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Abstract

The insula region is known to be an integrating hub interacting with multiple brain networks
involved in cognitive, affective, sensory, and autonomic processes. There is growing evidence
suggesting that this region may have an important role in Parkinson’s disease (PD). Thus, to
investigate the functional organization of the insular cortex and its potential role in parkinsonian
features, we used a coordinate-based quantitative meta-analysis approach, the activation likelihood
estimation. A total of 132 insular foci were selected from 96 published experiments comprising
the five functional categories: cognition, affective/behavioral symptoms, bodily awareness/
autonomic function, sensorimotor function, and nonspecific resting functional changes associated
with the disease. We found a significant convergence of activation maxima related to PD in
different insular regions including anterior and posterior regions bilaterally. This study provides
evidence of an important functional distribution of different domains within the insular cortex in
PD, particularly in relation to nonmotor aspects, with an influence of medication effect.
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INTRODUCTION

In the past few years, the insula region has generated a great deal of interest, and while
generally considered a limbic region, it is now known to be involved in numerous other
functions. In fact, the insula is considered to be an integrating hub linking several functional
systems, each comprised a set of anatomically and functionally different regions involved in
cognitive, affective, sensory, and autonomic processes [Christopher et al., 2014a; Kurth et
al., 2010]. This triangle-shaped area located in between the frontal, parietal, and temporal
lobes is divided into four functional integrative nodes [Kurth et al., 2010]. The mid-posterior
insula is implicated in somatomotor functions while the central insula participates in
olfactory and gustatory tasks. The ventral anterior insula is linked to social and emotional
functions, whereas the dorsal anterior insula is mainly involved in cognition.

To date, no studies have directly investigated the contribution of the insula to symptoms of
PD. While PD is primarily considered a movement disorder, these patients are also afflicted
by a large number of nonmotor symptoms, i.e., behavioral, cognitive, sensory, and
autonomic disturbances [Chaudhuri and Schapira, 2009; Park and Stacy, 2009]. In general,
imaging and neurophysiological studies investigating brain abnormalities in PD have
focused on different cortical and subcortical regions but have never addressed the role of the
insula, despite substantial evidence supporting its potential contribution to nonmotor
symptoms in PD. While deposition of alpha-synuclein in the insula [Braak et al., 2006] can
directly impair receptor function and synaptic activity in this region, the degeneration of
dopaminergic, cholinergic, and serotonergic projecting neurons to the insula [Halliday et al.,
1990] may also significantly disrupt its functional integrity. The subsequent loss of
neurotransmitter modulation in the insula could affect information processing through heavy
interconnections between the insula and different cortical regions (i.e., frontal, temporal,
parietal, cingulate cortex) [Cauda et al., 2011; Nieuwenhuys, 2012] as well the basal ganglia
[Chikama et al., 1997].

In a recent review, we highlighted the possible role of the insula in nonmotor symptoms of
PD [Christopher et al., 2014a]. However, in order to investigate the functional organization
of the insular cortex and its potential role in parkinsonian features, we applied a quantitative
meta-analysis method to published neuroimaging studies to identify those core abnormalities
consistently manifested across patient cohorts and range of tasks which are associated with
the insula. We used a coordinate-based quantitative meta-analysis approach, the activation
likelihood estimation (ALE) [Eickhoff et al., 2009; Wager et al., 2009] to overcome the
classical limitations of neuroimaging studies such as heterogeneity of patient population and
small sample sizes. This approach has been used consistently and successfully in a number
of recent studies [Arsalidou et al., 2013; Criaud and Boulinguez, 2013; Herz et al., 2014;
Kurth et al., 2010; Mutschler et al., 2009; Pan et al., 2012; Shao et al., 2014; Uddin et al.,
2014].
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METHODS

Literature Search

To review all imaging studies possibly involving the insula in Parkinson’s disease, the Web
of Science and Pubmed databases were examined from 1993 to 2015 using the following
keyword combinations: ““Parkinson’s disease’ AND ‘Insula’,” “*Parkinson’s disease’ AND
“functional magnetic resonance (fMRI)’,” “*Parkinson’s disease’ AND ‘positron emission
tomography (PET)’.” This search resulted in 96 studies (Table I). Only fMRI and PET
(receptor ligands and H,01®) studies were considered. All articles were screened for
eligibility with the following inclusion criteria:

. English articles including original data

. Idiopathic PD patients

. No comparison with other brain pathologies

. No pharmacological trials

. 3D coordinates reported in stereotactic space (MNI or Talairach)

. Level of significance reported (p value, cluster or voxel level, correction)

For each study included, the coordinates located in the insular cortex were collected.

Meta-Analysis Based on Activation Likelihood Estimation

To assess the functional role of the insular cortex in parkinsonian features, all imaging
studies included in the meta-analysis were sorted into five functional categories. A total of
132 insular foci were selected from 96 published experiments (Table I, appendix)
comprising the five functional categories: cognition (30 studies), affective/behavioral
symptoms (24 studies), bodily awareness/autonomic function (8 studies), sensorimotor
function (21 studies), and nonspecific resting functional changes associated with disease (13
studies). All Talairach coordinates were converted to MNI space using the Lancaster
transform [Lancaster et al., 2007].

The ALE is a coordinate-based meta-analysis method. Activation maxima reported in
studies (i.e., foci) are modeled as spatial 3D Gaussian probability distributions [Laird et al.,
2005]. The distribution is centered at the reported coordinates and its size is directly related
to the sample size (number of participants) [Eickhoff et al., 2009]. Once all the distributions
of a study have been generated, a modeled activation map is created for the study
[Turkeltaub et al., 2012]. The union of the modeled activation maps describing the
convergence of results across studies at each voxel represents the ALE map. To identify true
congruence from noise, permutation tests were performed. The ALE map was compared to
the null distribution, a randomly distributed map, and tested for significance for each voxel
[Eickhoff et al., 2012]. The meta-analysis was performed with Ginger ALE software (http://
brainmap.org/ale). Statistical significance was set at a family-wise error corrected threshold
of p<0.05 with a cluster extent of 10 voxels. The ALE value, cluster volume (in voxels), and
the MNI coordinates are reported for each analysis. The maps of the ALE values were
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superimposed on a colin.nii atlas [Laird et al., 2005] using the Mango software (http://
ric.uthscsa.edu/mango//mango.html).

A meta-analysis was first conducted on all the imaging studies combined together to assess
the contribution of all experiments to the insular activity results, and then separate meta-
analyses were conducted on specific functional subcategories (cognition, sensorimotor,
affective/behavioral symptoms) to evaluate the contribution of different experiments to the
insular subregional findings. An analysis was also performed focusing only on blood flow
studies (78: fMRI and H,01® PET, TC99m SPECT) representing the largest set of data in
order to limit the possible confounding effect from metabolic (8F FDG) or receptor imaging
and to test consistency of the results. When possible, a meta-analysis contrasting directly
patients and controls (38 studies) was also performed and another set of analyses was
conducted to estimate the effect of the medication on studies in which patients were
evaluated ON and OFF medication.

RESULTS

Table I (appendix) summarizes the demographics and experimental conditions of the 96
imaging reports included in the meta-analysis. Briefly, these included 20 PET studies with
receptor imaging, 27 PET with H,O5 or TC99m, and 51 fMRI. The total number of
experiments (96) included 1852 patients (age 63 y/o + 5 SD) and 801 controls (age 61 y/o
+ 7 SD) (Table I, appendix). Thirty studies (31%) reported experiments related to cognition
(executive function, memory, language, MCI, dementia, and so on), 24 studies (25%)
reported experiments evaluative affective/behavioral symptoms, 8 studies (8%) were related
to bodily awareness/autonomic function, 21 studies (22%) were associated with
sensorimotor function, and 13 studies (14%) reported nonspecific changes associated with
disease. In total, 30 studies evaluated the patients ON medications (562 patients), while 57
evaluated them OFF medication (830 patients).

The whole-group ALE meta-analysis across the 96 published experiments revealed
significant convergence of activation maxima related to PD in different insular regions

(Table Il and Fig. 1). These clusters were located in the right ventral anterior insula (x =38, y
=16, z=-2; ALE value =0.050), left ventral anterior insula (x=-36, y=18, z=-8; ALE
value =0.039), left dorsal posterior insula (x=—42, y=-12, z=4; ALE value =0.040), and
right dorsal posterior insula (x =38, yy=-16, z=4; ALE value =0.039) (Fig. 1A).

When looking at those studies investigating only blood flow changes, there was an overlap
with those clusters, in the right ventral anterior insula (x=36, y=16, z=0; ALE value
=0.042), the left ventral anterior insula (x=-38, =18, z=-6; ALE value =0.035), the right
dorsal (x=38, y=-16, z=12; ALE value =0.021), and the left dorsal insula (x=-40, y=-10,
z=8; ALE value =0.019) (Table II).

The ALE analysis performed on those studies comparing patients with healthy controls
showed three significant clusters in similar regions, at the level of the right ventral anterior
insula and the bilateral dorsal posterior insula (x=40, y=-16, z=2; ALE value =0.022; x =
-42, y=-12, z=4; ALE value =0.024; x=36, y=18, z=-4; ALE value=0.019).
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When looking at the effect of the medication, a significant convergence of activation
maxima was observed for the different medication states (ON or OFF) (Fig. 1B). The ON
medication studies (30 experiments) showed a significant convergence of activation maxima
in the left and right ventral anterior insula (x =—38, =18, z=-8; ALE value =0.022; x=32,
y=26, z=—4; ALE value =0.019), whereas in the OFF medication studies (57 experiments),
convergence was localized more posteriorly, in the left and right dorsal posterior insula (x =
-42, y=-12, z=4; ALE value =0.036; x=38, y=-16, z=4; ALE value =0.037).

A significant convergence of activation maxima was also observed for the different
functional subcategories (Table IV). In fact, combining cognitive and behavioral/affective
domains (54 studies) showed a significant convergence of activation maxima in the left and
right ventral anterior insula (x=-34, y=20, z=-8; ALE value =0.030; x=38, y =14, z=-4;
ALE value =0.027) and in the left and right dorsal posterior insula (x=—42, y=-12, z=4;
ALE value =0.039; x=38, y=-16, z=4; ALE value =0.037) (Fig. 2A). In contrast, the
analysis limited only to the cognitive domain identified smaller overlapping clusters (Fig.
3A) in the left and right ventral anterior insula (x=-36, y=20, z=-8; ALE value =0.025; x
=38, y=12, z=-4; ALE value =0.022) and in the left and right dorsal posterior insula (x =
-42, y=-12, z=2; ALE value =0.030; x=36, y=—-18, z=6; ALE value =0.025). The
behavioral/affective symptoms also showed an overlapping cluster in the right ventral mid-
insula (x=44, y=2, z=—-4; ALE value =0.018) (Fig. 3B). When focusing on the effect of the
dopaminergic medication on the behavioral/affective symptoms combined with cognition, a
significant convergence of activation maxima was observed for the different medication
stage (ON or OFF). The ON medication studies (21 experiments) showed a significant
convergence of activation maxima in the left and right ventral anterior insula (x=—36, ) =18,
z=-8; ALE value =0.019; x=32, y=26, z=-4; ALE value =0.019), whereas in the OFF
medication studies (28 experiments), convergence was localized more posteriorly, in the left
and right dorsal posterior insula (x=-42, y=-12, z=4; ALE value =0.035; x=38, y=-16, z
=4; ALE value =0.035) (Fig. 2B).

A significant convergence of activation maxima related to the sensorimotor function (21
studies) was seen instead in the left mid-insula (x=-42, y=6, z=-8; ALE value =0.018) and
the right anterior insula (x=44, y=18, z=-2; ALE value =0.014), which did not overlap
with other domain-related clusters (Table 1V).

DISCUSSION

Surprisingly, no neuroimaging studies have directly addressed the contribution of the insula
as a critical region in PD pathology. This study confirmed the importance of the insula in PD
in acting as a hub for processing critical information related to the body state and for
integrating cognitive—affective, sensorimotor, and autonomic information (Fig. 1). This
report provides evidence of an important functional distribution of different domains within
the insular cortex in PD, particularly in relation to nonmotor aspects, with changes related to
the effect of disease and medication state.

When focusing on the cognitive and behavioral/affective domains of the disease, the insula
show a bilateral involvement of both anterior and posterior regions (Figs. 2 and 3). The
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anterior involvement is quite consistent with accumulating research in healthy subjects
showing that this region plays a central role in directing cognitive processes and
implementing/maintaining task set [Dosenbach et al., 2006, 2007]. In conjunction with the
anterior cingulate cortex (i.e., salience network), the anterior insula allows switching
between neural networks required for executive functions [Menon and Uddin, 2010; Seeley
et al., 2007; Swick et al., 2011]. It also has a well-established contribution to processing
affect and emotion and it is critically involved in social interactions requiring self-awareness,
interoception, and integration of both affective/emotional and environmental stimuli [Craig,
2009]. In other words, it is very likely that neurodegenerative processes affecting this region
could disrupt both cognitive and socio/affective functions in PD [Christopher et al., 2014a;
Nieuwenhuys, 2012].

An interesting finding was the observation in these PD patients (performing cognitive and
behavioral/affective tasks) of a significant convergence of activation maxima in the posterior
regions of the insula (Fig. 2B). While the biological explanation of this finding is not
entirely clear, this may be the result of the dopaminergic changes described previously
[Christopher et al., 2014b]. Indeed, when focusing on the effect of medication, we found
some evidence supporting the role of dopamine depletion: PD patients OFF medication
presented with a significant convergence of activation maxima mainly in dorsal posterior
regions of the insula, while PD patients ON medication showed, in contrast, a more
physiological involvement of bilateral anterior insula (Fig. 2B).

In patients studied OFF medication, the bodily sensations generated by the motor symptoms
(i.e., bradykinesia and rigidity), it is possible that led to an abnormal activation of the
posterior insula, an area generally implicated in the processing of position, movement, and
sensation of the body [Chang et al., 2013; Cerasa et al,. 2006]. This abnormal interoceptive
information of how the body “feels” could lead to an abnormal salience processing in the
anterior insula affecting how affective/emotional sensations are perceived in patients with
PD, which is partially restored by dopaminergic medication. Alternatively, the more
posterior activation in the OFF medication state (during cognitive and behavioral/affective
tasks) may simply be related to a compensatory activation [Daselaar et al., 2015] due to
inadequate recruitment of the anterior insula.

In contrast, when ON dopaminergic medication, patients might be better able to recruit the
anterior insula during cognitive processing.

A significant convergence of activation maxima related specifically to sensorimotor tasks
was seen in the mid-insula confirming the role of this region in processing bodily awareness
in relation to somatosensory information and coordination of movement.

Although the ALE technique overcomes the classical limitations of neuroimaging studies, it
only reveals convergences of activity from different studies, not the actual activations. To
reduce potential confounding factors, we conducted as well a number of different analysis
limited to only blood flow studies and comparing patients to healthy controls. In any case,
interpretations of the results should be made taking into consideration the limitation inherent
to this technique. Despite this, the technique offers a valuable approach to investigate an
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under-recognized region involved in the pathogenesis of Parkinson’s disease. The insula is
substantially affected by alpha-synuclein deposition in PD and the insular abnormalities
found in neuroimaging studies strongly point toward its contribution to a wide range of
nonmotor symptoms, including somatosensory disturbances. Thus, as an important hub
involved in integrating diverse information, the insula should be considered a region of
interest when investigating cognitive and behavioral changes, as well as disruptions in
viscerosensory or somatosensory processes in Parkinson’s disease.
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Figure 1.
ALE map of clusters showing changes in PD (p <0.05). (A) Whole group analysis. (B)

Effect of the medication.
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Figure 2.
ALE map of clusters showing changes in PD (p<0.05). (A) Cognitive and affective/

behavioral symptoms analysis. (B) Effect of the medication on cognitive and affective/
behavioral symptoms.
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ALE map of clusters showing changes in PD (p <0.05). (A) Cognitive analysis. (B)

Affective/behavioral symptoms.
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