
Regional Homogeneity of fMRI Time Series in Autism Spectrum
Disorders

Dinesh K. Shukla1, Brandon Keehn1,2, and Ralph-Axel Müller1,3
1Brain Development Imaging Laboratory, Department of Psychology, San Diego State University,
San Diego, CA 92120
2San Diego State University/University of California, San Diego Joint Doctoral Program in Language
and Communicative Disorders
3Department of Cognitive Sciences, University of California, San Diego, CA 92093

Abstract
Functional magnetic resonance imaging (fMRI) and functional connectivity MRI (fcMRI) studies of
autism spectrum disorders (ASD) have suggested atypical patterns of activation and long-distance
connectivity for diverse tasks and networks in ASD. We explored the regional homogeneity (ReHo)
approach in ASD, which is analogous to conventional fcMRI, but focuses on local connectivity.
FMRI data of 26 children with ASD and 29 typically developing (TD) children were acquired during
continuous task performance (visual search). Effects of motion and task were removed and
Kendall‟s coefficient of concordance (KCC) was computed, based on the correlation of the blood
oxygen level dependent (BOLD) time series for each voxel and its 6 nearest neighbors. ReHo was
lower in the ASD than the TD group in superior parietal and anterior prefrontal regions. Inverse
effects of greater ReHo in the ASD group were detected in lateral and medial temporal regions,
predominantly in the right hemisphere. Our findings suggest that ReHo is a sensitive measure for
detecting cortical abnormalities in autism. However, impact of methodological factors (such as
spatial resolution) on ReHo require further investigation.
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Autism spectrum disorders (ASD) are pervasive neurodevelopmental conditions characterized
by sociocommunicative deficits. FMRI studies have shown atypical activation patterns for
diverse tasks in children and adults with ASD [1,2]. There is also evidence of atypical functional
connectivity, as detected by spatiotemporal correlations between distal brain regions [3].

While long-distance interregional connectivity has been examined in many fcMRI studies,
much less attention has been paid to local connectivity. This is surprising in view of conjectures
that local connectivity and functional differentiation may reflect autistic pathology in different
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patterns than long-distance connectivity [4-6]. Regional homogeneity (ReHo) provides an
approach for using fMRI to investigate local connectivity [7].

The ReHo method tests for local correlations in BOLD time series, using Kendall‟s coefficient
of concordance (KCC) [8]. KCC is based on time course correlations between a voxel and its
neighbors. Mathematically, ReHo is comparable to the conventional fcMRI approach
described above. However, whereas fcMRI typically tests for BOLD time series correlations
between distal voxels or regions of interest, focusing on long-distance interregional
connectivity, ReHo targets connectivity at the local level. Atypical (mostly reduced) ReHo has
been reported in Alzheimer‟s disease [9], Parkinson‟s disease [10], schizophrenia [11], and
depression [12], attention deficit hyperactivity disorder (ADHD) [13,14], and healthy aging
[15]. Clinical correlations have also been reported. For example, correlations were detected
between ReHo in the right insula and anxiety severity in depressed patients [12] and between
ReHo in medial parietal lobe and scores on the Mini-Mental State Exam in patients with
Alzheimer‟s disease [9]. These findings suggest that the ReHo technique may be sensitive to
regional cortical pathology in disease-specific ways.

The present study investigated local functional connectivity using the ReHo method in children
with ASD and typically developing (TD) children. Specifically, we examined whether in ASD,
similar to other clinical and developmental disorders (as described above), ReHo would be
overall reduced in comparison with matched controls; or whether increased local connectivity
as suggested by some [4,6] might result in generally elevated ReHo in ASD.

Twenty-six children with ASD (25 males, 1 female; handedness (right/left) 24/2; mean age
13.7±0.6 years (range 9-18 years); verbal IQ 109.6±3.1; non-verbal IQ 112.1±2.8 [mean±sem])
and twenty-nine TD children (28 males, 1 female; handedness (right/left) 27/2; mean age 13.8
±0.55 years (range 8-19 years); verbal IQ 109.6±2.4; non-verbal IQ 110.8±2.3) were included
for the current study. Clinical diagnoses were confirmed by an expert clinical psychologist
using the Autism Diagnostic Interview-Revised (ADI-R) [16] and the Autism Diagnostic
Observation Schedule (ADOS) [17]. Children with associated medical conditions were
excluded. TD children had no reported personal or family history of autism or any other
neurological or psychiatric conditions. Independent-sample t-tests confirmed that ASD and
TD groups were matched on age [t(53)=0.14; p=.88] and full-scale IQ [t(53)=0.04; p=.96] as
determined using the Wechsler Abbreviated Scale of Intelligence (WASI) [18]. The research
protocol was approved by the Institutional Review Boards of the University of California, San
Diego and San Diego State University. Written informed consent was obtained from all
participants.

FMRI data were acquired on a 3T GE MRI scanner (Signa Excite HD), using a standard eight-
channel head coil and an echo-planar imaging pulse sequence (repetition time 2500ms, echo
time 30ms, flip angle 90°, matrix 64 64, slice thickness 3.2mm, in-plane voxel size 3.4
3.4mm2). A visual search experimental task was presented during the scan in which the target
was an upright “T” and distracters were Ts rotated in three cardinal orientations (for details,
see [19]). The experiment consisted of four runs, with a total of 480 time points.

FMRI data for individual runs were preprocessed using SPM2, including motion correction,
within-subject registration, and slice time correction. Functional volumes with excessive
motion (>2mm) were discarded (on average 27 and 24 volumes in ASD and TD groups,
respectively). The task-related components were removed from voxel time series using linear
least squares. Head motion, as determined by the root mean square of the translational and
rotational motion in three cardinal directions, was compared between groups. No significant
group differences were detected for translational motion (.55±.08mm [mean±sem] ASD and .
59±.07mm TD; p=.73) or rotational motion (.014±.003rad ASD and .010±.002rad TD; p=.29).
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Kendall's coefficient of concordance (KCC) [8] was used for measuring the correlation of the
time series of a given voxel with the time series of its 6 nearest neighbors. Data were temporally
band-pass filtered (0.01<f<0.1 Hz) to reduce low-frequency drift and high-frequency
respiratory and cardiac noise. Linear trends were removed. Individual ReHo maps were
generated by calculating KCC (with values from 0 to 1) in a voxel-wise way, using a group-
averaged gray matter mask, by the REST software (www.bic.mni.mcgill.ca/users/yonghe).
AFNI [20] software was used for the remaining analysis. KCC maps were transformed into
Talairach space. Spatial smoothing was conducted on final ReHo maps with a Gaussian kernel
of 6 mm3 full-width at half-maximum. In each participant, KCC maps were normalized by
dividing KCC in each voxel by the mean gray matter KCC. The mean KCC map of four runs
was obtained for each participant (except two ASD participants with only three runs and two
TD participants with only two runs, due to excessive motion in the remaining runs). A two-
sample t-test was performed on the normalized individual KCC maps. The resultant statistical
map was set at a combined threshold of p<0.01 and a minimum cluster size of 4050 mm3,
corresponding to a corrected threshold of p<0.05, as determined by AlphaSim in AFNI.

Group differences in ReHo are shown in Figure 1 and Table 1. Decreased ReHo in the ASD
group compared to the TD group was found in bilateral middle and superior frontal gyri, left
superior parietal lobule, and right precuneus. Increased ReHo in the ASD group compared to
the TD group was found in bilateral middle temporal and right parahippocampal gyri.

In clusters for which significant group differences had been detected, we also tested for possible
correlations between ReHo and diagnostic scores (ASD group only), age, and IQ, for a richer
characterization of our regional findings. In clusters showing reduced ReHo in the ASD group
(blue in Figure 1), mean KCC was positively correlated with age in the total sample (r=.36,
p=.008), as well as in each group separately (ASD: r=.45, p=.02; TD: r=.40, p=.03; Figure 2a).
In post hoc analyses, we found that this correlation was significant in both groups only for the
cluster in the precuneus, whereas in the other fronto-parietal clusters concordant but non-
significant trends were seen.

In clusters with increased ReHo in the ASD group (yellow in Figure 1), a marginally significant
negative correlation was found between KCC and age in both groups combined (r=−.23,
p=0.09). This negative correlation was significant in the TD group (r=−.38, p=.04), but not in
the ASD group (r=−.20, p=.32; Figure 2b). In the same clusters (ReHo ASD>TD), KCC was
negatively correlated with verbal IQ in the TD group (r=−.44, p=.02), and marginally with non-
verbal IQ, and full-scale IQ (both r=−.36, p=.06), but not in the ASD group (ps>.9). No
significant correlations were detected between regional KCC and ADOS scores (ps>.23) or
ADI-R scores (ps>.30) in the ASD group.

Our observation of decreased ReHo for the ASD group in portions of frontal, parietal, and
occipital lobes parallels findings of reduced ReHo in other clinical populations, such as
Alzheimer's disease [9], schizophrenia [11], and depression [12]. In our study, these effects of
reduced ReHo in ASD had a distinct regional pattern, occurring primarily in prefrontal and
superior and medial parietal lobes.

Frontal lobe impairment in ASD has been suggested by postmortem [21], structural MRI
[22], magnetic resonance spectroscopy [23], diffusion tensor imaging [24], cerebral blood flow
[25] and glucose metabolic studies [26], and is indirectly supported by executive impairments
in ASD [27]. Reduced ReHo in our study was found in dorsolateral prefrontal cortex, possibly
consistent with executive findings, and in frontopolar superior frontal gyrus (area 10),
considered crucial for highly integrative multimodal cognitive processing [28]. Parietal lobe
compromise has been suggested in some anatomical [29] and functional [30] studies,
accompanied by reports of cognitive impairment of attention reflective of parietal lobe
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dysfunction [31]. Carper et al. [32] found that both frontal and parietal lobes were affected by
atypical early white matter overgrowth and subsequently reduced growth, suggesting early-
onset impairments of connectivity.

Frontal and parietal regions showing reduced ReHo in the ASD group were further
characterized by age-dependent increases in ReHo. This increase, which was significant in
both TD and ASD groups, may reflect effects of maturation and cognitive development.
Reduced ReHo in the ASD group further suggests that such age-dependent changes are present,
but occur at lower levels in ASD. Normative ReHo data are not available for TD children. The
only study that has examined age-dependent changes to date [15] reported widespread
decreases of ReHo in healthy aging across all for lobes, indicating that ReHo may show
continuous change across the lifespan.

We also detected clusters of significantly greater ReHo in the ASD (compared to the TD) group,
which occurred exclusively in the temporal lobes. Most of these temporal effects were seen in
the right hemisphere where they occurred both laterally (superior and middle temporal gyri)
and medially (parahippocampal gyrus and amygdala). While these effects may appear
inconsistent with results from other brain disorders showing predominantly reduced ReHo,
they do not necessarily indicate absence of cortical compromise. A few previous ReHo studies
have shown similarly mixed effects [9,10]. For example, Cao [13] observed decreased ReHo
in fronto-parietal regions, but atypically increased ReHo in temporo-occipital cortex in boys
with ADHD. The regional pattern of ReHo increases observed in the present study may relate
to EEG findings by Murias et al. [33] of greater short distance connectivity (EEG coherence)
within the temporal lobe in ASD in the 3-6 Hz frequency band.

The temporal regions of increased ReHo in ASD were characterized by negative correlations
of KCC with verbal IQ and age, observed only in the TD group. The significance of this finding,
especially in the context of the age-dependent ReHo increases in widespread frontoparietal
regions discussed above, remains unclear. Figure 2b suggests that this finding may reflect a
typical maturational change that is diminished in ASD, similar in principle – though different
in direction – to the findings for frontoparietal cortices depicted in Figure 2a.

The regional pattern of our findings differs from results for adolescents with ASD recently
reported by Paakki et al. [34], who found mostly decreased ReHo in right lateral temporal and
prefrontal cortex, and increased ReHo in left inferior frontal lobe. Among potential
explanations are age differences, although mean age was only slightly higher than in our ASD
group. Paakki et al. stated only a lower cutoff for full-scale IQ (>75) and an overall higher
functional level in our cohort cannot be ruled out. More likely reasons for differences in
findings are methodological. Paakki et al. acquired data at lower field strength (1.5 vs. 3T) and
lower spatial resolution (70.4μl vs. 37.0μl voxels). More importantly, they computed KCC
using clusters of 27 neighboring voxels (1971μl), whereas we only included 6 neighboring
voxels (259μl). This suggests that ReHo results presented by Paakki et al. address a more
macroscopic level of organization than was examined in our study (see further discussion of
spatial resolution below). Another important difference relates to cognitive condition. Paakki
et al. used resting state fMRI data, whereas we acquired data during continuous task
performance (visual search) and regressed out task effects. Low-frequency BOLD fluctuations
that both studies examined were therefore most likely affected by the ‘default mode’ in the
study by Paakki et al., but not in ours. While the resting condition is considered to prompt such
a default mode in neurotypical populations [35], variability in response to the resting state is
probably large [36-38]. The cognitive response to lying in a noisy and confined space without
any explicit task may differ even more substantially between TD and ASD participants, as a
reflection of atypical socio-cognitive function and suspected abnormality of the default mode
network in ASD [39,40]. Resting state data can therefore not be considered mentally “neutral”
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and protected from abnormalities in cognitive response that may exist in ASD. Such differential
response may have driven some of the ReHo findings in the study by Paakki et al., whereas in
our study continuous task performance did not allow either TD or ASD participants to go into
a default mode.

Casanova and colleagues [41,42] reported reduced size and increased numbers of cortical
minicolumns in autism postmortem studies for several cortical regions. Minicolumns are
excitatory vertical circuits [43] and their relative density in the autistic brain would be
associated with atypically enhanced excitatory cortical function [6]. There is convergent
evidence for an abnormally increased excitation/inhibition ratio in the autistic brain [44,45],
including increased prevalence of epilepsy [46] and epileptiform EEG [47] as well as atypically
enhanced high-frequency EEG oscillations in the beta and gamma bands (13-70Hz) [33]. These
findings could theoretically account for atypically increased ReHo in ASD, since enhanced
local excitatory circuits and reduced intercolumnar inhibition would result in overall more
highly correlated local patterns of the BOLD signal.

However, it is obvious that the ReHo measure relies crucially on spatial resolution. Our voxel
volumes of 37μl were relatively small compared to most available fMRI studies of ASD and
we maintained spatial resolution by computing KCC in native space and avoiding any explicit
smoothing in the preprocessing pipeline. Nonetheless, with minicolumnar spacing of <100μm
[48], each cortical voxel will contain tens or hundreds of minicolumns and it remains unknown
whether the hypothesized reduced lateral inhibition would have a measurable effect on ReHo.
The very selective regional patterns of increased ReHo observed in our ASD study, with inverse
effects (reduced ReHo) in frontal and parietal cortices, suggest caution in linking ReHo findings
with the model of local overexcitation in ASD.

Furthermore, voxel size and the number of time series included in the computation of KCC
relate to the issue of partial volume effects. As mentioned above, Paakki et al. [34] determined
KCC for each voxel and its 27 neighbors, whereas we only included 6 neighboring voxels.
However, even with this reduced cluster volume, partial volume effects are unavoidable.
Maximized spatial resolution therefore appears commendable in future ReHo studies, which
may also investigate the relation between cortical thickness and ReHo.

It should be noted that the ReHo measure is not sensitive to global increases or decreases in
homogeneity of BOLD time series, as it implements normalized KCC (i.e., KCC detected for
a given voxel divided by mean KCC for all gray matter voxels). While this has been standard
procedure for reducing noise and variability in previous ReHo studies [10,12,13], it may be
argued that such normalization increases the risk of type II error when global abnormalities of
ReHo are hypothesized. We therefore ran identical analyses using non-normalized KCC.
Regional patterns of group differences (supplementary Figure 3) were almost identical to those
shown in Figure 1. Global gray matter KCC did not differ between groups (mean KCC: ASD=.
60, TD=.61; p=.4).

Unlike some previous clinical ReHo studies, ours did not use resting state data. Recent studies
have shown that task-independent fluctuations of the BOLD signal in low frequency domains,
as examined here, are contained in fMRI time series acquired during task performance and can
be isolated through low-pass filtering and the use of appropriate orthogonal task regressors
[49,50]. As discussed above, task-guided datasets provide better control over cognitive state
than unguided “rest”, which may be especially important in ASD. However, it cannot be
entirely ruled out that despite low-pass filtering and removal of modeled task effects in our
study, some residual effects of cognitive state related to the visual search task performed during
scanning could have survived. While this is unlikely for robust effects of increased ReHo we
saw in right lateral temporal lobe – a region for which no effects of the visual search task were
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detected by Keehn and colleagues [19] – it may be more likely for parietal regions showing
reduced ReHo in the ASD group, some of which occurred in the vicinity of regions found to
activate during visual search.

The current study aimed to explore the use of the ReHo method in the study of local functional
connectivity in ASD. Our results suggest that ReHo is sensitive to abnormalities of cortical
organization in ASD, but the precise nature of underlying mechanisms and links between
atypical local connectivity detected by ReHo and abnormal long-distance connectivity [3]
remain to be investigated.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Clusters of significant group differences in ReHo (normalized KCC). Positive values (yellow
clusters) represent greater ReHo in the ASD than in the TD group; negative values (blue
clusters) indicate inverse effects (TD>ASD; all clusters p<0.05, corrected for multiple
comparisons). Color scale reflects T-scores.

Shukla et al. Page 9

Neurosci Lett. Author manuscript; available in PMC 2011 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Pearson correlation analyses examining the relation between normalized KCC values and age
(a) in regions with reduced ReHo in the ASD group compared to the TD group, and (b) for
clusters with inverse effects (ASD>TD).

Shukla et al. Page 10

Neurosci Lett. Author manuscript; available in PMC 2011 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Shukla et al. Page 11

Ta
bl

e 
1

C
lu

st
er

s o
f s

ig
ni

fic
an

t g
ro

up
 d

iff
er

en
ce

s (
p<

.0
5;

 c
or

r.)
 fo

r n
or

m
al

iz
ed

 K
C

C
. (

A
bb

re
vi

at
io

ns
: L

, l
ef

t; 
R

, r
ig

ht
).

Pe
ak

 L
oc

at
io

n
A

dd
iti

on
al

 r
eg

io
ns

(%
 v

ol
um

e 
of

 c
lu

st
er

)

H
em

is
ph

er
e

T
al

ai
ra

ch
co

or
di

na
te

s
V

ol
um

e 
(μ

l)
T

-s
co

re

x
y

z

A
SD

<T
D

Su
pe

rio
r p

ar
ie

ta
l l

ob
ul

e
L

31
−6

7
59

23
65

2
3.

9

 
Pr

ec
un

eu
s (

14
.3

)

 
C

un
eu

s (
8.

9)

 
Po

st
er

io
r c

in
gu

la
te

 c
or

te
x 

(3
.2

)

 
Pa

ra
ce

nt
ra

l l
ob

ul
e 

(3
.0

)

Pr
ec

un
eu

s
R

−1
9

−6
1

47
19

49
4

3.
8

 
Su

pe
rio

r p
ar

ie
ta

l l
ob

ul
e 

(3
3)

 
Po

st
ce

nt
ra

l g
yr

us
 (1

5.
2)

 
A

ng
ul

ar
 g

yr
us

 (1
1.

4)

M
id

dl
e 

fr
on

ta
l g

yr
us

L
46

37
44

12
44

7
3.

4

 
Su

pe
rio

r f
ro

nt
al

 g
yr

us
 (7

.5
)

 
In

fe
rio

r f
ro

nt
al

 g
yr

us
 (3

.6
)

Su
pe

rio
r f

ro
nt

al
 g

yr
us

L
13

46
50

54
54

3.
3

Su
pe

rio
r f

ro
nt

al
 g

yr
us

R
−4

3
5

59
52

92
3.

2

M
id

dl
e 

fr
on

ta
l g

yr
us

R
−3

1
55

32
41

58
2.

7

 
Su

pe
rio

r f
ro

nt
al

 g
yr

us
 (2

9.
9)

 
Pr

ec
en

tra
l g

yr
us

 (1
0.

7)

A
SD

>T
D

M
id

dl
e 

te
m

po
ra

l g
yr

us
R

−6
1

−1
7

−1
2

33
04

8
4.

3

 
Fu

si
fo

rm
 g

yr
us

 (1
4.

3)

 
Su

pe
rio

r t
em

po
ra

l g
yr

us
 (1

3.
1)

 
In

fe
rio

r t
em

po
ra

l g
yr

us
 (4

.2
)

M
id

dl
e 

te
m

po
ra

l g
yr

us
L

34
−4

9
5

10
20

6
3.

7

 
Su

pe
rio

r o
cc

ip
ita

l g
yr

us
 (4

.4
)

 
C

un
eu

s (
2.

5)

Pa
ra

hi
pp

oc
am

pa
l g

yr
us

R
−2

5
−5

−1
0

86
67

2.
9

 
A

m
yg

da
la

 (1
3.

2)

 
Te

m
po

ra
l p

ol
e 

(6
.9

)

Neurosci Lett. Author manuscript; available in PMC 2011 May 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Shukla et al. Page 12

Pe
ak

 L
oc

at
io

n
A

dd
iti

on
al

 r
eg

io
ns

(%
 v

ol
um

e 
of

 c
lu

st
er

)

H
em

is
ph

er
e

T
al

ai
ra

ch
co

or
di

na
te

s
V

ol
um

e 
(μ

l)
T

-s
co

re

x
y

z

 
H

ip
po

ca
m

pu
s (

2.
9)

Neurosci Lett. Author manuscript; available in PMC 2011 May 26.


