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Abstract This study characterized cerebellar connectiv-
ity with executive intrinsic functional connectivity net-
works. Using seed regions at the right and left dorsolateral
prefrontal cortices (dIPFC) and right orbital frontoinsula,
we measured resting-state brain connectivity in healthy
college-aged participants. Based on the previous research
demonstrating a relationship between the cerebellum and
self-report measures of behavioral inhibition, we assessed
individual differences in connectivity between groups.
Overall, intrinsic activity in cerebellar lobule VIII was
significantly correlated with the executive network and
cerebellar Crus I with the salience network. Between-group
comparisons indicated stronger cerebellar connectivity
with the executive network in behaviorally inhibited indi-
viduals. Intrinsic activity in Crus I, a region previously
implicated in non-motor cerebellar functions, significantly
correlated with intrinsic activity in the right dIPFC seed
region. These findings support a growing number of studies
demonstrating cerebellar influence on higher cognitive
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processes, extending this relationship to individual differ-
ences in anxiety vulnerability.
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Introduction

The cerebellum is traditionally thought of as a motor
structure. However, awareness that the cerebellum plays a
role in higher cognitive functions is growing. Evidence
from anatomical studies in primates (Kelly and Strick
2003; Middleton and Strick 2001) and clinical work in
humans (Nashold and Slaughter 1969; Heath et al. 1974;
Cooper et al. 1976; Schmahmann 1991; Schmahmann et al.
2009) supports a growing number of imaging studies
reporting cerebellar activity that is not linked to motor
behavior, such as emotion, attention, and social cognition
(Liddle et al. 2001; Schall et al. 2003; Blackwood et al.
2004; Lee et al. 2004; Habel et al. 2005; Bermpohl et al.
2006; Hofer et al. 2007; Van Overwalle et al. 2014).

The cerebellum has widespread connections to both
motor regions of the primary and premotor cortex and non-
motor regions including prefrontal areas (Glickstein et al.
1985; Kelly and Strick 2003; Clower et al. 2005). Detailed
anatomical studies indicate a discrete topography orga-
nizing cerebellar input and output to cortical areas
(Schmahmann and Pandya 1997; Dum and Strick 2002).
Using tract-tracing methods in primates, Strick and col-
leagues demonstrate that non-motor regions of the pre-
frontal cortex (Brodmann areas 9 and 46) have distinct
connections to the dentate nucleus of the cerebellum
(Middleton and Strick 2001; Dum and Strick 2002).
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Critically, they demonstrated that the ventral dentate
nucleus projects to the prefrontal cortex (PFC), with sep-
arate dorsal dentate projections terminating in the motor
and premotor regions, indicating a topographic organiza-
tion of the dentate nucleus supporting both motor and non-
motor output to the cortex (Dum and Strick 2002). These
results have led to the proposal that the cortico-cerebellar
connections are via reciprocal “parallel circuits” that
connect the cerebellum to the cortical regions, and vice
versa (Bostan et al. 2013).

Cerebellar connectivity to non-motor areas is also sup-
ported by recent research using resting-state functional
magnetic resonance (fMRI) imaging techniques. Resting-
state fMRI is based on the theory that fluctuating brain
activity at rest correlates between brain regions, reflecting
intrinsic functional networks of the brain (Biswal et al.
1995; Fox and Raichle 2007). For example, regions typi-
cally associated with motor function tend to activate in
synchrony, waxing and waning together, and are therefore
considered to form a particular network (Beckmann et al.
2005; Seeley et al. 2007). Studies have demonstrated
intrinsic connectivity networks (ICNs) corresponding to
basic neural functions such as sensorimotor, vision, audi-
tion, language, executive function and salience detection
(Xiong et al. 1999; Cordes et al. 2000; Greicius et al. 2003;
Kiviniemi et al. 2003; Beckmann et al. 2005; Fox et al.
2005; Fransson 2005; Seeley et al. 2007). Recent work
analyzing subcortical contributions to the ICNs has paid
little attention to cerebellar connectivity. Those studies that
have assessed cerebellar connectivity with the ICNs have
been promising, demonstrating cerebellar contributions to
all functional networks (Habas et al. 2009). Importantly,
these studies have shown that regions of the cerebellum
contribute distinctly to individual networks, with some
regions such as cerebellar Crus I, Crus II and lobule VI
contributing specifically to cortical networks such as the
executive control and salience networks (Habas et al. 2009;
O’Reilly et al. 2010; Bucker et al. 2011; Bernard et al.
2012).

Resting-state fMRI provides a useful platform to study
individual differences in connectivity in both clinical and
non-clinical populations. So far, anxiety researchers have
primarily considered the possibility of intrinsic connectiv-
ity differences in psychopathology, such as individuals
with social anxiety disorder (Liao et al. 2010a, b; Ding
et al. 2011; Hahn et al. 2011; Anteraper et al. 2014),
obsessive compulsive disorder (Jang et al. 2010) and post-
traumatic stress disorder (PTSD; Bonne et al. 2003; Gilboa
et al. 2004; Bluhm et al. 2009; Lanius et al. 2010; Rabinak
et al. 2011; Sripada et al. 2012). However, individual dif-
ferences in intrinsic connectivity may be a pre-existing risk
factor for the development of an anxiety disorder. For
example, a stress-diathesis approach suggests that anxiety
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is due to the interaction of risk factors such as sex, genetics,
personality (Mineka and Zinbarg 2006), brain structure
(Gilbertson et al. 2002) and learning (Caulfield et al. 2013;
Holloway et al. 2013; Caulfield et al. 2015). It is likely that
connectivity may also play an essential role in mediating
risk for developing clinical anxiety.

Recent research supports a diathesis approach to
understanding anxiety vulnerability. Individual differences
in learning performance were found on a cerebellar-medi-
ated associative learning task (Caulfield et al. 2013, 2015).
In this task, participants were given a battery of measures
related to risk for anxiety including the Adult Measure of
Behavioral Inhibition (AMBI; Gladstone and Parker 2005),
a measure of behavioral inhibition that has been linked to
greater risk for developing clinical anxiety (Biederman
et al. 1990; Hirshfeld et al. 1992; Biederman et al. 2001;
Schwartz et al. 2012), and then underwent eyeblink clas-
sical conditioning. Those with high scores on the AMBI
learned significantly faster than those with low scores,
suggesting that there is something fundamentally different
about how those at risk for an anxiety disorder learn about
their environments. However, aside from a handful of
electroencephalography studies (Knyazev 2007; Putman
2011) no studies to date have assessed individual differ-
ences in intrinsic connectivity of behaviorally inhibited
individuals using resting-state fMRI.

It remains unclear why those with behaviorally inhibited
temperament demonstrate individual differences in eye-
blink conditioning (Caulfield et al. 2013; Caulfield et al.
2015), as well as enhanced avoidance learning (Sheynin
et al. 2013). Reciprocal connectivity between the cerebel-
lum and cortical regions places it in a position to modulate
higher cognitive processes via connections with the dor-
solateral prefrontal cortex (dIPFC). In addition to its role as
a major structure in the executive ICN (Seeley et al. 2007,
E et al. 2014), the dIPFC also plays an important role in
many executive functions including approach and avoid-
ance motivation (Spielberg et al. 2011, 2012).

The present study had two purposes. The first was to
further delineate the role of the cerebellum in specific non-
motor ICNs. The second was to assess individual differ-
ences in connectivity with intrinsic connectivity networks
implicated in anxiety vulnerability. Given the behavioral
profile observed in behavioral inhibition, the executive
network and salience network are the most likely candi-
dates to demonstrate individual differences. As such, recent
research studies have reported increased resting-state con-
nectivity of the amygdala and insula in Veterans with
PTSD, implicating the salience network (Sripada et al.
2012). However, given previous research in cerebellar-
mediated eyeblink conditioning (Caulfield et al. 2013,
2015), avoidance learning (Sheynin et al. 2013), and task-
based fMRI (Blackford et al. 2009), we hypothesized that
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regions in the cerebellum will significantly correlate with
executive network resting-state fluctuations, with inhibited
individuals demonstrating greater cerebellar connectivity
with the executive network.

Materials and methods
Participants

Twenty-six young adults (n = 19 female, n = 7 male),
ages 18-25 (M = 20.7, SD = 1.8), from a large mid-
western university participated in the study. All study
materials were reviewed and approved by internal review
board and informed consent was obtained from all partic-
ipants prior to any experimental procedures.

Psychometric scales

Participants completed a battery of self-report measures
including the Adult and Retrospective Measures of
Behavioral Inhibition (Gladstone and Parker 2005) and the
Spielberger State/Trait Anxiety Inventory (Spielberger
et al. 1983). Participants were part of a larger study on
behavioral inhibition and as such were classified as
behaviorally inhibited if their AMBI score was above the
median of 11 and non-inhibited if they scored below the
median (Caulfield et al. 2013). Except for AMBI score,
there were no significant differences between group
demographics, all £’s > 0.603, see Table 1.

The Adult Measure of Behavioral Inhibition is a 16-item
self-report measure that assesses inhibition or avoidance in
response to new stimuli or social situations. Scores range
from O to 32 and include questions such as “Do you tend to
withdraw and retreat from those around you?” and “Do
you tend to introduce yourself to new people?” (Gladstone
and Parker 2005). The Spielberger State/Trait Anxiety
Inventory (STAI) is a 40-item self-report questionnaire
with total scores ranging from 40 to 160. The STAI is
separated into two parts, State and Trait anxiety, each
consisting of 20 questions: State Anxiety is assumed to
change with mood and emotion and asks questions about
the current emotional state of the participant such as “I am
tense” and “I feel at ease”. Trait Anxiety is a relatively
stable personality characteristic and asks questions about

general feelings and behaviors such as “I feel nervous and
restless” and “I feel satisfied with myself” (Spielberger
et al. 1983).

Imaging data acquisition

The MRI experiment was conducted on a GE 3T Signa®
HDx MR scanner (GE Healthcare, Waukesha, WI) with an
8-channel head coil. During each session, first and higher-
order shimming procedures were carried out to improve
magnetic field homogeneity. To study resting-state brain
function, a 7-min echo-planar imaging datasets, starting
from the most inferior regions of the cerebellum, were
acquired with the following parameters: 44 contiguous
3-mm axial slices in an interleaved order, time of echo
(TE) = 20 ms, time of repetition (TR) = 2500 ms, paral-
lel acceleration factor = 2, flip angle = 80°, field of view
(FOV) = 22 cm, matrix size = 64 x 64, ramp sampling,
and with the first four data points discarded. Each volume
of slices was acquired 164 times while a subject was asked
to relax, stay awake and keep his eyes closed. After the
functional data acquisition, 180 T,-weighted 1-mm? iso-
tropic volumetric inversion recovery fast spoiled gradient-
recalled images (10 min scan time), with cerebrospinal
fluid (CSF) suppressed, were obtained to cover the whole
brain with the following parameters: TE = 3.8 ms, TR of
acquisition = 8.6 ms, time of inversion (TI) = 831 ms,
TR  of inversion = 2332 ms, flip angle = 8°,
FOV = 25.6 x 25.6 cm, matrix size = 256 x 256, slice
thickness = 1 mm, and receiver bandwidth = +20.8 kHz.

Resting-state fMRI individual-subject data pre-
processing

Resting-state fMRI correlation analysis was conducted
using AFNI software (Cox 1996) in the native space. For
each subject, the acquisition timing difference was first
corrected for different slice locations. With the last func-
tional volume as the reference, rigid-body motion correc-
tion was done in three translational and three rotational
directions. The amount of motion was estimated and then
modeled in data analysis. For each subject, spatial blurring
with a full width half maximum (FWHM) of 4 mm was
used to reduce random noise and inter-subject anatomical
variation during group analysis. At each voxel, motion-

Table 1 Group mean

demographic details Group N Females (n) AMBI (SD) Age (SD) Education (SD)
High (scores >11.5) 13 10 16.3 (2.4) 20.8 (2.0) 14.8 (2.1)
Low (scores <11.5) 13 9 8.5 (2.1) 20.5 (1.7) 14.5 (1.4)

AMBI adult measure of behavioral inhibition
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estimation parameters, baseline, linear and quadratic sys-
tem-induced signal trends were removed from the time
courses using the “3dDeconvolve” routine in AFNI (Ward
2000a). Brain global, CSF and white matter (WM) mean
signals were modeled as nuisance variables and removed
from the time courses as well. To create the time course
from pure CSF regions, the lateral and 3rd ventricles on the
high-resolution T;-weighted volumetric images were seg-
mented using FreeSurfer software followed by 1 mm®
erosion (Fischl et al. 2002). For the same reason, the WM
was segmented from the T;-weighted volumetric images
using the “FAST” routine in the FSL software (Smith et al.
2004) followed by 4 x 4 x 4 mm cubical erosion. The
cleaned time courses were then band-pass filtered in the
range of 0.009-0.08 Hz (Fox et al. 2005). These filtered
time courses were used for correlation-based connectivity
analyses following.

Generation of seed regions

Previous research indicates that individuals with behavioral
inhibition may react differently to novel situations, people,
or stimuli (Blackford et al. 2009; Clauss et al. 2015). Based
on previous research indicating individual differences in
cerebellar-mediated learning tasks (Caulfield et al. 2013,
2015), we chose to concentrate on cerebellar contributions
to known cortical networks. First, we examined cerebellar
contributions to established sensorimotor networks by
examining regions of correlating activity with cortical
motor seeds. For comparison with established functional
relationships of the cerebellum with the sensorimotor net-
work (Buckner et al. 2011), we placed spherical seeds with
radii of 5 mm on the right hand knob (X = 45, Y = —38,
Z = 62) and left hand knob (X = —40, Y = —32, Z = 59)
for each participant. Additionally, the dorsolateral pre-
frontal cortical region has been indicated as important in
processing novelty in the environment (Berns et al. 1997)
as well as in avoidant behaviors (Aupperle and Paulus
2010; Spielberg et al. 2012, 2011). Given the relationship
between behavioral inhibition, attention to novelty, and
avoidance we chose to place seed regions in the right and
left dIPFC, a central structure in the executive network.
Spherical seed regions with radii of 6 mm were placed for
each participant in the right dIPFC (x =42, y =41
z=123) and left dIPFC (x = —45, y =44, z = 20) to
assess connectivity with the executive network. Addition-
ally, seed regions with 6 mm radii were placed for each
participant in the right orbital frontoinsula (x = 38,
y = 12, z = —8) to assess connectivity with the salience
network (Seeley et al. 2007). Each seed was visually
assessed against anatomy and the location was modified if
necessary.
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Functional Connectivity between executive network
seeds and Rest of the Brain

The “3dfim+” routine in AFNI (Cox 1996) was used to
correlate the time course in every voxel of the brain against
the space-averaged time course from a seed region. To
prepare for group analysis, the correlation coefficients were
converted to Z values through Fisher’s Z transformation to
improve the normality of the distribution. The Z values
were then warped to the MNI305 standard space through
the FreeSurfer non-linear registration pipeline as done by
Zhu et al. (2013). After warping to the MNI305 standard
space, the data were spatially blurred with FWHM of 2 mm
to reduce potential noise generated by non-linear warping.
Between-group #-tests were performed, as well as the
whole group vs. baseline. Cerebellar structural and func-
tional data were isolated and normalized into standard
stereotaxic space using the spatially unbiased atlas tem-
plate (SUIT) of the human cerebellum (Diedrichsen 2006;
Diedrichsen et al. 2009) in MRIcron (Rorden et al. 2007).

Monte Carlo simulation was performed according to the
matrix and voxel size of the imaging volume, voxel intensity
thresholding, masking and spatial smoothness of image data
inherited and applied. The spatial smoothness of image data
was estimated based on “3dFWHMXx” in AFNI (Cox 1996).
The cluster analysis was used to estimate the overall statis-
tical significance with respect to the whole brain (Ward
2000b). The between-group t-test results for functional
connectivity with the seed region were corrected for multiple
comparisons based on the following criteria: A voxel was
considered significant only if it was within an 1170 mm®
cluster in which the voxels were connected and all had a
voxel-based p < 0.005. Based on the application of these
criteria to the whole brain, the voxel-based p < 0.005 was
corrected to be an equivalent whole-brain corrected
p < 0.047.

Results
Whole group analysis

The results of functional connectivity analyses over all
participants are presented in Table 2. In line with expec-
tations, the right and left motor cortex seeds significantly
correlated with known regions of the sensorimotor network
including activations across the postcentral gyrus, bilateral
thalamus, and the cerebellum. Figure 1 demonstrates con-
tralateral correlates of motor cortical seeds in the cerebel-
lum lobules V and VIII replicating the crossed
lateralization and double representation reported by
Buckner et al. (2011). The right and left dIPFC seed
regions showed significantly greater connectivity with a
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Table 2 Locations of positively correlating activity with seeded regions of interest
R/L Brain region (location of maximum intensity) Max t coordinate (x, y, z) Cluster size (mm?) Max ¢ value
Left hand seed region
L Postcentral gyrus (BA 2)* —40, —32, 59 323259 25.6730
L Middle occipital gyrus (BA 37) —44, —64, -9 6250 5.1347
L Thalamus —12, =23, 4 3587 10.0510
R Cerebellum VIIIa/VIIb 23, —49, —67 3319 7.8106
R Thalamus 9, =23, 4 2875 7.0531
R Middle occipital gyrus (BA 37) 47, —66, —8 2630 4.7571
L Brain stem/pons -9, —18, —37 1816 5.7657
R Cerebellum V 22, —47, =32 1239 5.3116
Right hand seed region
R Postcentral gyrus (BA 2)* 45, —38, 62 350213 23.3580
L Cerebellum VIIIa/VIIIb —21, —61, —49 6777 7.3973
L Cerebellum Lobule V —19, =51, =21 6052 5.8334
R Thalamus 15, =23, —4 2774 8.9961
L Thalamus —11, =20, —1 1874 5.9440
Left dIPFC seed region
L Dorsolateral prefrontal cortex (BA 46/10)* —40, 37, 22 145290 19.3530
L Inferior parietal lobule (BA 40) —53, =54, 49 16386 7.3034
L Middle temporal gyrus (BA 20) —57, —48, —14 8083 6.3015
R Inferior parietal lobule (BA 40) 44, —57, 49 6151 6.6122
R Cerebellum VIII/Crus I/Crus II 26, =70, —66 5686 6.5349
R Middle temporal gyrus (BA 20) 58, =50, —15 3928 6.6377
R Extrastriate Cortex (18/19) 12, =76, —43 1626 6.2026
Right dIPFC seed region
R Dorsolateral prefrontal cortex (BA 46/10)* 38, 45, 25 200981 18.8000
R Inferior parietal lobule (BA 40) 52, —49, 49 22102 11.0190
L Inferior parietal lobule (BA 40) —46, —58, 46 7767 6.2433
R Middle temporal gyrus (BA 37) 54, —=52, -9 7351 6.0750
L Cerebellum VIII —24, —68, —69 3897 54811
R Precuneus (BA 7/5) 5, —41, 49 1221 5.1153
Right orbital frontoinsula seed region
R Insula® 40, 7, —6 182692 16.4300
R Inferior parietal lobule (BA 40) 58, —45, 38 10108 7.4944
L Inferior parietal lobule (BA 40) —66, =31, 24 4991 6.1427
L Cerebellum Crus 1 —40, —49, —41 2581 5.5327

BA Brodmann’s area, dIPFC dorsolateral prefrontal cortex

* Cluster includes the seed region

number of cortical and subcortical regions related to
executive functioning including the inferior parietal lob-
ules, middle temporal gyrus, and caudate, in line with prior
research of executive network regions (Fig. 2a, b; Seeley
et al. 2007; Habas et al. 2009). Assessment of negative
correlations reveals that right and left dIPFC seeds are
anticorrelated with default mode network (DMN) regions

(Table 3). Clusters negatively correlating with activity in
the right and left dIPFC contained DMN structures
including the posterior cingulate cortex, cingulate gyrus,
inferior temporal gyrus, and angular gyrus (Fig. 2c, d;
Watanabe et al. 2012; Zhu et al. 2013). Furthermore, sig-
nificant clusters in the cerebellum correlated with activity
of these executive network structures including the Crus I,
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Right Villa-Villb

Left Villa-VIiIb

Fig. 1 Functional connectivity of the cortical motor hand region
seeds reveals contralateral somatomotor correlates with the cerebel-
lum. Sagittal and coronal sections display functional connectivity
between individually placed seeds of the right hand knob region of the
motor cortex (approximately X = 30, Y = —30, Z = 55) and the left
cerebellum (areas in blue) including anterior regions spanning lobules

V into VI and posterior lobe locations including lobules VIIIa and
VIIIb. The left hand knob seed (approximately X = —30, ¥ = —30,
Z = 55) and the right cerebellum (areas in yellow) showed similar
correlating activity, with anterior regions of lobule V and posterior
lobe activity in lobules VIIIa and VIIIb. Color bars indicate  values

Fig. 2 Functional connectivity of executive network seeds with
cortical and subcortical regions. a Left dIPFC seeds (in yellow)
positively correlated with activity in the contralateral dIPFC, bilateral
caudate, bilateral inferior parietal lobules, and bilateral middle
temporal gyrus. b Right dIPFC seeds (in yellow) positively correlated
with bilateral inferior parietal lobules and right middle temporal

Crus II, lobule VIIIa and lobule VIIIb (Fig. 4). Connec-
tivity of the cerebellum and dIPFC indicative of cerebellar
contribution to executive networks supports recent research
proposing non-motor functions of the cerebellum (Krienen
and Buckner 2009; Habas et al. 2009; O’Reilly et al. 2010).
The right orbital frontoinsula had significantly greater
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gyrus. Anticorrelations with left (panel ¢) and right (panel d) dIPFC
are shown at right. Default mode network suppression is indicated by
negative correlations of the posterior cingulate cortex, inferior
temporal gyrus and angular gyrus regions with dIPFC seeds. Color
bars represents ¢ values

connectivity with bilateral inferior parietal lobules (BA 40)
and clusters spanning areas previously demonstrated within
the salience network including the contralateral insula,
dorsal anterior cingulate cortex, and hypothalamus
(Fig. 3a; Seeley et al. 2007; Habas et al. 2009) as well as
the left cerebellum Crus I (Fig. 4). The salience network
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Table 3 Locations of anticorrelations with executive and salience network seeds

R/L Brain region (location of maximum intensity) Max t coordinate (x, y, z) Cluster size (mm?) Max ¢ value

Left dIPFC seed region
R Posterior cingulate cortex (BA 30) 8, —51, 19 98102 —8.372
R Superior temporal gyrus (BA 38) 56, 11, —16 6800 —5.273
R Middle temporal gyrus (BA 39) 45, —69, 23 3314 —5.319
L Cingulate gyrus -19, -2, 40 2656 —5.386
L Superior temporal gyrus (BA 22) -59,1,3 2303 -5.019
L Middle occipital gyrus (BA 19) —40, —81, —6 1730 —4.481
L Cerebellum IX -7, —=52,—-55 1696 —4.984
R Cingulate Gyrus 9, =30, 40 1331 —5.669

Right dIPFC seed region
R Posterior cingulate cortex (BA 30) 4, —54, 15 220373 —12.158
L Superior temporal gyrus (BA 22) —60, —14, —1 10408 —7.147
L Middle temporal gyrus (BA 39) —43, —58, 22 7859 —8.075
R Middle temporal gyrus (BA 39) 52, —69, 13 3056 —-5911
R Cerebellum IX 7, —48, =55 1513 —8.303

Right orbital frontoinsula seed region
L Posterior cingulate cortex (BA 31) -2, =57, 25 125061 —10.542
L Superior frontal gyrus (BA 6) —16, 29, 62 10445 —5.892
R Precentral gyrus 24, =22, 54 7804 —6.056
L Inferior parietal lobule (BA40) —47, =38, 50 3524 —5.093
L Superior temporal gyrus (BA 38) —41, 18, —40 2301 —6.021
L Middle temporal gyrus (BA 21) -59, -2, —24 2081 —4.982
R Cerebellum IX 3, —47, =57 2078 —6.514
R Cingulate gyrus 22, 38, 25 1233 —5.104
L Cingulate gyrus —19, =33, 29 1146 —6.478

Fig. 3 Cortical and subcortical regions correlating with the right
salience network. a Seeds placed within the orbital frontoinsula (in including those within the default mode network such as the posterior
yellow) positively correlated with activity in the contralateral insula, cingulate cortex and inferior parietal lobule. Color bar represents
the cingulate cortex, and bilateral inferior parietal lobules. b Orbital t values

frontoinsula seeds negatively correlated with a number of regions,

@ Springer
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was also anticorrelated with activity in other networks
(Table 3). Activity in the orbital frontoinsula seed was
negatively correlated with areas attributed to the DMN
including the posterior cingulate cortex, superior frontal
gyrus, and lateral parietal cortex (Fig. 3b; Watanabe et al.
2012; Zhu et al. 2013).

Between-group analyses

High and Low AMBI groups were compared using an
independent samples #-test to ensure significant group dif-
ferences in self-report scores, #(24) = —8.922, p < 0.001.
A contrast of regions of correlating activity with the dIPFC
between the high and low AMBI groups revealed signifi-
cantly greater connectivity of the high AMBI group
between the left dIPFC seed and the dorsal anterior cin-
gulate cortex, which has been linked to attention, emotion

A Left Executive Network

and avoidance (Schlund and Cataldo 2010; Spielberg et al.
2011; Yan et al. 2009), see Table 4. For the right dIPFC
seed, the high AMBI group demonstrated significantly
greater connectivity with the cerebellum Crus I, see Fig. 5.
Extracted z values between the right dIPFC and Crus I did
not significantly correlate with scores on AMBI,
rs = 0.177, p = 0.388. Connectivity analyses with seeds at
the sensorimotor and salience networks did not find sig-
nificant differences between these two groups.

Discussion

The cerebellum continues to gain acceptance for its role in
cognitive processes. In this study, resting-state fMRI was
used to demonstrate intrinsic cerebellar connectivity with
non-motor executive connectivity networks and to assess

B PR

35

B Right Executive Network

==

X=-23 Y=-76

W

Z=-53

C Right Salience Network
\ R
\

Y=-56

Fig. 4 Cerebellar contributions to executive and salience networks.
a Significant clusters in the right cerebellum spanning the Crus I, Crus
II, and Lobule VIII correlated with activity in the left dIPFC.
b Similar correlations were observed in the left cerebellum, with
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significant clusters in lobule VIII correlating with activity in the right
dIPFC. ¢ Salience network seeds in the right orbital frontoinsula
correlated with cerebellar activity in the left cerebellum Crus I
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Table 4 Regions of greater

. R/L  Brain region
connectivity for between-group

Max ¢ coordinate (x, y, z)  Cluster size (mm3) Max ¢ value

contrasts of high and low
AMBI. BA Brodmann’s Area,
dIPFC dorsolateral prefrontal
cortex

Left dIPFC seed region

Right dIPFC seed region

R Cerebellum crus I

R Dorsal anterior cingulate cortex

6, 16, 47 1186 3.9803

34, =73, =36 1844 5.0489

BA Brodmann’s Area, dIPFC dorsolateral prefrontal cortex

High > Low AMBI - Right dIPFC Seed

Fig. 5 Group differences in cerebellar connectivity with the execu-
tive network. Contrasts indicated significantly greater connectivity for
the high AMBI group between the right cerebellum Crus I and the

how connectivity of the cerebellum may differ as a func-
tion of anxiety vulnerability. Previous research using
retroviral tracing techniques have demonstrated that the
Crus I and Crus II of the cerebellum have distinct recip-
rocal connections to non-motor prefrontal cortical regions
(Bostan et al. 2013). These findings support recently pub-
lished studies establishing connectivity of the Crus I and
Crus II with the executive network and other prefrontal
cortical regions (Habas et al. 2009; Buckner et al. 2011;
Bernard et al. 2012). The present findings provide further
support for a cerebellar role in the executive and salience
networks.

Overall, we also observed correlations of the intrinsic
activity of the cerebellum Crus I and orbital frontoinsula,
supporting the conclusion that the cerebellum plays a role
in non-motor functioning. The specific correlation of Crus I
with the orbital frontoinsula supports distinct contributions
previously demonstrated by Habas (2009). For the execu-
tive network, it is interesting to note that in the overall
group analysis intrinsic activity in motor regions of the
cerebellum including lobules V, VIIla, and VIIIB was
correlated with intrinsic activity in the dIPFC. Presently, it
is unclear what role(s) lobules V and VIII play in the
executive functions of the cerebellum. Clinical studies
report strokes in lobule VIII can alter the subjective
experience of pleasant feelings (Turner et al. 2007),

right dIPFC, whole-brain corrected p < 0.047, suggesting distinct
differences in cerebellar contributions to the executive network in
anxiety vulnerability

suggesting it may be involved in emotional processing. A
recent meta-analysis reports that cerebellar lobule VIII
activated in emotional, language, music and working
memory tasks, often co-activating with Crus I and Crus II
(E et al. 2014), similar to what we observed with the left
dIPFC seed region. As research on the cognitive functions
of the cerebellum moves forward more light may be shed
on the interplay between motor and executive networks
suggested by the relationship between lobules V and VIII
and the dorsolateral prefrontal cortex.

An essential component of this study was the between-
group comparison between individuals at greater and lesser
risk for the development of an anxiety disorder. Previous
research in a cerebellar-dependent associative learning task
(Caulfield et al. 2013) implies that the cerebellum may play
an important role in behavioral inhibition and anxiety
vulnerability. We compared behaviorally inhibited (high
AMBI) to non-inhibited (low AMBI) participants, using
seed regions placed individually for each subject to assess
potential differences in functional connectivity between the
two groups. Results revealed that intrinsic connectivity
between the cerebellum and executive network is influ-
enced by individual differences in anxiety vulnerability as
measured by AMBI scores. Between-group differences
cannot be attributed to structural differences, as compar-
isons of segmented and labeled anatomical T1 scans
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(Fischl et al. 2002) demonstrated no between-group struc-
tural differences, nor could they be attributed to differences
in head motion as comparisons of motion in six directions
(3 in translation, 3 in rotation) were not significantly dif-
ferent, all p’s > 0.360. Furthermore, these differences were
not observed between groups in the sensorimotor or sal-
ience network. However, behaviorally inhibited individuals
show significantly greater connectivity between the right
dIPFC and the right cerebellum Crus I. This finding is
supported by previous studies demonstrating that extensive
portions of the Crus I/Crus II map to prefrontal cortical
regions involved in executive control (Habas et al. 2009;
O’Reilly et al. 2010; Buckner et al. 2011). Here, we have
demonstrated that previously reported connectivity may be
driven in part by individual differences.

Research has increased in executive network dysfunc-
tion in recent years in areas such as Alzheimer’s and
schizophrenia (for review see: Rosazza and Minati 2011)
but has not assessed anxiety vulnerability. Even more
specifically, the role of the cerebellum in anxiety vulner-
ability has been largely overlooked. The dIPFC, has been
shown to be both an essential component of the executive
connectivity network (Seeley et al. 2007), and important in
processing novelty in the environment and avoidance
behaviors (Berns et al. 1997; Aupperle and Paulus 2010;
Spielberg et al. 2012)—both of which are representative of
the behavioral profile seen in behavioral inhibition. Here,
we report that the cerebellum is differentially active in
those with behavioral inhibition, suggesting that cerebellar
connectivity may play an important role in mediating
anxiety. Since this research is at a young stage, it is difficult
to determine exactly what role the cerebellum is playing,
although multiple possibilities exist. One is that the
increased reliance on the cerebellar circuitry may be in
response to dysfunction in other systems. For example,
hippocampal differences have been related to the devel-
opment of PTSD (Gilbertson et al. 2006). Furthermore,
behaviorally inhibited individuals show enhanced avoid-
ance in a hippocampal dependent avoidance task (Sheynin
et al. 2013). It is possible that increased reliance on cere-
bro-cerebellar circuitry may be the result of hippocampal
dysfunction. Another possibility is that cerebro-cerebellar
circuitry itself is dysfunctional resulting in individual dif-
ferences observed in cerebellar-dependent learning tasks
(Caulfield et al. 2013, 2015) and in connectivity between
the cerebellum and cognitive regions within its circuitry.

Behaviorally inhibited individuals showed significantly
greater connectivity between the left dIPFC and right
dorsal anterior cingulate (dACC). Increased connectivity
between the dACC and dIPFC may play an important role
in anxiety vulnerability, especially given the dACC’s
association with error detection, anticipation, attention,
emotional responses, and avoidance—all essential
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components in anxiety. (Yan et al. 2009; Schlund and
Cataldo 2010; Spielberg et al. 2011). Although there were
no significant cerebellar differences with the left dIPFC
seed, these findings are relevant in terms of the profile of
behavior observed in behavioral inhibition, especially in
respect to attention, avoidance, and emotion. It must be
noted that while cerebellar connectivity in the overall
group analysis followed expected contralateral connectiv-
ity between the cortex and cerebellum that has been con-
firmed in recent resting state connectivity studies of the
cerebellum (Habas et al. 2009; Buckner et al. 2011), the
contrast between high and low AMBI groups revealed a
difference in ipsilateral connectivity between groups. In
light of anatomical studies indicating that not all cerebro-
cerebellar projections are contralateral, with studies in non-
human primates indicating that approximately 10 % of
projections to the cerebellar hemispheres are ipsilateral
(Brodal 1979). Greater ipsilateral connectivity may reflect
greater reliance on bilateral cerebellar hemispheres in the
high AMBI group, possibly due to individual differences in
the distribution of executive network connections to the
cerebellum, or perhaps relating to increased demand of
modulation of the executive network.

These findings suggest that those with behaviorally
inhibited temperament may have greater connectivity
between the executive network and areas responsible for
attention, avoidance, anticipation and error detection. Such
increased connectivity may result in differences in pro-
cessing of stimuli in the environment. For example, if the
regions responsible for vigilance are connected with those
responsible for attention, error detection, and avoidance,
then the system may misinterpret non-threatening circum-
stances for situations that call for vigilance. Increased
vigilance may lead to internal and external feelings of
anxiety and contribute to the cycle of avoidance that is an
essential component in the development of anxiety.

Although differences are present in the group level,
there was no significant correlation between executive
network connectivity and AMBI scores. Previous behav-
ioral studies from our lab have had similar relationships,
with close inspection suggesting that less vulnerable indi-
viduals have greater variability in their scores, making a
correlation between AMBI and other measures difficult.
We still feel that the group level differences are important
and that future studies with larger samples or targeting only
the highest may be useful. Cerebellar involvement in
anticorrelations with the executive network also needs to
be explored in more detail, as this relationship may high-
light the modulatory role of the cerebellum in executive
functioning. As this is only the first study of its kind, it is
clear that continued research is necessary to fully under-
stand individual differences in functional connectivity and
how it relates to anxiety vulnerability. Presently,
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explanations for anxiety vulnerability concentrate on pre-
frontal and amygdalar structures, overlooking subcortical
regions such as the cerebellum. A full understanding of the
relationship between these regions may shed light on the
neural substrates underlying anxiety vulnerability.
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