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Abstract. So far, resting state functional connectivity (RSFC) has been per-
formed mainly by seed correlation analysis (SCA) on functional MRI (fMRI)
studies. In previous studies, the seeds are usually selected on the basis of prior
anatomical information or previously performed activation maps. In this paper,
we proposed a novel way to select the desired seeds by taking the natures of
resting state data into account. The proposed approach is based on the meas-
urement of regional homogeneity (ReHo) of brain regions. Using this technique,
2 locations showing higher ReHo in the cerebellum (i.e. the bilateral anterior
inferior cerebellum, AICb) were identified and used as the seeds for RSFC pat-
terns studies. We found that the bilateral AICb show significant functional con-
nectivity with the bilateral thalamus, the bilateral hippocampus, the precuneus,
the temporal lobe and the prefrontal lobe. Further, the differences of RSFC pat-
terns between the bilateral AICb were ascertained by a random effect paired t-
test. These findings may improve our understanding of cerebellar involvement
in motor and a variety of non-motor functions.

1 Introduction

Functional connectivity in the context of functional brain imaging has been considered
as a descriptive measure of spatiotemporal correlations between spatially distinct brain
regions [1]. Functional connectivity in the human brain has traditionally focused on
characterizing neuronal interactions between activated regions in a given experiment
task [2]. Such task-specific functional connectivity (TSFC) may reflect coactivations
resulting from the task itself and therefore strongly depend on the performance of the
task. Recently, increasing attention has been focused on exploring functional depend-
encies between brain regions in no specific cognitive task, defined as resting state
functional connectivity (RSFC). Some convincing evidence from functional MRI
(fMRI) studies has demonstrated that there exists very low frequency fluctuations
(LFFs) (< 0.08 Hz) in MR signals measured in the resting brain [3-6]. In functionally
related regions of the brain, these fluctuations are synchronous and exhibit high tem-
poral coherence, even in those regions located remotely, which implies the existence
of neuronal connectivity coordinating activity in the human brain. Thus, RSFC based
on the LFFs may offer a more direct measure of functional interactions between brain
regions since it is task-free.
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So far, RSFC has been studied in the motor cortex [3, 4], visual cortex [3, 4], lan-
guage regions [5], and also in the subcortical regions, such as the thalamus [6] and the
hippocampus [6, 7]. Moreover, recent studies in patients have suggested that it would
also be of specific clinical interest [8, 9].

Despite these studies, RSFC patterns in the cerebellum have not been reported in
detail so far. As one of important subcortical structures in the brain, many investiga-
tions have indicated that the cerebellum not only contributes to the control of coordi-
nated movement [10], but also may be involved in a variety of non-motor functions,
including sensory discrimination [11], working memory [12] and emotional modula-
tion [13]. It therefore would be very meaningful to ascertain which brain regions show
significant functional connectivity with the cerebellum during rest. The investigation
of RSFC patterns in the cerebellum may improve our understanding of cerebellar
involvement in various functions.

One popular way for RSFC studies is seed correlation analysis (SCA), i.e. by se-
lecting a predefined seed region of interest (ROI) as a reference and cross-correlating
the time course of the seed with that of all other voxels in the whole brain to produce a
functional network. In these studies, the seed ROIs are usually selected on the basis of
prior anatomical information [6] or previously performed activation maps [3, 14].
However, such investigator-dependent selections may not be optimal for evaluating
RSFC since the bias resulting from external effects (e.g. different experimental tasks)
may make the connectivity patterns show completely different features. Intuitively,
one should make full use of the information inferred from resting state data to select a
relevant seed while evaluating RSFC using a SCA technique.

In this study, we propose a novel way to define the desired seed ROIs by taking
into account the natures of resting state data. This approach is based on the measure-
ment of regional homogeneity (ReHo) of brain areas. The ReHo may better represent
the characteristics of brain areas in activity, as described by Zang et al. [15].

The paper is organized as follows: An experimental protocol in fMRI was first de-
scribed. Then, the ReHo was reviewed and performed on resting state data; 2 locations
showing higher ReHo in the cerebellum were identified and used as the seed leading
to further RSFC analysis. Finally, a summary was provided.

2 Methods

2.1 Data Acquisition

FMRI studies of 34 healthy, right-handed volunteers (25 males; age range 22-40,
mean 26.2) were performed with a 1.5-Tesla GE Signa scanner. Each subject was
scanned for 400 sec in a resting state. Functional images were acquired axially by
using an EPI sequence with the following parameters: 2000/40 ms (TR/TE), 20 slices,
64 x 64 matrix, 90° FA, 24-cm FOV, 5-mm thickness, and 1-mm gap.

2.2 Data Preprocessing

The first 10 time points of the resting state were discarded because of the instability of
the initial MRI signal leaving 190 time points. The data were first preprocessed (slice
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timing, realignment, spatially normalization and re-sampled at 3 mm?) using SPM2
(www.fil.ion.ucl.ac.uk/spm). Then, in the AFNI package [17], linear drift was re-
moved and the data were spatially smoothed using a 4-mm FWHM Gaussian kernel.
After these, a low-pass frequency filter (f <0.08 Hz) was applied to remove physio-
logical high frequency noise [3]. The resulting LFFs were further analyzed.

2.3 Regions of Interest (ROIs)

In our previous study, the ReHo has been used to differentiate brain regions showing
changes in activity between different states [15]. In this study, it was extended to de-
fine the seed ROIs located in the cerebellum. The description in detail is as follows:

Basic ReHo algorithm. In the context of the ReHo, it seems to be reasonable to as-
sume that the voxels within a functional cluster have higher temporal homogeneity
than that within a general cluster [15]. The ReHo of a cluster is measured using Kend-
all’s coefficient of concordance (KCC) [18]:
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points of each voxel time series (here n = 190); k is the number of voxels in the cluster,
(here k = 27, for selecting the number of voxels, see ref [15]). Individual KCC maps
were obtained on a voxel by voxel basis for each subject data set and further used to
define the desired seed ROIs.

Definition of ROIs. The seed ROIs located in the cerebellum are defined as follows.
First, a random effect one-sample t test [19] against 0.5 (i.e., Hy: KCC = 0.5, d.f. = 33)
was performed on the KCC maps above. Voxels with t > 15.52 (P < 1 x 107, uncor-
rected) and clusters volume (CV) > 540 mm® were superimposed on high-resolution
anatomical images (Fig.1). The resulting t-map shows higher ReHo in the bilateral
anterior inferior cerebellum (AICb), the posterior cingulate cortex (PCC, Brodmann’s
area [BA] 23 and 31), etc. Here, we are just concerned about the bilateral AICb. Thus,
anatomical location of peak voxel (i.e. highest t value) within them was identified
(Talairach coordinates: the left AICb [-26 -47 -32] and the right AICb [27 -47 -32].
Since the normalization of the data was performed in SPM2, we have transformed the
coordinates of brain areas from the MNI space into the Talairach space using an algo-
rithm proposed by http://www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml).
Finally, each peak voxel obtained above and its nearest 26 neighbors were defined as
a group ROI. Subject-specific ROIs were precisely consistent with the group ROIs
anatomically. According to the above strategy, 2 subject-specific AICb ROIs for each
subject were obtained leading to further RSFC analyses.

2.4 Functional Connectivity Analyses

RSFC patterns of the cerebellum were explored by a SCA approach on the basis of
the seed ROIs above. Time series were first extracted for each subject-specific AICb



Fig. 1. A group t-map based on the individual KCC maps. The arrows indicate the locations of
the bilateral AICD respectively. Z-axis from Z =36 to Z = +19 in Talairach and Tournoux (TT)
coordinates [16]. L indicates the left hemisphere of the brain. For other details, see Methods.

ROIs by averaging the time series of all the 27 voxels in the ROI. Then, the resulting
time series was used as a reference for cross-correlation analysis (i.e. SCA). These
correlation coefficients were further normalized using Fisher’s z transformation [20]:

z:O.Slog(iirJ (2)

where 7 is the Pearson correlation coefficient at each voxel. The resulting z values is
approximately normal distribution with mean and
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standard deviation 5 ~ | / n — 3 . Finally, the individual z-maps entered into a ran-

dom effect one-sample t-test [19] to determine brain regions showing significant func-
tional connectivity across subjects. According to the above processing, 2 RSFC t-
maps were obtained respectively. Voxels with t >9.917 (d.f. =33, P< 1 x 107", un-
corrected) and CV>540 mm’® were superimposed on high-resolution anatomical im-
ages (Fig.2). The differences of RSFC patterns between the bilateral AICb was further
ascertained by a random effect paired t-test performed on the z-maps above. Voxels
with [t| > 2.036 (d.f. = 33, P < 0.05, uncorrected) and CV > 540 mm’ were considered
as significantly different between the RSFC patterns of the bilateral AICb.

The above procedures were coded in MATLAB (The MathWorks, Inc., Natick,
MA) or processed in the AFNI package [17].

3 Results

Brain areas Showing Higher ReHo During Rest. Fig. 1 shows brain areas having
higher ReHo during the rest, including the bilateral AICb, the bilateral superior cere-
bellum (SCb), the PCC (BA 23 and 31) and the anterior cingulate cortex (ACC, BA
32). Here, we just focused on exploring the AICb as detailed in Methods.

RSFC Patterns of the Bilateral AICbh. The right AICb showed significant RSFC with
the following brain areas: the left AICb, the bilateral SCb, the bilateral thalamus (Th),
the bilateral hippocampus (Hi), the left medial prefrontal cortex (MPFC, BAI11), the
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Fig. 2. RSFC t-map for the right AICb. The arrow indicates the location of the right AICb. Z-
axis from Z = 44 to Z = +60 in TT coordinates. For other details, see Methods.

precuneus (PCu, BA 7) and the temporal lobe (BA21, 37 and 42) (Fig.2). The left
AICb showed significant RSFC with the following brain regions: the right AICb, the
bilateral SCb, the bilateral Th, the bilateral Hi, the PCC (BA 23), the PCu (BA 7) and
the supplement motor area (SMA, BA 6) (The figure is not given here).

The Differences of RSFC Patterns Between the Bilateral AICh. Fig.3 shows the differ-
ences of RSFC patterns for the bilateral AICb detected by a paired t-test. Of 29 brain
regions with significant differences, 14 showed higher connectivity with the right
AICb, compared with the left AICb. Further details regarding these brain regions were
presented in Table 1.

4 Discussion

In this study, we used a novel way, the ReHo, to define the desired seed ROIs while
exploring RSFC patterns of brain regions using a SCA method. As compared to other
methods used for the selection of the seed in the resting state, e.g., anatomically
knowledge-based or task activation-based methods, the main advantage of ReHo is
that it makes full use of the nature of the resting state data. Using this technique, we
identified the seed ROIs located in the bilateral AICb and ascertained their connec-
tivity patterns during rest. Results demonstrate that the bilateral AICb show significant
functional connectivity with a distinct set of brain regions during rest, thus providing
insight into understanding functional pathways related to the cerebellum.

A large body of evidences has shown that the cerebellum not only participates in
motor control, but also may be involved in a variety of non-motor functions. The ex-
plorations about functional pathways related to the cerebellum would be very signifi-
cant for understanding of how the cerebellum works. However, these studies so far
have usually focused on exploring TSFC patterns related to the cerebellum [23, 26].
Obviously, such patterns strongly depend on the performance of the tasks. In contrast,
RSFC analysis based on the LFFs may provide a more direct measure for neural cir-
cuitry. To probe the possibility, we mapped the connectivity patterns for the bilateral
AICDb during rest respectively. Results show that the right AICb has significant
functional connectivity with the left AICDb, the bilateral Th, the bilateral Hi, the



Fig. 3. Paired t-test for the differences of RSFC patterns between the bilateral AICb. Z-axis
from Z =-44 to Z =+60 in TT coordinates. White cluster: the left AICb > the right AICb. Grey
cluster: the right AICb > the left AICb. For other details, see Methods and Table 1.

Table 1. Paired t-test for the difference of RSFC patterns between the bilateral AICD.

Left < Right Left > Right

k X y z t Regions, BA k X y z t Regions, BA
1306 27 47 -32 -268 R.AICb 1227 24 49 -32 274 L.AICb
352 21 28 -9 -439 LMPFC, 10 46 -40 92 17 520 LOL, 19
601 =55 =32 -13 419  LMTG, 20 711 9 23 8 426 R.Th

23 25 31 -10 -3.67 R.MPFC, 11 -1 -14 6 4.09 L.Th

108 24 92 -1 -3.65 L.OL, 18 418 58 -48 24  4.06 RJIPC,40
300 221 44 30 -3.64 LWM 118 21 -72 -42 391 R.PICb

32 26 35 39 -344 RWM 28 22 35 22 338 RSFG,10
102 -42 33 41 -340 LMl 4 62 1 2 35 328 R.CG,24
48 58  -15 34 -319 R.PiCG,6 176 2 <60 51 293 R.PCu,7
48 27 92 21 -3.14 L.SCb 57 19 0 55 291 RMFG,6
48 26 90 -2 -3.04 ROL, I8 27 10 46 35 286 RSFG,9
31 7 <78 -5 294 R.PCC, 18 26 -8 -84 33 285 L.Cul9
55 -45 -6 45 291  L.PrCG,6 89 27 48 12 282 R.MFG, 10
36 -45 13 10 -2.70  LIFG, 44 29 26 <59 6 270 LWM

27 16 13 31 258 R.ACC,32

Left part: results showing more significant RSFC with the right AICb. Right part: results show-
ing more significant RSFC with the left AICD. k, cluster size in voxels; BA, Brodmann’s area;
X, ¥, z, coordinates of TT. Abbreviations: AICb, anterior inferior cerebellum; MPFC, medial
prefrontal cortex; MTG, middle temporal gyrus; MFG, middle frontal gyrus; OL, occipital lobe;
M1, primary motor cortex; PrCG, precentral gyrus; SCb, superior cerebellum; PCC, postulate
cingulate cortex; IFG, inferior frontal gyrus; Th, thalamus; IPC, inferior parietal cortex; PICb,
posterior inferior cerebellum; WM, white matter; SFG, superior frontal gyrus; CG, cingulate
gyrus; PCu, Precuneus; ACC, anterior cingulate cortex.

PCu, the left MPFC and the temporal lobe (Fig. 2). Moreover, RSFC pattern of the
left AICb was very similar to that of the right AICb. The findings were strongly sup-
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ported by quite a few previous studies. First, of the regions above, the bilateral Th and
the Hi have been shown significant RSFC with the cerebellum while they are selected
as the seeds respectively leading to a SCA [6]. Second, Middleton and Strick’s study
of using transneuronal tracing methods in monkeys has indicated there are ipsi- and
contra-lateral connections between cerebellum and prefrontal cortex related by the
mediodorsal (and other) thalamic nuclei [24]. Third, in the “cognitive dysmetria”
model, the cerebellum has been considered as a key structure in a cerebellar-thalamic-
prefrontal circuit [25]. Our findings may provide a new insight to understand the cere-
bellar involvement in motor control and cognitive functions.

Despite the similarity for the bilateral AICb RSFC maps and the similar symmetry
in anatomical locations, paired t-test still demonstrates that there exist significant
differences in a widely variety of brain regions (Fig. 3, Table 1). Of 29 brain regions
with significant differences, 14 showed higher connectivity with the right AICb, com-
pared with the left AICb. Interestingly, we found that the left M1 shows more signifi-
cant functional connectivity with the right AICb than that with the left AICb, however,
we did not observe similar phenomenon for the right M1. In addition, the temporal
lobe and the prefrontal lobe were observed significant connectivity with the right
AICDb, but the bilateral Th and the right SFG show more with the left AICb.

Although we have mapped connectivity patterns in the AICb during rest, brain’s
functional connectivity is highly flexible and can be modulated for a given changing
environment. Our recent study has indicated that functional connectivity of the cere-
bellum varies from the resting state to the motor task [21]. The modulation is very
important for the brain to execute different function in different brain states. In addi-
tion, recent evidence from TSFC studies has indicated that altered functional pathways
related to the cerebellum appear in the schizophrenia [23, 26]. As an alternative to
TSFC analysis, our methods may show more powerful ability in clinical studies, espe-
cially for those patients with progressed state of the disease since it is task-free.

It is important to emphasize that, in this study, the connectivity patterns of the
AICb during rest were explored by combining the SCA and the ReHo. Besides the
AICDb, our finding that the PCC may be very active (higher ReHo) is consistent with a
recent study that the PCC is considered as a critical node during rest [14]. It may pro-
vide a powerful support for the validity of our methods. Anyway, the selection of the
seed based on the ReHo seems to be more reasonable, compared with conventional
methods. The present study could also be generalized to ascertain RSFC patterns of
other brain regions, and especially to explore altered functional connectivity between
the patients and the controls.
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