66; language and 
communication: mean, 18.87  6  2.62; 
restricted, repetitive, and stereotyped 
behavior: mean, 6.00  6  1.15) ( Tables 2, 
3   ). ADI-R scores were not measured 
in healthy control subjects, all of whom 
would presumably score zero on all 

transformed to the number of standard 
deviations away from the mean of the 
control group. Subjects with standard 
deviation–transformed measures of less 
than 1.0 from the control mean were con-
sidered positive for autism, and those 
with values above this threshold were 
considered negative for autism. With the 
criterion for diagnosis of autism as  2 1.0 
standard deviation from the control mean, 
specifi city, sensitivity, and positive and 
negative predictive likelihood ratios were 
computed for the test. Because images 
of sedated healthy control subjects were 
not acquired, we derived a diagnostic 
test for sedated subjects by using ob-
servations of the effect of sedation in 
autistic subjects  . We subtracted the dif-
ference between means of the sedated 
and nonsedated autistic subjects from 
the control (nonsedated) mean, and an 
estimated diagnostic threshold for se-
dated subjects was taken as 1 standard 
deviation (the standard deviation of the 
nonsedated control group) below this 
adjusted mean. 

 Statistical Analyses 
 All statistical analyses were performed 
by G.L. (with 6 years of experience) 
and supervised by J.H. (with more than 
17 years of experience) by using FSL 
software for image analysis and SPSS 
software (SPSS, Chicago, Ill  ) for behav-
ioral and individual subject analyses, as 
described below. 

  Behavioral Analysis  
 Mean ADI-R scores on each of three 
subsections (language and communica-
tion, reciprocal social interactions, and 
restricted, repetitive, and stereotyped 
behaviors and interests) were com-
pared between sedated and nonsedated 
subjects by using two-sample  t  tests. 

  Image Analysis  
 HRFs.—  We compared the means of 
the latency to peak and the latency of 
the poststimulus minimum of the fi tted 
HRF curves by using a nonparametric 
Wilcoxon rank sum test given observed 
nonnormal distribution of peak latency 
values across subjects. Mean ampli-
tudes across 500-msec windows be-
tween 0 and 14 seconds were computed 

spoiled gradient-echo sequence (124 
sections, 256  3  256, 220-mm fi eld of 
view), with a total imaging time of 10 
minutes 38 seconds. 

 Functional MR images were pro-
cessed by using software (FSL 4.1; FMRIB 
Software Library, available at  www.fmrib
.ox.ac.uk/fsl/ ). Preprocessing consisted 
of brain extraction, motion correction, 
spatial smoothing (Gaussian kernel, full 
width at half maximum = 5 mm), high-
pass fi ltering (cutoff = 60 seconds), and 
prewhitening. Preprocessed images were 
normalized to standard Montreal Neu-
rologic Institute coordinate space. 

 Regions of Interest 
 We measured the spread and amplitude 
of BOLD activation within anatomically 
defi ned regions of interest (ROIs) for 
the primary auditory cortex (A1) and 
superior temporal gyrus (STG), a region 
associated with sentence comprehension 
( 18–20 ) with preserved activation dur-
ing propofol sedation ( 11,13,21,22 ). 
Spread of activation within each ROI 
was defi ned as the number of voxels ex-
ceeding a threshold of  z   .  1.6 ( P   ,  .05, 
uncorrected). Amplitude was defi ned as 
the mean  z  score of all voxels in the 
specifi ed ROI. ROIs were defi ned ana-
tomically for A1 and STG  . ROIs were 
computer-generated in normalized space 
by using the Harvard-Oxford atlas prob-
ability distributions ( http://www.cma
.mgh.harvard.edu/ ) and multiplied by 
each subject’s normalized second-level 
functional MR image. 

 Estimation of Custom HRFs 
 HRFs were estimated for each subject 
by using FLOBS  , a three-function basis 
set included in the FSL software pack-
age. Active voxels within an anatomi-
cally defi ned region of A1 were selected 
to reconstruct the fi tted HRF shape by 
using parameter estimates for the basis 
functions. This technique has been used 
previously to estimate custom HRFs for 
individual subjects ( 23 ). 

 Differentiation between Autistic and 
Control Subjects 
 To quantify the separation between in-
dividual autistic and control subjects, 
spread and amplitude measures were 
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( P   ,  .001). Signifi cant correlations were 
not observed between ADI-R scores and 
functional MR imaging measures. 

petitive behaviors ( P  = .99  ) did not dif-
fer signifi cantly. Sedated subjects were 
more impaired in the social domain 

sections. ADI-R scores between se-
dated and nonsedated subjects with 
regard to language ( P  = .3168) or re-

 Table 2 

 Characteristics of Nonsedated Autistic Subjects 

Subject No./Sex Dominant Hand Age at Imaging (y)

ADI-R Score

Social Language Repetitive Behavior

1/M Right 16.72 20 17 6
2/M Ambidextrous  7.01 22 18 6
3/M Right 10.85 22 17 6
4/M Right 22.47 21 22 8
5/F Right 8.38 21 20 5
6/M Left 9.10 21 18 8
7/M Right 16.56 19 22 6
8/M Right 9.21 19 20 5
9/M Right 13.39 19 19 6
10/F Right 15.65 17 16 5
11/M Right 7.41 17 12 4
12/M  Right 12.09 24 21 6
 Mean ... 12.40  6  4.70  20.17  6  2.08 18.50  6  2.84 5.92  6  1.16

 Table 3 

 Characteristics of Sedated Autistic Subjects 

Subject No./Sex Dominant Hand Age at Imaging (y)

ADI-R Score Propofol Level 
(mcg/kg/min)  Social Language Repetitive Behavior

1/M Ambidextrous 6.37 24 20 6 220
2/M Left 5.81 23 21 5 200, 230
3/M Left 7.36 21 17 6 175
4/M Right 7.28 22 20 6 200
5/M Left 10.90 20 18 5 200
6/M Right 7.39 19 21 6 200
7/M Left 7.99 21 26 9 150
8/M Left 6.34 22 17 6 200
9/M Ambidextrous 6.18 22 17 5 200
10/M Ambidextrous 5.41 23 19 5 175
11/M Right 6.81 22 26 9 300
12/M Right 9.59 23 20 5 225
13/M Ambidextrous 7.37 22 18 6 200
14/M Right 6.44 23 18 5 200
15/F Left 6.23 23 20 5 200
16/M Ambidextrous 9.41 22 19 6 200
17/M Right 7.69 21 19 7 200
18/M Right 14.18 22 19 6 125, 150
19/M Right 7.52 22 17 5 210
20/M Right 8.82 23 20 5 200
21/M Right 8.33 23 20 5 250
22/M Right 6.60 20 15 6 200
23/F Right 10.24 23 21 8 175
24/M Right 6.25 21 17 6 200
25/M Right 15.21 21 18 7 175
26/M Right 17.93 21 17 6 200
27/M Right 6.24 24 19 6 ...
 Mean ... 8.37  6  3.05  21.96  6  1.22 19.22  6  2.47 6.00  6  1.14  ...
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subjects indicated signifi cant main ef-
fects for group and region ( Table 4 ) as 
well as a group  3  region interaction 
(F [1,11]  = 4.931,  P   ,  .048). Paired compar-
isons revealed larger spread for nonse-
dated autistic subjects relative to se-
dated subjects in bilateral STG ( P   ,  .03) 
and A1 (left hemisphere:  P   ,  .049; 
right hemisphere:  P   ,  .011) ( Fig 2a ). 

 Amplitude of Signal Strength: Mean 
 z  Score 
 Results for comparisons of signal ampli-
tude were similar to those observed for 
spread. A group (control, autistic sub-
jects)  3  region (STG, A1)  3  hemisphere 
(left, right) repeated-measures ANOVA 
indicated signifi cant main-effect differ-
ences for group and region ( Table 4 ) 
and a signifi cant group  3  region inter-
action (F [1,11]  = 20.19,  P   ,  .001). Paired 
comparisons revealed greater mean 
amplitude in control subjects relative 
to autistic subjects in bilateral STG 
( P  ,   .001) but not in A1 ( P   ,  .99) 
( Fig 2b ). A similar ANOVA between 
nonsedated and sedated autistic sub-
jects indicated signifi cant main effects 
for group and region ( Table 4 ). Paired 
comparisons revealed greater activa-
tion in bilateral STG (left hemisphere: 
 P   ,  .04; right hemisphere:  P   ,  .05) 

 Group Functional MR Imaging Contrasts 
 BOLD responses were analyzed within 
the anatomically defi ned ROIs for STG 
and A1 ( Fig 2a  , left). Contrasts classifi ed 
as “control  .  autism (alert)” indicated 
greater activity within STG (but no dif-
ference in A1) in the control group com-
pared with nonsedated autism group, 
even at the most lenient threshold of 
 P   ,  .05 ( Fig 2a  , middle). Contrasts clas-
sifi ed as “nonsedated autism  .  sedated 
autism” indicated greater activation within 
both STG and A1 in the nonsedated au-
tism group compared with sedated au-
tism group ( P   ,  .05) ( Fig 2a , right  ). 

 Spread: Number of Voxels 
 A group (control, autistic subjects)  3  
region (STG, A1)  3  hemisphere (left, 
right) repeated-measures ANOVA indi-
cated signifi cant main-effect differences 
for group and region ( Table 4  ) and 
a group  3  region interaction (F [1, 11    ]  = 
18.176,  P   ,  .001) for spread of the 
BOLD signal within each ROI. Paired 
comparisons revealed larger spread 
for control subjects relative to nonse-
dated autistic subjects in STG bilater-
ally ( P  ,   .001 for both left and right 
hemispheres) but not in A1 ( P   ,  .99) 
( Fig 2b ). A similar ANOVA compar-
ing nonsedated and sedated autistic 

 HRF 
 There were no differences in the shape 
and amplitude of the group-average fi t-
ted HRFs between autistic and control 
subjects who underwent imaging while 
alert ( Fig 1a  ) and no statistical differ-
ences in time to peak (control subjects = 
4.55 seconds, autistic subjects = 4.77 
seconds;  P  = .92). Although the aver-
age latency to peak was about 1 sec-
ond later for the sedated group relative 
to the nonsedated group (nonsedated 
subjects = 4.77 seconds, sedated sub-
jects = 5.64 seconds), comparisons 
between nonsedated and sedated au-
tistic subjects also revealed no differ-
ences ( P  = .13) ( Fig 1b ). The latency 
at which the poststimulus minimum 
occurred was also not signifi cantly dif-
ferent ( P  = .29). Peak amplitude of the 
group average curves was 4.20 seconds 
for control subjects, 4.35 seconds for 
nonsedated autistic subjects, and 5.05 
seconds for sedated subjects. A time to 
peak of 5 seconds is compatible with the 
normal adult HRF and consistent with 
estimates from sleeping infants ( 24 ). 
There were also no signifi cant ampli-
tude differences between control sub-
jects and nonsedated autistic subjects 
or between nonsedated and sedated 
autistic subjects. 

 Figure 1 

  
  Figure 1:  Group-averaged fi tted HRFs for  (a)  nonsedated control and autistic subjects and  (b)  nonsedated and sedated autistic subjects. Dotted lines = 1 standard 
deviation above and below the average curve.   
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the degree of overlap across the groups 
( Fig 4  ). The percentage of sedated and 
nonsedated autistic subjects and control 
subjects with values that fell within 1–4 
standard deviations from the control 
mean are shown for spread ( Fig 4a ) and 
amplitude ( Fig 4b ). For both spread and 
amplitude, 83% of nonsedated autistic 
subjects had values below 1 standard 
deviation of the control mean, whereas 
only 7% of control subjects had values 
that fell in that region. We used this ob-
servation to establish a diagnostic bound-
ary for autism as 1 standard deviation 
below the control mean ( Fig 3 ) for both 
measures. For nonsedated subjects, the 
sensitivity (proportion of true-positive 
fi ndings) of this test was 83% (10 of 12 
subjects, confi dence interval:  6 21.1  %) 
and the specifi city (proportion of true-
negative fi ndings) was 93% (14 of 15 
subjects; confi dence interval:  6 12.6%). 
The positive likelihood ratio (number of 
true-positive to false-positive fi ndings) 
was 12.5, and the negative likelihood 
ratio (number of true-negative to false-
negative fi ndings) was 5.6. 

 Because of the unavailability of se-
dated healthy volunteer children, the 
sensitivity of a similar test for sedated 
autistic subjects was estimated by ad-
justing the diagnostic threshold by the 
effect of sedation between nonsedated 
and sedated autistic subjects ( Fig 4 ). 
The sensitivity of a test based on this 
adjusted threshold for sedated autistic 
subjects was 85% (23 of 27 subjects; 
confi dence interval:  6 11.3%) for spread 
and 96% (26 of 27 subjects; confi dence 
interval:  6 7.12%) for amplitude. 

 Discussion 

 This study found that activation within 
language-sensitive brain regions during 
passive speech stimulation at functional 
MR imaging enabled the differentiation 
of language-impaired autistic subjects 
from age-matched control children. We 
identifi ed two measures, signal spread 
and amplitude, by using anatomically 
defi ned ROIs applied to individual pat-
terns of activation. A standard atlas was 
chosen to defi ne two ROIs (A1 and STG) 
to provide a systematic and automated 
method ( 25 ) transferable to standard 

confi rm the separation between groups 
for STG but not for A1. Because there 
were no signifi cant differences between 
hemispheres in all groups ( Table 4 ), 
these results were collapsed across 
hemispheres. 

 The extent to which differences in 
the spread and amplitude of activation 
in STG helped differentiate autistic from 
control subjects can be quantifi ed by 

and right A1 ( P   ,  .02), but not in left 
A1 ( P   ,  .07), in nonsedated relative to 
sedated subjects ( Fig 2c ). 

 Differentiation between Autistic and 
Control Subjects 
 Plots of voxel count (spread,  Fig 3a  ) and 
 z  score (amplitude,  Fig 3b ) of individual 
control subjects and autistic subjects for 
STG (y-axis) against A1 (x-axis) visually 

 Figure 2 

  
  Figure 2:   (a)  MR image (left) illustrates anatomic ROIs for A1 and STG. Activation maps (middle and right) 
demonstrate greater activity within STG, but not A1, in the control group compared with the nonsedated 
autism group (control  .  autism alert, middle image) and greater activation within both STG and A1 in the 
nonsedated compared with the sedated autism group (autism alert  .  sed  , right image).  (b, c)  Bar charts show 
 (b)  spread and  (c)  amplitude of activation of individual subjects within ROIs (two-sample  t  tests;  ∗  ∗  =  P  ,   
.01,  ∗  =  P  ,   .05, with Bonferroni adjustment).  sed  = sedated.   



528 radiology.rsna.org n Radiology: Volume 260: Number 2—August 2011

 NEURORADIOLOGY:  Brain Activation during Speech Stimulation as a Potential Indicator of Autism Lai et al

clinical practice. Both spread and ampli-
tude of activation within STG were greater 
for control children relative to autis-
tic subjects who underwent imaging 
while alert, whereas A1 showed no 
difference. Differences in activation in 
STG, but not A1, suggest intact auditory 
processing but disrupted linguistic com-
prehension at higher processing stages. 

 Our fi ndings are consistent with 
those from previous functional MR im-
aging studies that used passive stimu-
lation paradigms such as those used 
herein and reported decreased activa-
tion in the temporal lobe in autistic sub-
jects ( 10,26,27 ). Structural MR imaging 
studies have also reported atypical lat-
erality of temporal lobe brain volume 
in groups of autistic adults and children 
( 28,29 ). The present study extends pre-
vious reports of group-level differences 
and suggests that individual functional 
MR imaging measures of spread and 
amplitude can be used to differentiate 
autistic from nonautistic subjects. In 
practice, only one measure (spread or 
amplitude) would be suffi cient. Future 
studies are required to determine opti-
mal diagnostic criteria  . 

 A major obstacle to imaging chil-
dren in functional studies includes task 
compliance, tolerance of the imaging en-
vironment, and maintenance of a steady 
head position for a suffi cient duration of 
time. To image children while they were 
alert, we used a “silent video” to over-
come these obstacles. However, patients 
who could not tolerate the imager en-
vironment even under these optimized 
circumstances and for whom a conven-
tional image was indicated were imaged 
under clinical management and propofol 
sedation, a technique that offers an ef-
fective alternative to enable functional 
imaging in young children ( 11–14 ). If 
functional MR imaging is to be ap-
plied as a diagnostic tool for use in chil-
dren with developmental delay, seda-
tion would likely be necessary in most 
cases. 

 We found overall decreases in spread 
and amplitude of signal in both tem-
poral regions (A1 and STG) in sedated 
autistic subjects relative to nonsedated 
autistic subjects, a result that is con-
sistent with those from functional MR 

 Table 4 

 ANOVA: Two Group  3  Two Region  3  Two Hemisphere Comparison 

Parameter  F  
(1, 11)

  P  Value

Spread: no. of voxels
 Control vs nonsedated autistic subjects  
  Group 13.909 .003 * 
  Region 307.833  , .001 * 
  Hemisphere 3.479 .89
  Group  3  region 18.176 .001 * 
  Group  3  hemisphere 0.387 .55
  Region  3  hemisphere 0.689 .42
  Group  3  region  3  hemisphere 0.202 .66
 Nonsedated vs sedated autistic subjects
  Group 11.631 .006 * 
  Region 21.958 .001 * 
  Hemisphere 0.351 .57
  Group  3  region 4.931 .05 * 
  Group  3  hemisphere 0.053 .82
  Region  3  hemisphere 0.006 .94
  Group  3  region  3  hemisphere 0.133 .72
Amplitude: mean  z  score
 Control vs nonsedated autistic subjects
  Group 13.15 .004 * 
  Region 20.116 .001 * 
  Hemisphere 3.709 .08
  Group  3  region 20.192 .001 * 
  Group  3  hemisphere 0.265 .62
  Region  3  hemisphere 1.855 .20
  Group  3  region  3  hemisphere 0.014 .91
 Nonsedated vs sedated autistic subjects
  Group 10.427 .008 * 
  Region 11.846 .006 * 
  Hemisphere 0.183 .677
  Group  3  region 0.198 .665
  Group  3  hemisphere 0.354 .564
  Region  3  hemisphere 0.363 .559
  Group  3  region  3  hemisphere 0.819 .385

* Statistically signifi cant  .

imaging studies in sedated adults and 
children ( 14,21,22,30 ). We did not in-
clude healthy subjects imaged under 
sedation as controls for the sedated 
subjects. Patients without autism or 
developmental delay undergoing MR 
imaging under sedation may serve as a 
possible control group in future studies. 
At present, a test derived from adjusted 
threshold values based on the effect 
of sedation between nonsedated and 
sedated autistic subjects showed simi-
larly high sensitivity estimates for the 
diagnosis of sedated autistic children. 
Differential patterns of brain activation 
have also been previously described in 

children with language delay imaged un-
der sedation ( 14 ). The observation that 
the time to peak of the HRF is similar 
between autistic subjects and control 
children imaged alert and between au-
tistic subjects imaged alert and under 
sedation indicates that sedation does 
not differentially affect this fundamen-
tal property of the BOLD signal. These 
fi ndings are consistent with those from 
previous studies that optimally modeled 
functional MR imaging responses to 
language stimuli by using the canonical 
HRF in sleeping and sedated children 
with and without developmental delay 
( 12,13,24 ). 
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 The use of functional MR imaging 
to determine physiologic differences 
between autistic and control subjects 
may be investigated in future studies to 
differentiate between autism and other 
developmental disorders such as spe-
cifi c language impairment. Given the 
concern over the extent to which these 
disorders are etiologically distinct ( 32–
34 ), an objective biomarker to differen-
tiate between these disorders might be 
used to shape the diagnostic criteria. 
Because our study did not include sub-
jects with abnormalities other than au-
tism, our fi ndings cannot be used to dif-
ferentiate autism from other causes of 
developmental delay. Nonetheless, our 
fi ndings complement those of a recent 
study in which MR imaging and pattern 
recognition techniques were used to 
identify subtle differences in neuroana-
tomic features among autistic subjects, 
control subjects, and those with atten-
tion defi cit/hyperactivity disorder ( 35 ) 
and support the potential use of neuro-
physiologic measurements for diagnosis. 
Furthermore, although correlations be-
tween the degree of behavioral impair-
ment and functional MR imaging mea-
sures were not observed in the present 
study, possibly due to limited variability 
in our sample, future studies including 

 Figure 3 

  
  Figure 3:  Scatterplots show individual measures for  (a)  spread and  (b)  amplitude in STG and 
A1. Control and autistic (nonsedated and sedated) subjects are separated along the STG (y) axis 
and not along the A1 (x) axis. Values are averaged across hemispheres  .   

 Figure 4 

  
  Figure 4:  Graphs show the percentage of subjects whose values for  (a)  spread and  (b)  amplitude fell within 1–3 standard deviations from the control mean 
(solid lines). The diagnostic threshold for nonsedated autistic subjects was set to 1 standard deviation below the control mean (dashed lines). A similar threshold 
was estimated for sedated autistic subjects on the basis of differences between nonsedated and sedated autistic subjects (dotted lines  ).   

 Limitations to our study include the 
question of age and how these fi nd-
ings would apply to younger children, 
who are at an age at which an objective 
medical diagnostic procedure would be 
most useful for the purpose of early 
intervention. The mean age of our se-
dated subjects was less than that of our 
nonsedated subjects. However, it is un-
likely that observed differences between 
sedated and nonsedated subjects in the 
present study are due to age, as previous 

studies in typically developing infants as 
young as 3 months have shown activa-
tion in STG to passive language stimu-
lation ( 24,31   ). Furthermore, limitations 
associated with the quantifi cation of 
functional MR imaging signals include 
the choice of an appropriate threshold 
because activation patterns will change 
depending on threshold. At present, we 
opted to use a most liberal threshold 
of signifi cance,  P   ,  .05 ( z   .  1.6), for 
comprehensive assessment. 
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may serve as a neural measure of change 
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