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1. Introduction

Co-occurrence of symptoms consistent with attention deficit hyperactivity disorder (ADHD) and sensory-motor
problems is considered to play an important role in the phenotype of autism spectrum disorders (ASD) (Reiersen & Todd,
2008; Sturm, Fernell, & Gillberg, 2004). Individuals with ASD have qualitative impairments in reciprocal social interactions
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A B S T R A C T

The resting regional cerebral blood flow (rCBF) patterns related to co-occurring symptoms

such as inattention, hyperactivity, neurological soft signs and motor problems have not yet

been disclosed in autism spectrum disorders (ASD).

In this study thirteen adults with ASD and ten matched neurotypical controls

underwent PET. The scores of rating scales for autistic traits, attention deficit hyperactivity

disorder (ADHD) and neurological soft signs were included in a factorial analysis and

correlated with rCBF. Factors corresponding to ‘‘autistic/ADHD traits’’, ‘‘sensory-motor

integration’’ and ‘‘Intelligence/Motor sequencing’’ were identified. In the ASD group,

positive correlations with CBF were found for ‘‘autistic/ADHD traits’’ in caudate bilaterally

and the inferior parietal lobule, for ‘‘sensory-motor integration’’ in parieto-occipital cortex

and for ‘‘Intelligence/Motor sequencing’’ in the right temporal cortex. Notably, CBF in the

left thalamus correlated negatively with all three factors. Autistic traits and ADHD

symptoms were associated with shared neural substrates. The correlation between

‘‘autistic/ADHD traits’’ and rCBF in the caudate is possibly associated with the executive

impairments and ritualistic/stereotyped behaviors apparent in ASD. Furthermore,

sensory-motor deficits were correlated with rCBF in the occipital visual cortex, involved

in atypical visual perception in ASD. Various behavioral and neurological symptoms are

suggested to converge into the ASD phenotype.

� 2013 Elsevier Ltd. All rights reserved.

Abbreviations: CBF, cerebral blood flow; rCBF, regional cerebral blood flow; rCMRgl, regional cerebral metabolic rate of glucose; NES, Neurological

Evaluation Scale; NSS, neurological soft signs.
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and communication and have restricted repetitive and stereotyped patterns of behavior, interests and activities. ADHD is a
broad diagnosis, characterized by inattention, hyperactivity and impulsivity. The diagnostic criteria for ADHD in the DSM-IV
have not allowed for a patient with ASD to be given an ADHD diagnosis (American Psychiatric Association, 1994; Goldstein &
Schwebach, 2004; Kooij et al., 2010). However, co-occurrence of ASD- and ADHD-related symptoms has been verified by
population-based (Reiersen, Constantino, Volk, & Todd, 2007) and clinically based studies (Goldstein & Schwebach, 2004;
Hofvander et al., 2009; Lee & Ousley, 2006; Mayes, Calhoun, Mayes, & Molitoris, 2012; Rydén & Bejerot, 2008). Investigations
indicate that ADHD symptoms are present in about 20–80% of children with ASD (Sturm et al., 2004). Not only does the ADHD
symptoms persist in adulthood (Hofvander et al., 2009), the severity of ASD seems to correlate with the co-occurrence of
ADHD symptoms (Holtmann, Bolte, & Poustka, 2007). Moreover, a substantial proportion of clinically diagnosed children
with ADHD meet the criteria for ASD (Rommelse, Franke, Geurts, Hartman, & Buitelaar, 2010; Sturm et al., 2004). For reliable
diagnosis of ASD it is appropriate to investigate different dimensions of the disorder, since no single test or
neurophysiological examination is sufficiently accurate (Steer, Golding, & Bolton, 2010).

Impairment of motor control, including neurological soft signs (i.e. subtle impairments of sensory integration, motor
coordination and difficulties in sequencing complex motor tasks) is common in both ASD (Mahone et al., 2006; Mayoral et al.,
2010; Price, Shiffrar, & Kerns, 2012; Sahlander, Mattsson, & Bejerot, 2008; Tani et al., 2006) and ADHD (Chan et al., 2010;
Gustafsson, Thernlund, Ryding, Rosen, & Cederblad, 2000; Pasini & D’agati, 2009). Motor dysfunction might precede the
symptoms of linguistic and social problems in ASD (Teitelbaum et al., 2004) and a combination of motor problems with
ADHD predicted more autistic traits than ADHD alone (Reiersen, Constantino, Grimmer, Martin, & Todd, 2008). Impaired
integration of sensory input with motor commands has also been reported, supporting the hypothesis of a cerebellar and
thalamic dysfunction in ASD (Gowen & Miall, 2005; Hardan et al., 2006).

Neurological Evaluation Scale (NES), which is an instrument for the systematic evaluation of neurological soft signs
(Buchanan & Heinrichs, 1989), has been widely used in psychiatric populations with schizophrenia (Heinrichs & Buchanan,
1988; Peralta et al., 2010; Sewell et al., 2010), bipolar disorder (Negash et al., 2004) and obsessive compulsive disorder (Mergl &
Hegerl, 2005; Poyurovsky et al., 2007). Patient groups scored higher in NES than healthy controls in all these studies.
Furthermore, structural correlates of neurological soft signs were established by their relationship with gray matter reductions
in a group of healthy controls (Dazzan et al., 2006) and in patients with psychosis (Bersani et al., 2007; Janssen et al., 2009).

A small number of neuroimaging studies, mainly performed in children and adolescents, have investigated neural
correlates in ASD in direct comparisons with individuals with ADHD and neurotypical controls (NC). Correlations were
reported between regional gray matter volume in the medial temporal lobe and inferior parietal cortex and symptoms of
inattention, hyperactivity and autistic symptoms (Brieber et al., 2007; Yamasaki et al., 2010). In addition, increased white
matter volume in the left primary motor and premotor cortex predicted poorer motor skills in children with autism as
compared to groups of ADHD and healthy controls (Mostofsky, Burgess, & Gidley Larson, 2007). All these studies suggest that
anatomical changes in ASD are likely to impair functional connections and to affect motor and neuropsychological
performances.

Several positron emission tomography (PET) studies in ASD have shown localized metabolic changes in various cortical
and subcortical regions (Chiron et al., 1995; Heh et al., 1989; Siegel et al., 1992). However, no common regional abnormalities
have been found in regional cerebral blood flow (rCBF) or cerebral glucose metabolism studies (rCMRgl), possibly due to
inhomogeneity in the individuals with ASD and the different methodologies implemented in various studies (Buchsbaum
et al., 1992; Rumsey & Ernst, 2000; Zilbovicius et al., 1992). Further investigations to better describe the neurobiological
correlates of ASD are therefore needed. In a previous study we compared adults with ASD to a group of NC and found
increased rCBF, which is an index of regional brain activity, in the posterior part of the right hemisphere, confirming the
involvement of cortical and subcortical structures in the phenotypic expression of the disorder (Pagani et al., 2012).

The aim of this study was to investigate the neural correlates of autistic traits, the symptoms of inattention, hyperactivity/
impulsivity and neurological soft signs in the same individuals. We hypothesized that autistic traits, ADHD symptoms and
neurological soft signs would share neural substrates and would correlate to rCBF in the temporo-parieto-occipital brain
regions previously implicated in ASD.

2. Methods

2.1. Participants

Thirteen normal-intelligence adults with ASD, diagnosed in adolescence or in adulthood, and ten age-, sex- and IQ-
matched neurotypical controls were included in the study. Exclusion criteria for all subjects were mental retardation, a
history of brain damage, current or past medical or neurological disorders, epilepsy, alcohol abuse or dependence, past or
present substance abuse and psychosis. In addition, NC were excluded if they had any past or current psychiatric or
personality disorder, psychotropic medication or psychiatric disorders in first-degree family members. Demographic
characteristics and descriptive statistics are presented in Table 1.

2.1.1. Neurotypical controls

Twelve NC were recruited from the Stockholm region. One subject was excluded since a first-degree family member had
ASD and another subject dropped out of the study.
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2.1.2. Individuals with ASD

Recruitment of subjects with ASD was performed by a letter of request sent to 357 individuals registered at the
community based unit for adults with ASD and to patients with ASD at the Neuropsychiatric unit, Northern Stockholm
psychiatric clinic. Of the total fifty-five subjects with ASD that were willing to participate, 20 were interviewed, two were
excluded on the basis of epilepsy and a history of alcohol and drug dependence and five were not available at the time of the
PET scan, resulting in seven recruitments from the clinic and six from the community. This final selection was based on the
desired distribution of sex. All but one, of Asian descent, were Caucasian.

Previous neuropsychiatric assessments, which included extensive interviews, rating scales, neuropsychological
assessments and interviews with parents of the subjects, were requested for all ASD subjects. According to these, 11
subjects met the DSM-IV criteria for Asperger’s disorder and two were diagnosed with high-functioning autism
(American Psychiatric Association, 1994). The clinical diagnosis of ASD was confirmed in all subjects with the Autism
Diagnostic Observation Schedule (ADOS) by one of the authors (SB) (Lord et al., 2000). Thereafter, two of the authors (SB
and IM), board-certified psychiatrists specialized in diagnosing ASD in adults, agreed on the diagnosis and type of social
style, according to Wing’s definition (Wing, 1997). Nine subjects were defined as ‘‘active-odd’’ and four as ‘‘schizoid and
loners’’. No ASD subject was classified as ‘‘passive’’ or ‘‘rigid formal’’ type. Eight subjects fulfilled diagnostic criteria for
additional 1–5 psychiatric disorders (Agorophobia; Bulimia Nervosa; Major Depression; Dystymic disorder; General-
ized Anxiety Disorder; Obsessive Compulsive Disorder; Panic Disorder; Social Phobia), and six subjects were currently
treated with psychotropic medication.

2.2. Psychiatric and psychological assessments

The structured interview for Axis-I disorders Mini International Neuropsychiatric Interview (M.I.N.I., version 5.00)
(Sheehan et al., 1998) and a semi-structured interview for past psychiatric disorders were administered to the ASD subjects
whereas the Structured Clinical Interview for Diagnostic Statistical Manual of Mental Disorders 4th edition (DSM-IV), Axis I
Disorders (SCID-I) and Structured Clinical Interview for DSM-IV-R Personality Disorders (SCID-II) were administered to the
NC in order to rule out psychiatric disorders. General clinical impairment and function were assessed according the DSM-IV
Global Assessment of Functioning (GAF) (American Psychiatric Association, 1994). The Wechsler Adult Intelligence Scale-
Revised (WAIS-III-R) provided intelligence quotient (IQ) estimates. Past and current medical disorders, family history of
mental disorders, educational level, marital status and employment status were also covered in the semi-structured
interview.

Table 1

Demographic and clinical characteristics of individuals with ASD compared with neurotypical controls.

Variables ASD Control p-Value

n = 13 n = 10

Age, years 31.8 (8.6) 28.5 (7.5) 0.35

Male: female 7:6 5:5 0.85

Full scale IQ 104.2 (17.1) 115.7 (10.8) 0.08

Verbal IQ 105.3 (16.4) 114.6 (13.2) 0.176

Performance IQ 101.5 (17.6) 114.2 (9.9) 0.066

Handedness, right: left 12:1 9:1 0.85

Education

<9 years, n 4 0

9–12 years, n 4 3

>12 years, n 5 5

University degree, n 0 2

Civil status, single:cohabit 12:1 6:4 0.04

Have children, yes:no 0:13 3:7 0.02

Independent living, yes:no 11:2 10:0

In full time work/studies, yes:no 3:10 10:0 <0.0001

Nicotine use, yes:no 3:9a 2:8 0.96

Global assessment of functioning, total 54 (7.5) 86 (7.4) <0.0001

Symptom-GAF 54.7 (6.8) 87.8 (7.2) <0.0001

Function-GAF 56.3 (8.2) 90.7 (5.3) <0.0001

Ritvo Autism Asperger Diagnostic Scale-Revised, total 109.7 (28.8) 19.6 (14.9) <0.0001

Adult ADHD Self-Report Scale, total 32.2 (10.4) 19.6 (7.2) 0.003

Inattention 18.4 (6.4) 11.1 (5.4) 0.008

Hyperactivity/impulsivity 14.7 (6.2) 8.5 (3.4) 0.010

Wender Utah Rating Scale, total 57.9 (40.5) 11.5 (7.1) 0.001

Neurological Evaluation Scale, total 16 (6.7) 5 (3.0) <0.001

Mean values are presented with the standard deviation in parentheses. IQ, intelligence quotient; GAF, global assessment of functioning; ASRS, Adult ADHD

Self-Report Scale.
a Missing data in one subject.
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2.2.1. Neuropsychiatric assessments

Standardized, semi-structured assessment, the ADOS, module 4, was used to confirm the diagnosis of ASD. The ADOS
includes four subscales: Communication, Social Interaction, Imagination/creativity and Stereotyped behaviors and restricted
interest. Because the ADOS is assessed within one hour, it does not offer an opportunity to measure restricted and repetitive
behaviors satisfactorily. Thus, ADOS algorithms include only the combined score from the two subscales ‘‘Communication’’
and ‘‘Social Interaction’’.

The Swedish version of the Ritvo Autism and Asperger Diagnostic Scale-Revised (RAADS-R) is an 80-item self-report
diagnostic questionnaire based on DSM-IV-TR and ICD-10 criteria (Ritvo et al., 2011). The RAADS-R is self-administered and
consists of four subscales (Social Interaction, Language, Circumscribed Interests and Sensory Motor Symptoms). However,
the language sub-scale was excluded in this study since it showed low internal consistency in a Swedish validation study
(Andersen et al., 2011). RAADS-R assesses deficits in perception and sensory-motor integration along with cognitive aspects
of ASD. Each question is scored 0–3 and a score of 65 or greater is consistent with a clinical diagnosis of ASD. The self-rating
scale, Adult ADHD Self-Report Scale (ASRS), was used to measure ADHD symptoms (Kessler et al., 2005). It consists of
eighteen questions based on the DSM-IV criteria for ADHD (American Psychiatric Association, 1994) and includes two
subscales: inattention and hyperactivity/impulsivity. A sum of scores between 17 and 23 for each subscale indicates that the
subject is likely to have ADHD, while scores above 23 indicate a high likelihood of ADHD. Childhood ADHD symptoms were
assessed using the Wender Utah Rating Scale (WURS) (Ward, Wender, & Reimherr, 1993), which is also self-assessed.

2.2.2. Neurological assessment

Neurological examination was carried out with the Neurological Evaluation Scale (NES), which is a 26-item clinically
administered instrument for the systematic evaluation of neurological soft signs (Buchanan & Heinrichs, 1989). It covers four
functional domains: Sensory Integration Signs (audio-visual integration, stereognosis, graphaesthesia, extinction and right-
left confusion), Motor Coordination Signs (tandem walk, rapid alternating movements, finger-thumb opposition and finger-
to-nose test), Motor Sequencing Signs (fist-ring, fist-edge-palm, rhythm tapping production movements and Ozeretski test)
and other, e.g. ‘‘hard’’ neurological signs such as Romberg sign, tremor, mirror movements, synkinesis, convergence, gaze
impersistence, primitive reflexes and short-term memory. Each item is rated from 0 to 2 (0 = no abnormality, 1 = mild but
definitive impairment, 2 = marked impairment).

2.3. PET-scanning protocol

After the extended psychiatric assessment, all subjects underwent PET scans using [1-11C]butanol to evaluate rCBF.
Butanol, as a blood flow tracer labeled with either 11C or 15O, has been shown to have a high degree of reliability for human
studies (Raichle et al., 1976; Saha, MacIntyre, & Go, 1994). It was produced using an in-house cyclotron and radiochemistry
lab and was rapidly transported to the PET camera site.

The examinations were performed using a Siemens Biograph 64 Positron Emission Tomography/Computed Tomography
(PET/CT) scanner, with a spatial resolution of 5 mm. The system combines a high-speed ultra 32-detector-row (672 detectors
per row) CT unit and a PET scanner with 32448 LSO crystals in 52 rings and an axial field of view 21.6 cm.

The head was first scanned by CT, so corrections for attenuation and photon scatter could be made. Thereafter a bolus of
[1-11C]butanol (300 MBq) was injected simultaneously as the PET acquisition was started and data were acquired in the list
mode for 5 min. The dynamic data were reconstructed to transverse images for rCBF evaluations. The interval between 40
and 100 s after injection was identified as the optimal window from which the raw data were extracted to reconstruct the
images to be analyzed. During this interval the [1-11C]butanol uptake reached a plateau before starting to decrease over time.

2.3.1. Image preprocessing

Data were analyzed with SPM2 (Statistical Parametric Mapping; Wellcome Department of Cognitive Neurology, London,
UK) as implemented in Matlab 6.5.1. Raw data were subjected to affine and non-linear spatial normalization to a predefined
PET template based on the MNI (Montreal Neurological Institute) reference brain by a bilinear interpolation method into a
common anatomical space. The spatially normalized set of images were then smoothed with a 10 mm (FWHM) isotropic
Gaussian filter to blur individual variations in gyral anatomy and to increase the signal-to-noise ratio. Images were globally
normalized using proportional scaling (0.5) to remove confounding effects to global CBF changes, with a gray matter masking
threshold of 0.8.

2.4. Statistical analysis

Proportions of categorical variables at baseline were compared using the chi-square tests. Due to the small sample size,
frequency data were computed through the Fisher exact test. Values of continuous measures were compared using either the
t-test or, for non-normally distributed variables, the non-parametric Mann–Whitney U-test. The p-level was set to 0.05.

A principal component analysis, based on 13 original variables (scores of ADOS and GAF total, RAADS-, ASRS- and NES-
subscales, verbal and performance IQ), was performed in all subjects to reduce their number into common factors (i.e.
principle components). Each factor will then explain a different part of the total variance of the data set. In order to correct for
the large variability in neuropsychiatric scales scores, data were normalized to a standard score (z-score) subtracting the
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population mean from an individual raw score and then dividing the difference by the population standard deviation. The
obtained z-scores for the 13 chosen variables were then submitted to OpenStat (Rummel, 1970) for statistical analysis.

Principal Component Analysis was performed and varimax orthogonal rotation was applied to the normalized 13 native
neuropsychological measures to identify those scores expressing a similar part of total variance. Minimal root to rotate was
set to 1.0 and the maximal number of iterations to 25. Factors with eigenvalues larger than 1 were initially extracted.
Variables, with an absolute factor loading greater than 0.5, were regarded as representative of each factor. This value is
purely arbitrary, but it is commonly used since it explains a moderate part of the variance of the factor. Kaiser–Meyer–Olkin
measure of sampling adequacy (MSA) values higher than 0.7 were regarded as significant.

Positive and negative correlations between rCBF and each of three factors were carried out separately in subjects with
ASD and NC. The ‘‘single-subjects covariates only’’ design model of SMP2 was implemented. All analyses were adjusted for
age and gender. Due to the explorative nature of the study and to the number of subjects, statistical thresholds of p = 0.05 at
voxel height, puncorrected< 0.05 at cluster level and puncorrected< 0.001 at voxel level were applied. Only those clusters
containing more than 125 (5 � 5 � 5 voxels, i.e. 11 mm � 11 mm � 11 mm) contiguous voxels were accepted as significant,
based on the calculation of the partial volume effect resulting from the spatial resolution of the PET camera (about double the
intrinsic spatial resolution). The resulting statistical parametric maps, SPM{t}, were transformed into normal distribution
(SPM{z}) units. Because the SPM template does not completely match the Talairach brain, it is necessary to correct its
coordinates. This was achieved by the subroutine implemented by Matthew Brett (http://www.mrc-cbu.cam.ac.uk/
Imaging). Brodmann areas (BAs) were then identified at a range of 1 mm from the corrected Talairach coordinates of the SPM
output isocentres, after importing them into Talairach client (http://www.talairach.org/index.html).

2.5. Ethical considerations

The study was approved by the Regional Ethical Review Board in Stockholm and the Radiation Safety Committee of the
Karolinska University Hospital. Written informed consents were obtained from all subjects.

3. Results

Comparisons of demographic variables between the ASD and NC revealed no significant differences in age, IQ, smoking,
handedness or sex distribution.

Principal component analysis of symptom scores identified three factors independent of age and educational level
referred to as ‘‘Autistic/ADHD traits’’ (F1); ‘‘Sensory-motor integration’’ (F2) and ‘‘Intelligence/Motor sequencing’’ (F3). The
pattern of loadings on each of three factors is presented in Table 2.

Each of three factors was correlated in both groups to significant increases (i.e. positive correlations) and decreases (i.e.
negative correlations) in rCBF (Table 3 and Figs. 1 and 2).

In NC, positive correlations between the ‘‘Autistic/ADHD traits’’ factor and CBF were found in the occipital and temporal
cortex and, in ASD, in the caudate bilaterally and in the right inferior parietal lobule, posterior cingulate and motor cortex.
The ASD group showed also negative correlations in the right putamen and prefrontal cortex.

For the ‘‘Sensory-motor integration’’ factor opposite relationships in the occipital association cortex were found in ASD
and NC with positive and negative correlations, respectively. The same was found for the putamen, in which NC correlated
positively and ASD negatively with CBF.

Table 2

Factor loadings of the neuropsychiatric scale scores.

Variables Component h2

F1. Autistic/ADHD

traits

F2. Sensory-motor

integration

F3. Intelligence/Motor

sequencing

Hyperactivity/impulsivity subscale in ASRS 0.841 �0.254 0.334 0.88

Circumscribed interests subscale in RAADS-R 0.826 0.376 0.039 0.93

Inattention subscale in ASRS 0.804 0.036 0.065 0.65

ADOS communication and Social interaction 0.798 0.341 0.250 0.81

Sensory Motor Symptoms subscale in RAADS-R 0.766 0.318 0.514 0.95

Global assessment of function, total �0.757 �0.469 �0.277 0.87

Social Interaction subscale in RAADS-R 0.751 0.452 0.272 0.84

‘‘Hard’’ signs NES 0.563 0.385 0.413 0.63

Motor Co-ordination Signs subscale in NES 0.032 0.935 0.058 0.87

Sensory Integration Signs subscale in NES 0.316 0.618 0.186 0.51

Verbal IQ �0.244 0.030 �0.866 0.80

Performance IQ �0.237 �0.206 �0.890 0.89

Motor Sequencing Signs subscale in NES 0.298 0.519 0.727 0.88

Cumulative variance explained 38.6 19.7 22.9

Highest factor loadings are in bold. h2 is the communality, i.e. the proportion of variance of a single item that is explained by the factor solution. ADOS,

Autism Diagnostic Observation Schedule; ASRS, Adult ADHD Self-Report Scale; NES, Neurological Evaluation Scale; RAADS-R, Ritvo Autism and Asperger

Diagnostic Scale-Revised; IQ, Intelligence quotient.
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Table 3

Regions with positive and negative correlations between the z-scores of the three factors and CBF.

Structures Brodmann area F1. Autistic/ADHD traits F2. Sensory-motor integration F3. Intelligence/Motor sequencing

ASD, n = 13 Control, n = 10 ASD, n = 13, Control, n = 10 ASD, n = 13 Control, n = 10

Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg

Ventral lateral nucleus Thalamus R L L L

Lentiform nucleus Putamen R R L L

Caudate R L

Sensory-motor cortex 3 R

Precuneus 7 R

Insula 13 R L

Cuneus 17 R L L

Cuneus 18 R R L R

Fusiform gyrus 19 R L R L R

Middle temporal gyrus 21 L R

Superior temporal gyrus 22 R L R

Superior temporal gyrus 38 L

Temporo-parietal junction 39/40 R R

Parahippocampal gyrus Hippocampus R

Posterior cingulate 23 L

Parahippocampal gyrus 35 L

Parahippocampal gyrus 36 L

Parahippocampal gyrus 37 L R

Uncus 20 R

Inferior frontal gyrus 45 R

Superior frontal gyrus 10, 11 R

Anterior cingulate 32 R

Inferior frontal gyrus 34 R L

Inferior frontal gyrus 47 R

ASD, individuals with ASD, R: right; L: left.
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The factor ‘‘Intelligence/Motor sequencing’’ was correlated with CBF only in the ASD group, positively in the right
temporal cortex and negatively in the left insula and right uncus. The left thalamus correlated negatively with all three
factors in the ASD group.

4. Discussion

In this study we could show that autistic traits and ADHD symptoms were grouped in the same factor (‘‘Autistic/ADHD
traits’’). Thus, our data support the hypothesis that autistic traits and ADHD symptoms are correlated with resting rCBF in

Fig. 1. Positive correlation between rCBF and ‘‘autistic/ADHD traits’’ in ASD (in red) and controls (in green). Regions showing a positive correlation between

between rCBF and factor ‘‘autistic/ADHD traits’’ in ASD (in red) and NC (in green). The first row represents the medial aspect of left (on the left) and right (on

the right) hemispheres; the second row represents the anterior (on the left) and posterior (on the right) aspect on the brain; the third row represents the

lateral aspect of the right (on the left) and of the left (on the right) hemispheres; the fourth row represents the inferior (on the left) and the superior (on the

right) aspects of the brain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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superimposing brain regions. Neurological soft signs and intelligence/motor sequencing were correlated to rCBF
independently from the ASD and ADHD dimensions.

4.1. ‘‘Autistic/ADHD traits’’ and rCBF

The positive relationship between CBF and the factor ‘‘Autistic/ADHD traits’’ in individuals with ASD reflects the
neurobiological correlates of ASD- and ADHD symptoms in specific brain regions. These regions – the temporo-parietal
junction, sensory-motor cortex, caudate and middle and superior temporal gyrus – have previously been reported to be

Fig. 2. Positive correlation between rCBF and ‘‘sensory-motor integration’’ in ASD (in red) and controls (in green). Regions showing a positive correlation

between rCBF and factor ‘‘sensory-motor integration’’ in ASD (in red) and NC (in green). The first row represents the medial aspect of left (on the left) and right

(on the right) hemispheres; the second row represents the anterior (on the left) and posterior (on the right) aspect on the brain; the third row represents the

lateral aspect of the right (on the left) and of the left (on the right) hemispheres; the fourth row represents the inferior (on the left) and the superior (on the right)

aspects of the brain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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implicated in both ASD and ADHD (Ecker et al., 2012; Fassbender & Schweitzer, 2006; Lombardo, Chakrabarti, Bullmore, &
Baron-Cohen, 2011).

The temporo-parietal junction (corresponding to BA 39/40) is implicated in complex behaviors, which require attention
to biological motion (Allison, Puce, & McCarthy, 2000), spatial orientation of the eye gaze (Wicker et al., 2008) and
integration of visual and auditory inputs with the purpose of providing meaningful social and emotional responses (Calvert,
Campbell, & Brammer, 2000). It is also involved in moral judgment and in the ability to understand the intentions of other
people and metaphors (Luria, 1970; Verhoeven, De Cock, Lagae, & Sunaert, 2010), further supporting the relevance of this
area in ASD. Moreover, the tempo-parietal junction has been identified as a part of a right-lateralized ventral attention
system related to distractibility (Fox, Corbetta, Snyder, Vincent, & Raichle, 2006) and inattention to salient social cues,
implicated in both ASD and ADHD. In addition, higher activations in this region were also found in a PET study in subjects
with autism compared to healthy controls during a verbal memory task (Hazlett et al., 2004).

We also found positive correlations between the factor ‘‘Autistic/ADHD traits’’ and CBF in the postcentral gyrus (BA 3), i.e.
a part of the primary somatosensory cortex. Possibly, positive correlations in this region may be related to abnormal
perceptions of somatic sensations emerging during the PET scanning.

The caudate has also been implicated in ASD by being associated with executive deficits and ritualistic behaviors
(Haznedar et al., 2006; Hollander et al., 2005). Associative cortices project in a segregated manner, mainly to the nucleus
caudatus in the striatum. Since the caudate is the crucial part of several neural circuits, the positive correlation between the
factor ‘‘Autistic/ADHD traits’’ and CBF in the caudate could be explained by the strong anatomical and functional connections
of this structure with temporal and parietal lobes. Because the human brain is anatomically and functionally organized into
complex networks, it allows both segregation and integration of information. It is likely that connectivity networks are
impaired in ASD at the long-range level and incremented at the low-range level (Minshew & Keller, 2010). This latter
anatomo-functional looping might under certain circumstances cause excessive information processing, resulting in a local
increase in metabolism and blood flow. Therefore, the negative correlation between the factor ‘‘Autistic/ADHD traits’’ and the
prefrontal cortex is likely due to the long-range disconnection between temporo-parietal junction/posterior cingulate cortex
and the rostral part of the brain and may be partly explained by presence of ADHD-symptoms (Solomon et al., 2009).

4.2. ‘‘Sensory-motor integration’’ and rCBF

This study also provided evidence that neurological soft signs are part of the ASD phenotype since the factor ‘‘Sensory-
motor integration’’ included the scores of NES sub-scales for assessment of motor coordination and sensory-integration.
Positive correlations with CBF were found in the cuneus and fusiform gyrus in ASD, whereas a negative correlation was found
in NC, as shown in Table 3.

Impaired eye-to-eye gaze and facial expressions are included in the diagnostic criteria for ASD (American Psychiatric
Association, 1994) and face recognition deficit was suggested to be one of several factors that could lead to poor social skills
(Barton et al., 2004). In a neurotypical population, activation in the fusiform gyrus was associated with face identification,
face processing and object perception (Bly & Kosslyn, 1997) and the dorsolateral occipital cortex was selectively activated by
face matching tasks (Haxby et al., 1991). We found in patients a positive correlation between CBF and the factor ‘‘Sensory-
motor integration’’ in fusiform gyrus, in which increased gray matter volume has been reported in ASD (Waiter et al., 2004).
This positive correlation could be explained by the abnormally intense and generalized pattern of information flow in
autistic perception and by the increased local neuronal activity in the visual cortex (Belmonte & Yurgelun-Todd, 2003).

Individuals with ASD tend to use a visually oriented, asocial processing style (Koshino et al., 2008) and visual strategies to
solve cognitive problems, regardless of whether they are visual or verbal (Sahyoun, Belliveau, Soulières, Schwartz, & Mody,
2010). Atypical visual perception and visuospatial abilities in individuals with ASD may be linked to savant capacities and
exceptional attention to details and possibly also to social interaction deficits (Dakin & Frith, 2005; Sutherland & Crewther,
2010; Völlm et al., 2006). Thus, the positive correlations shown in this study between the factor ‘‘Sensory-motor integration’’
and CBF in cuneus and fusiform gyrus in individuals with ASD, may reflect difficulties in the cross-modal integration of
visual, auditive, proprioceptive and tactile information, typical for the disorder. Also, our findings confirm an involvement of
the temporo-occipital regions, implicated in decoding intentions and emotions of other people.

4.3. ‘‘Intelligence/Motor sequencing’’ and rCBF

Positive correlation was found in the ASD group between the factor representing ‘‘Intelligence/Motor sequencing’’ and
CBF in the right insula and middle and superior temporal gyrus. Insula (BA 13) is also involved in visuo-spatial (Damarla
et al., 2010) and multisensory processing (Downar, Crawley, Mikulis, & Davis, 2001). Moreover, the insula was proposed to
play a key role in switching attention between external stimuli and internal reflections (Sridharan, Levitin, & Menon, 2008)
and in mediating attention to novel sensory stimuli. In addition, the insula is involved in temporal processing, phonological
processing and visual–auditory integration (Bamiou, Musiek, & Luxon, 2003), functions that are affected in ASD. The positive
correlation in this region between CBF and the factor ‘‘Intelligence/Motor sequencing’’ could possibly reflect compensatory
mechanisms for the deficits in integrative functions (Ornitz, 1974). Also the insula, along with the superior temporal gyrus,
contribute to neural networks for empathizing, consciousness and identity (Craig, 2002; Damasio et al., 2000; Singer et al.,
2006). Interestingly, increased rCBF was found in the right insular cortex in individuals with gender identity disorder (GID)
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(Nawata et al., 2010), a condition that is clearly overrepresented in ASD (de Vries, Noens, Cohen-Kettenis, van Berckelaer-
Onnes, & Doreleijers, 2010). In addition, the increases of gray matter volumes in the temporo-parietal junction and in the
insular cortex in individuals with GID was recently suggested to be related to the involvement of these regions in sensory-
motor processing (Savic & Arver, 2011), which opens new directions for research on a ‘‘comorbidity’’ between ASD and GID.

The superior temporal gyrus (corresponding to BA 21, 22) is considered to be the neuroanatomical substrate for language,
speech, mentalizing (Frith & Frith, 2003), empathy (Carr, Iacoboni, Dubeau, Mazziotta, & Lenzi, 2003; Völlm et al., 2006) and
sensory integration (Dazzan et al., 2006). Thus, this region is considered to be the neural basis for social- and communication
deficits in ASD and ADHD combined with substantial perceptual, motor and attention deficits (Gepner & Feron, 2009;
Gillberg & Rasmussen, 1982; Herrington et al., 2007; Kwakye, Foss-Feig, Cascio, Stone, & Wallace, 2011; Leekam, Nieto, Libby,
Wing, & Gould, 2007). In the present study the factor ‘‘Intelligence/Motor sequencing’’ was positively correlated with CBF in
the superior temporal gyrus in the ASD group, but not in the controls.

4.4. Thalamus involvement

Notably, the left thalamus showed negative correlations with all three factors.
This is in agreement with the previously reported lower metabolic activity in the anterior thalamus bilaterally (Haznedar

et al., 2006) and abnormal neurotransmission in individuals with ASD (Bernardi et al., 2011). Also, thalamus abnormalities
have shown to be associated with an abundance of neurological soft signs in earlier studies (Dazzan et al., 2006; Thomann
et al., 2009). Since the thalamus mediates both sensory perception and motor planning and serves as an active filter for the
information flow to the cerebral cortex, it is suggested to be implicated in the inappropriate multisensory integration
processing in ASD as well as in ADHD (Hardan et al., 2008; Zhu et al., 2008). In addition, the thalamus regulates cortical
arousal through thalamo-cortical connections and can therefore elicit a hyperarousal condition, which is well known in ASD.

Taken together, a neurobiological-based model for ASD is supported by our findings and is consistent with previous
reports about the co-occurrence of inattention, hyperactivity and motor control deficits in ASD. This is also in line with
studies that showed phenotypic overlap between ASD and ADHD (Reiersen et al., 2008) and shared genetic variance
(Lichtenstein, Carlström, Råstam, Gillberg, & Anckarsäter, 2010). Moreover, our findings are in agreement with a previously
reported underlying factor of a major effect contributing to both autistic traits and ADHD symptoms (Constantino et al.,
2004). Therefore, co-occurring ADHD symptoms are suggested to be a representation of a broader ASD phenotype and not a
separate co-morbid disorder, which is of relevance for diagnosis and treatment. Thus, the use of factor analysis of different
signs and symptoms is suggested to be a valuable approach for exploring underlying ethiological and pathophysiological
causes (Dworzynski, Happe, Bolton, & Ronald, 2009; Steer et al., 2010) and biological correlates in ASD (Sacco et al., 2010).

4.5. Measures of autistic traits

RAADS-R, a rating scale to assist in the assessment of the ASD diagnosis, was used in the present study to measure autistic
traits. A wide selection of impairments in cognitive functions, the existence of repetitive and stereotyped behaviors and
sensory-motor deficits are assessed by this instrument. Our results suggest that ASD is a clinical syndrome with various
symptomatic dimensions composing the autism spectrum phenotype. Doubtlessly, the autism phenotype is a consequence
of an atypical brain development (Kaplan, Crawford, Cantell, Kooistra, & Dewey, 2006; Kaplan, Dewey, Crawford, & Wilson,
2001), which affects brain connectivity and synchronicity (Gepner & Feron, 2009). Similar findings have been reported in
ADHD (Fair et al., 2010). These anatomic and functional similarities may be associated to intertwined impairments in
language, motor coordination, activity, mood, and sleep, as shown in children diagnosed with a neuropsychiatric disorder
(Gillberg, 2010). In our adult ASD sample, co-occurrence of symptoms of ADHD and deficits in motor and sensory-
integration, along with a number of other psychiatric and psychological problems are suggested to represent the clinical
manifestation of this atypical brain development. Certain areas, engaged in ASD, are similarly affected in other psychiatric
disorders (Kleinhans et al., 2010; Menzies et al., 2008; Ravindran et al., 2009; Seminowicz et al., 2004). In adults with ASD,
coexisting sensory-motor abnormalities, assessed rather than self-reported, may represent a specific clinical subtype,
separable from ASD alone, and supported by neuroimaging findings in this study. Inattention and hyperactivity seem to be
integrated in the ASD diagnosis and share neural substrates.

4.6. Limitations

The analyses were performed accepting significances of p < 0.05 uncorrected at peak level. Due to the small sample size,
not unusual in neuroimaging studies, this liberal choice was adopted to avoid type II errors attributable to over-conservative
thresholds (Oishi et al., 2005). Effectively, given the exploratory nature of this analysis and considering the relatively low
sensitivity of PET without repeated measures, higher thresholds could lead to false-negative results in PET studies. Another
limitation was the lack of blinded assessors.

5. Conclusions

Although ASD and ADHD can be described as distinct categories, autistic traits and ADHD-symptoms were associated
with common neural substrates, while sensory-motor deficits were grouped in another independent factor. These different
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symptom dimensions may reflect underlying brain dysfunctions in atypical organized neuronal networks. Our findings
contribute to the hypothesis that in ASD resting neural activity in local neuronal circuits is associated with metabolic and
blood flow alterations.
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