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Distinct grey and white

matter changes are associated
with the phenomenology of visual
hallucinations in Lewy Body
Disease
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Visual hallucinations in Lewy body disease (LBD) can be differentiated based on phenomenology into
minor phenomena (MVH) and complex hallucinations (CVH). MVH include a variety of phenomena,
such asillusions, presence and passage hallucinations occurring at early stages of LBD. The neural
mechanisms of visual hallucinations are largely unknown. The hodotopic model posits that the
hallucination state is due to abnormal activity in specialized visual areas, that occurs in the context

of wider network connectivity alterations and that phenomenology of VH, including content and
temporal characteristics, may help identify brain regions underpinning these phenomena. Here we
investigated both the topological and hodological neural basis of visual hallucinations integrating
grey and white matter imaging analyses. We studied LBD patients with VH and age matched healthy
controls (HC). VH were assessed using a North-East-Visual-Hallucinations-Interview that captures
phenomenological detail. Then we applied voxel-based morphometry and tract based spatial statistics
approaches to identify grey and white matter changes. First, we compared LBD patients and HC. We
found a reduced grey matter volume and a widespread damage of white tracts in LBD compared to
HC.Then we tested the association between CVH and MVH and grey and white matter indices. We
found that CVH duration was associated with decreased grey matter volume in the fusiform gyrus
suggesting that LBD neurodegeneration-related abnormal activity in this area is responsible for CVH.
An unexpected finding was that MVH severity was associated with a greater integrity of white matter
tracts, specifically those connecting dorsal, ventral attention networks and visual areas. Our results
suggest that networks underlying MVH need to be partly intact and functional for MVH experiences to
occur, while CVH occur when cortical areas are damaged. The findings support the hodotopic view and
the hypothesis that MVH and CVH relate to different neural mechanisms, with wider implications for
the treatment of these symptoms in a clinical context.

Visual hallucinations (VH) are frequent in Lewy Body disease (LBD), and their phenomenology varies widely
among patients and according to disease stage. LBD includes Parkinson’s disease (PD), Parkinson dementia
(PDD) and Dementia with Lewy bodies (DLB) that share clinical features and neuropathological hallmarks.
Visual hallucinations in the LBD spectrum can be differentiated into minor and complex phenomena. Minor
phenomena, including passage hallucinations, presence hallucinations and illusions, usually occur in the early
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stages of disease, and especially in patients with PD?. Complex visual hallucinations consist of well-formed
visions of animals, people or inanimate objects and frequently occur in patients with DLB, constituting a DLB
core clinical feature®.

Opverall, the underlying mechanism of VH is largely unknown. Many models have attempted to explain them,
in terms of alterations in different processes, mainly attention?, arousal® and the balance between perception and
expectations®. Recently a synthesis integrating all such views has been proposed delineating cognitive systems
relevant to VH’. Beyond the cognitive processes, from a localizationist point of view, the models can be divided
in those highlighting dysfunction in a specific brain region (a topological approach) and those highlighting an
alteration in connectivity between regions (a hodological approach). The hodotopic model can be considered a
synthesis of the two approaches. In this model the hallucination state relates to activity in visual areas specialized
for the perceptual content of the VH. However, the VH state occurs in the context of structural and functional
connectivity alterations among visual areas and other regions, that confer the hallucination trait®. It has been
hypothesized that minor and complex hallucinations in Lewy body disease might be underpinned by different
mechanisms and that VH phenomenology differences might mirror the neuropathological progression in LBD
according to Braak stage!. This is consistent with the finding that minor visual hallucinations (MVH) are not
associated with prominent visual perceptual deficits on neuropsychological testing, contrasting with complex
visual hallucinations (CVH) which are associated with visuoperceptual processing, attention and visual abstract
reasoning deficits’. The absence of visual perceptual deficits makes it unlikely that visual cortical volume loss
is associated with MVH given that visual perceptual deficits would be expected to precede cortical volume loss
detectable by standard MRI methods. This raises the possibility that MVH might be related to alterations of con-
nectivity within wider networks rather than cortical volume loss in specific regions, in particular, connectivity
between subcortical regions (i.e. brain stem) and cortical regions, especially those involved in aspects of visual
processing linked to the parietal lobe. Such connectivity changes might reflect axonal and white matter changes
in LBD, in which the axonal loss has been found to occur quite early and preceding neuronal loss that may be the
result of a dying-back process!®*. In contrast, CVH might instead be due to cortical volume loss and dysfunction
in ventral visual stream regions with associated neuropsychological deficits. Thus, from the phenomenological
perspective of the hodotopic framework, MVH could be interpreted as symptoms related to visual processing
network dysfunction, possibly due to axonal and white matter neuropathology in networks playing a modulat-
ing role in visual processing, e.g. dorsal and ventral attention networks as well as frontal areas involved in the
speed of visual processing. In contrast, while such networks are also involved in CVH, their phenomenology
might relate to spontaneous activation of specific cortical areas, with volume loss in these areas reflecting either
localised neuropathology or an indirect effect of changes within the wider networks to which they connect.
Phenomenology also includes temporal aspects (i.e. the frequency and duration of VH) and the hodotopic
model would suggest that hyper- or hypo- connectivity between visual regions and other brain networks may
contribute to these phenomenological aspects’.

To date, neuroimaging studies on VH in LBD have investigated these phenomena as a whole symptom and
have not differentiated between MVH and CVH phenomenology. A review of neuroimaging studies of alterations
associated with VH in LBD reported grey matter loss in frontal areas in patients with dementia, and in parietal
and occipito-temporal regions in PD without dementia'®. A recent meta-analysis examining the VBM studies of
VH in LBD spectrum reported evidence of lower grey matter volume (GMV) in hallucinating patients in medial
superior frontal, and anterior and cingulate cortices, and in the inferior parietal lobule™. Studies investigating
GMYV alterations in PDD patients have reported PDD with VH is associated with reduced GMV in regions that
form part of the ventral and dorsal visual streams'® or in subcortical regions such as pedunculopontine nucleus
and the thalamus'”. A recent meta-analysis investigating neuroimaging findings in PDD focusing on a network
centred on the hippocampus, reported that neuroimaging results in PD patients with VH were heterogeneous,
and that neuroimaging abnormalities in PD with hallucinations were part of a common network centred on the
lateral geniculate nucleus'®. In PD, the condition in which MVH most frequently occur, a VBM study showed
that MVH are mainly associated with discrete but functionally relevant structural alterations in the dorsal visual
stream and functionally related areas involved in visual processing, especially for visuospatial perception'*?.

Few studies have investigated structural connectivity alterations associated with VH. In one study VH were
found to be associated with structural alterations mainly in the right hemisphere involving attention networks,
suggesting a role of attention in generating VH?!. Recently it has been found that DLB patients with VH had
alterations in structural connectivity between the thalamus® and cortical regions, confirming evidence from a
previous study that showed a correlation between mean diftusivity within the right thalamic subregion and NPI
hallucination score?. However, no studies to date have investigated white and grey matter alterations associated
with VH phenomenology in DLB. According to the hodotopic approach, and the idea that phenomenology may
reveal details of underlying mechanism, the aim of this study was to investigate grey and white matter alterations
associated with minor (MVH) and complex VH (CVH) phenomenology, focusing on temporal characteristics.
Based on the view that MVH and CVH have a distinct origin', we hypothesized that different structural changes
might be associated with MVH and CVH in LBD. Specifically, we hypothesize that CVH are associated with
alterations of grey matter in cortical regions, especially those of the ventral visual stream, and consequent altera-
tions of structural connectivity among these visual regions and other networks. MVH might instead be associated
with changes in structural connectivity between visual regions and attention networks or within the attention
networks themselves but without prominent grey matter alterations. To explore both localised cortical regions
and connections between them we used a combination of grey and white matter imaging. We first compared
grey matter volume (GMV) and white matter indices (fractional anisotropy (FA) and mean diffusivity (MD)
values) in LBD patients with VH to age matched healthy controls to assess the differences related to LBD. Then,
to test specific hypotheses related to MVH and CVH temporal phenomenology, we investigated the correlations
between GMV, FA and MD with MVH and CVH temporal severity, duration and frequency.
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Methods

Participants

We included both DLB and PDD participants as both are part of the LBD spectrum?®. Twenty-eight LBD patients
(16 with DLB and 12 with PDD) with a history of VH were recruited from the Department of Human Neurosci-
ence of Sapienza University Hospital of Rome. Patients were considered trait hallucinators if they had experienced
repeated hallucinations during the course of their illness. We set an arbitrary cut-off of having hallucinations in
the preceding five years and a minimum of two separate hallucination episodes to define the hallucination trait.
In practice, the average time since the last hallucination was 1.5 months for CVH and 3.3 months for MVH with
a maximum of 18 months.

DLB diagnosis was made according to consensus criteria for probable DLB*; PDD diagnosis was made
according to the Movement Disorder Society Clinical Diagnostic Criteria for Parkinson’s Disease?. Exclusion
criteria for all participants were: MRI contraindications, a previous history of alcohol or substance abuse, signifi-
cant neurological or psychiatric history, severe ocular diseases (e.g. glaucoma, macular degeneration), epilepsy,
other forms of dementia, focal brain lesions on brain imaging, or the presence of other severe or unstable medical
illnesses. Twenty Healthy controls (HC) matched for age and gender were also enrolled. The study was designed
in accordance with the principles of the Declaration of Helsinki and was approved by the Ethical Committee of
Sapienza University of Rome (Prot. 5178). Written informed consent was obtained from all individual partici-
pants included in the study.

All patients underwent a neurological examination including the Unified Parkinson’s Disease Rating Scale
(UPDRS) part I11% and a structured clinical interview with caregivers to assess the presence of at least two of the
core DLB clinical features: parkinsonism (i.e. hypokinesia, rest tremor, postural instability, rigidity), REM sleep
behavioral disorders, cognitive fluctuations, and VH. All participants had normal or corrected to normal vision
and a gross deficit in color perception was excluded by clinical screening in which patients were asked to indicate
a specific color among many different color targets. Current treatment with levodopa, dopamine agonists (DA),
antipsychotics, and acetyl-cholinesterase inhibitors (AchEI, e.g. rivastigmine) was also recorded. Levodopa and
DA dosage were converted using the levodopa equivalent scale®, while antipsychotic drug dosage was converted
using the chlorpromazine scale”. Global cognitive impairment was evaluated by means of Mini Mental State
Examinations (MMSE)*. HC were included if they had a MMSE score > 27.

VH assessment
A modified version of the North-East Visual Hallucinations Interview (NEVHI)?! was administered to all
patients and their caregivers by experienced clinicians/researchers. The NEVHI is a semi-structured interview
that assesses in detail the phenomenology of VH including its temporal aspects and time of last VH. The modi-
fied version included separate sections for simple, presence, illusion, complex, and passage hallucinations and
other visual phenomena with questions about their frequency and time duration. The duration question asks
“Approximately how long do these experiences usually last?” and the possible answers are “seconds’, “minutes”,
“hours”, or “continuous’, scored respectively from 1 to 4. The frequency question asks “How often do they usually
occur?” and the possible answers are: “less than every few months”, “every few months”, “every few weeks’, “every
few days’, “every few hours”, “every few minutes”, “every few seconds’, or “continuously’, scored respectively from
1 to 8. The following temporal severity scores were derived:

MVH severity—the sum of duration X frequency for illusions, presence and passage and other (possible
score 4-128).

MVH duration—the sum of duration for illusions, presence and passage and other (possible score 4-16).

MVH frequency—the sum of frequency for illusions, presence and passage and other (possible score 4-32).

CVH severity—duration X frequency for complex (possible score 1-32).

CVH duration—duration complex (possible score 1-4).

CVH frequency—frequency complex (possible score 1-8).

MRI acquisition
Three-dimensional, high-resolution, T1-weighted structural images were acquired for each participant (170 slices,
in-plane resolution =192 x 256 mm, slice thickness=1.2 mm, time repetition [TR] =9 s, time echo [TE] =4 ms),
using a Siemens Magnetom Verio 3-Tesla scanner.

We also collected a diffusion-weighted image, acquired using Spin-Echo Planar Imaging (SE EPI; TR=9.5s,
TE =98 ms, matrix: 122 x 122, 65 slices, isotropic resolution=2.1 mm?, b factor =1000 s/mm?) with one image
with no diffusion weighting (b0) and 64 images with diffusion gradients applied in 64 noncollinear directions.

Statistical analyses

Statistical analyses of clinical scores were performed using SPSS (v. 27). Patients and HC were compared on
demographics using an independent sample t-test. Spearman correlation coeflicients were computed to assess
the association between MVH and CVH scores and demographics (age and education), concomitant medications
(levodopa, DA, AchEI antipsychotics), MMSE, and parkinsonism severity (UPDRS) with significance threshold
of p<0.003 (Bonferroni corrected, based on 13 comparisons).

VBM analysis

Images from 28 LBD patients and 20 healthy control (HC) subjects were included. We performed a VBM analysis
on participants’ T1-weighted structural images, using the Computational Anatomy Toolbox (CAT12), which
runs within SPM12. The T1 anatomical images were manually checked for scanner artefacts and gross anatomical
abnormalities. The images were then normalized using high-dimensional Diffeomorphic Anatomical Registration
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Through Exponentiated Lie Algebra (DARTEL) normalization and segmented into grey matter (GM), white
matter, and cerebrospinal fluid (CSF). Segmented data were checked for quality and smoothed using an 8-mm
full-width half-maximum (FWHM) kernel. Total intracranial volume (TIV) was estimated for each participant
and used as a covariate at the second-level analyses.

Grey matter volume (GMV) was compared between patients and controls performing an independent sample
t-test at the second-level. Multiple linear regressions analyses were further performed to investigate the associa-
tion between the duration, frequency and severity of MVH and CVH and GMYV in the patient group. Specifically,
separate multiple regressions were performed to assess the impact of the duration, frequency and severity of
VH, for both CVH and MVH. In each regression model, the opposite VH domain was entered as covariate of
non-interest. MMSE and TIV were also entered as a covariates of non-interest in all multiple regression analyses.

Diffusion data preprocessing
Twenty Seven LBD patients and 15 healthy control (HC) subjects were included in the Tract-Based Spatial Sta-
tistics (TBSS). One patient and 5 HC were excluded due to the presence of severe image artifacts.

DWI images were subjected to the following preprocessing pipeline® using various tools, in the specified
order:

- Thermal denoising was performed using the LPCA-Gaussian algorithm as implemented in
DWIdenoisingPackage_r01%;

- Gibbs unringing® was performed using MRtrix3’s "mrdegibbs" (available at www.mrtrix.org);

- head motion and eddy current artifacts were corrected with outlier replacement®® using FSLs "eddy"*°. The
b matrices were rotated accordingly;

- field inhomogeneity correction was performed using "N4BiasFieldCorrection" from ANTs* with the N4
algorithm™. A bias field correction was applied to the b0 image, and then the estimated field map was applied
to all diffusion images.

After pre-processing the DWI data as specified, the diffusion tensor was estimated voxel-wise using the
"dtifit" function from the FMRIB Software Library (FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL/). Fractional
anisotropy (FA) and mean diffusivity (MD) were then derived for each subject. Next, voxel-wise group differ-
ences in FA and MD were investigated using the Tract-Based Spatial Statistics approach (TBSS)*, which allows
for reliable alignment of fine white matter (WM) structures across subjects. In the TBSS analysis, FA maps were
initially used to generate the WM skeleton. This was achieved by warping each subject’s FA image into a common
space using non-linear spatial transformation and averaging the normalized images to create a mean FA map. The
mean FA map was subsequently thinned to create the WM skeleton, which represents the central portion of all
WM tracts common to the groups. Subsequently, the FA and MD measures of each subject were projected onto
the skeleton by searching perpendicular to the local skeleton structure for the maximum value. Voxel-wise group
comparisons (LBD vs. HC) were then conducted on the skeletonized DTI measures (FA and MD). Additionally,
correlation analyses were performed in the LBD patient group to investigate the relationship between each DTI
measure (FA, MD) and clinical scores (duration, frequency and severity) related to minor (MVH) and complex
hallucinations (CVH). In each correlation analysis, MMSE and the opposite VH domain score were included as
nuisance variables to account for confounding factors. All statistical analyses, including group comparisons and
correlations, were performed using the FSL tool "randomise"’, which performs permutation-based statistical
analyses, with 2000 iterations. The resulting statistical maps were thresholded at p <0.05, corrected for multi-
ple comparisons using the Threshold-Free Cluster Enhancement (TFCE) method*! with 2D optimization. The
anatomical location of significant clusters was determined and labelled using the JHU WM tractography atlas*.

Results

Patients and HC did not differ for age, (t=-0.099, p=0.32), education (t=-0.320, p=0.75), and gender
(x2=0.421, p=0.517). Participant’s demographics and clinical characteristics are shown in Table 1. All the
patients had been taking their medication at a stable dosage for at least 12 months. No significant correlations
were found between MVH indices and parkinsonism, MMSE, and concomitant medication, whereas a nega-
tive significant correlation was found between CVH severity and MMSE score (r=-0.573, p_unc=0.001). No
correlations were found between MVH and CVH severity (r=0.001 p=0.99), duration (r=0.64, p=0.74) and
frequency (r=0.186, p=0.34).

Supplementary Table 1 shows clinical characteristics separated for PDD and DLB patients.

Among the LBD group, 18 patients had MVH, specifically 8 patients had illusions, 8 patients had presence
hallucinations, 10 had passage hallucinations, 25 had complex hallucinations (3 patients had minor phenomena
not associated with CVH). In 21 LBD patients CVH contents were familiar or unknown people. Figure 1 shows
the patients’ VH phenomenology.

Twelve patients also had delusions, 5 of them had misidentification delusions, 5 misidentification delusions
associated with paranoid delusions and 2 of them only paranoid delusions. Moreover 9 patients also had audi-
tory hallucinations, 4 of these were associated with VH. Fourteen patients had mild depression, 8 patients also
had agitation.

VBM
Results of the independent sample t-test showed that patients had reduced GMV compared to controls in four
clusters, corresponding to the bilateral fusiform gyrus (right: peak at MNI 36, —33, — 20, t(1,45) = 6.22; left:
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Diagnosis (DLB, number) 16

Age 7475+ 5.76
Gender (male, number) 18

education 9.63+ 4.01
MMSE 20.96 + 6.05
UPDRS 2229+ 12.32
CVH severity 6.89+ 4.81
CVH duration 1.68+ 0.98
CVH frequency 361+ 1.77
MVH severity 543+ 8.90
MVH duration 1.57+ 2.00
MVH frequency 293+ 3.04
Time from disease onset 454+ 3.08
Antipsychotics chlopromazine equivalent dose | 32.14+ 55.21
Antipsychotics (number) 12

Achel 3.815+ 4.501
Achel (number) 13

Levodopa equivalent dose 330.52+ | 374.72
Levodopa (number) 16

Nevhi tot 12.32+ 11.54

Table 1. Patient’s demographics and clinical characteristics.

Patients IILLUSIONS PRESENCE PASSAGE MVH CVH

PDD-1 FAMILIAR PEOPLE (MOTHER)

PDD-2 FAMILIAR PEOPLE

PDD-3 FAMILIAR PEOPLE

PDD-4

PDD-5

PDD-6 FAMILIAR PEOPLE

PDD-7

PDD-8 UNKNOWN PEOPLE

PDD-9 FAMILIAR PEOPLE (COWORKERS)
PDD-10 UNKNOWN PEOPLE

PDD-11 UNKNOWN PEOPLE

PDD-12 OBJECTS

DLB -1 o vmmwmeeome
DLB-2 INSECTS (ANTS)

DLB-3 * UNKNOWN AND FAVILIAR PEOPLE (MOTHER)
DLB-4 UNKNOWN AND FAMILIAR PEOPLE
DLB-5 CHILDREN

DLB-6 UNKNOWN PEOPLE

DLB-7

DLB-8

DLB-9

DLB-10 FAMILIAR PEOPLE

DLB-11 UNKNOWN PEOPLE

DLB-12 © uncowweeore
DLB-13 FAMILIAR PEOPLE (SISTER)

DLB-14 . eawouseore
DLB-15

DLB-16 ANIMALS (MICE)

Figure 1. Colored patches of visual phenomena in LBD patients. Minor visual hallucinations, MVH light
green-to-dark green; complex visual hallucinations, CVH light blue-to-dark blue represent the severity of
symptoms reported by each patient for each phenomenon.
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peak at MNI —-27, — 4, -39, t(1,45) =5.86), to the left posterior cingulate cortex (peak at MNI -2, — 38, 33,
t(1,45) =5.37) and the pars triangular of the inferior frontal gyrus in the right hemisphere (peak at MNI 50, 44, 4,
t(1,45)=5.32) (all pFWE <0.05 at the cluster level, p uncorrected <0.001 at the peak level) (Supplementary Fig. 1).

In the multiple regressions analyses, no significant association was found between GMV in the patient group
and MVH duration, frequency or severity. There was no significant association between CVH frequency and
severity and GMV. The duration of CVH was negatively associated with GMV in one cluster in the left fusiform
gyrus (peak at MNTI: —34, - 72, 15, t(1,23) =5.35, pFWE < 0.05 at the cluster level, p uncorrected <0.001 at the
peak level) (Fig. 2).

Fractional anisotropy

The results of the TBSS analysis revealed widespread decreased fractional anisotropy (FA) in LBD patients
compared to HC subjects (HC>LBD), showing significant clusters of lower FA in patients in the bilateral ante-
rior thalamic radiation, corticospinal tract, superior and inferior parts of left cingulum and forceps minor and
major, as well as in bilateral inferior fronto-occipital fasciculi, inferior and superior longitudinal fasciculi (in
the temporal portion) and uncinate fasciculus (Supplementary Fig. 2). No significant suprathreshold voxel was
detected for the opposite contrast.

No significant correlations were found between FA and MVH or CVH indices.

Mean diffusivity
TBSS analysis revealed a widespread increased mean diffusivity (MD) in LBD patients compared to HC
(LBD > HC). We found significant clusters of increased MD in patients in the bilateral anterior thalamic radiation,
corticospinal tract, superior and inferior parts of cingulum and forceps minor and major, as well as in bilateral
inferior fronto-occipital fasciculi, inferior and superior longitudinal fasciculi (in the temporal portion) and unci-
nate fasciculus (Supplementary Fig. 3). No significant suprathreshold voxel was detected for the opposite contrast.
In LBD patients, significant negative correlations were found between MD and MVH severity, including the
bilateral anterior thalamic radiation, corticospinal tract, superior cingulum, forceps minor, as well as in bilateral
inferior fronto-occipital fasciculi, superior longitudinal fasciculi (including the left temporal portion), right
inferior longitudinal fasciculus and left uncinate fasciculus (Fig. 3). There was no significant correlation between
MD and CVH indices, or between MD and MVH frequency and duration.

Discussion
In this study we investigated grey and white matter alterations associated with MVH and CVH temporal phe-
nomenology in LBD patients.

Topological—grey matter findings

We found decreased GM volume bilaterally in the fusiform gyrus (FG), in the left posterior cingulate and in the
right inferior frontal gyrus in LBD with VH compared to HC. Although the LBD versus HC comparison is not
specific to VH and captures differences due to LBD overall, the regions identified have been implicated in VH in
previous studies'>*** suggesting they may represent structural hallmarks of functional alterations in networks
contributing to VH. The involvement of the fusiform gyrus, part of the ventral visual stream, may account for the
typical VH contents found in LBD and has already been reported in VBM studies of VH in the LBD spectrum'6+.
The alteration in the left posterior cingulate, part of the default mode network (DMN), may also contribute to
VH occurrence. For example, an fMRI study in PD patients with VH found increased engagement of the DMN**
and decreased connectivity of the DMN was found to be associated with CVH frequency in LBD®. The inferior
frontal gyrus (IFG) is a region that preferentially contributes to psychotic symptoms in schizophrenia* and may
contribute to the loss of inhibitory control®. Thus, it might be possible that cortical volume loss in these regions
contribute to VH as emerged from previous studies on VH in LBD'#*%. Frontal volume loss may sustain an atten-
tion deficit contributing to VH when associated with visuoperceptual impairment, according to the Perception
and Attention deficit model*. Moreover, the IFG can be considered part of the ventral attention network (VAN)
and dysfunction in this area might be interpreted in light of Shine’s model stating that an increased engagement

Figure 2. Clusters showing associations between reduced GMV and CVH duration in LBD patients (red to
yellow patches show the T statistic of the regression model).
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Figure 3. TBSS correlation between mean diffusivity (MD) and MVH severity in LBD. Mean fractional
anisotropy skeleton (in green) overlaid on the mean fractional anisotropy map. Voxels that showed value of
mean diffusivity significantly negatively correlated with MVH severity are overlaid in red-to-yellow patches, 1-p
for convenience of display; thus, thresholding at 0.95 gives significant clusters (see also https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/TBSS). Notes: A =anterior; L=left.

of the VAN contributes to VH occurrence®. Frontal regions are also implicated in reality monitoring processes.
A deficit in this process may lead to internal representations experienced as real perceptual experiences®'.

Supporting our MVH hypothesis, we did not find any associations between GM and MVH phenomenology
suggesting MVH phenomena are not associated with grey matter alterations per se but rather to functional altera-
tions in the connectivity of specific visual networks (see below). Consistent with our CVH hypothesis we found
that CVH duration was negatively associated with GM volume in the left FG. Neurodegenerative changes in the
FG may lead to a spontaneous activation of this region that sustains CVH duration, the functional specialisa-
tions of the region accounting for the characteristic content of CVH’. The finding is consistent with previous
structural'®* and functional MRI studies®>** that reported an association between fusiform gyrus alterations
and VH. The fusiform gyrus contains regions specialized for face perception and activity in the fusiform gyrus
and other specialised visual cortices has been associated with hallucinations of familiar people in schizophrenia®.
Although most of the patients experienced CVH of people with faces rather than disembodied faces alone, it
seems plausible the specialisation of this area of GM volume loss is linked to the contents of the CVH reported.
The association between GMV and CVH duration but not frequency is consistent with previous evidence that
suggests that the two temporal aspects of phenomenology relate to different mechanisms®.

Hodological-white matter findings

TBSS analysis revealed widespread damage of white matter bundles in LBD patients compared to HC subjects,
confirming previous findings about alterations of structural connectivity in DLB patients. These results are not
specific to VH and are thus likely to reflect the axonal damage typical of the LBD neuropathological process.
Indeed, our findings are in line with those from previous studies showing diffuse alterations of white matter in
these patients, especially prominent in posterior regions®.

Although we predicted MVH would be linked to changes in specific networks, unexpectedly, we found
widespread regions of negative correlation between MD and MVH severity. These regions included the bilateral
anterior thalamic radiation, corticospinal tract, superior cingulum, forceps minor, as well as the bilateral inferior
fronto-occipital fasciculi, superior longitudinal fasciculi, right inferior longitudinal fasciculus and left uncinate
fasciculus. The widespread distribution of the findings suggests that MVH are associated with the integrity of
white matter bundles across several functional networks. We note that the association found was specific to MD
and that we did not find any association with FA. One possible explanation is that FA might be a less sensitive
measure compared to MD when it comes to brain tissue changes. Both FA and MD are influenced by various
factors, including axonal count and density, degree of myelination, and fibers organization, such as the presence
of crossing fibers. However, unlike MD, there are certain types of brain tissue damage that may not result in
changes in FA or may cause an increase or decrease in FA. For instance, a selective loss of unidirectional fibers
in a brain area with crossing fibers can lead to an increase in FA, while the loss of fibers in a white matter region
characterized by only one direction (such as the corpus callosum) can result in a decrease in FA*”*8. MD, which
measures the overall diffusivity of water molecules in tissue, better reflects microstructural changes in white
matter and is a better indicator of brain tissue damage. An increase in MD is usually associated with the presence
of damage such as axonal loss, demyelination, or inflammation. It is likely that MD captures the fine-grained
variations associated with clinical indices more effectively than FA in this patient group.

An important observation is that the direction of association between MVH and MD was negative. Although
counterintuitive, we may speculate that the networks underlying MVH need to be partly intact and functional
for MVH experiences to occur. As widespread alteration of structural connectivity disrupts the networks, the
MVH become less frequent and have shorter duration (a reduction in MVH temporal severity) (see Fig. 4). Thus,
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Figure 4. A figurative graph of the negative correlation between Mean diftusivity (with implied WM integrity)
and MVH severity. MVH are shown in a color-scale of light green-to-dark green representing the severity of
illusions, presence and passage hallucinations.

in contrast to CVH, MVH can be considered closer to normal perceptual illusion phenomena (elicited from
external stimuli but misperceived) and require intact or minimally impaired visual perceptual systems to occur.

MVH include a range of phenomena (passage, presence as well as illusions) that do not necessarily share
the same mechanism but often occur in the same patient at different times. Passage hallucinations have been
hypothesized to be due to a dysfunction between brainstem eye movement control regions, and subcortical
and cortical motion pathways, including dorsal visual stream areas'. Presence hallucinations, described as the
feeling that someone is close by or has just left the room, have been interpreted as a form of palinopsia relying
on dorsal visual stream involvement' and recent evidence using a robotic stimulation paradigm suggests they
result from sensorimotor conflict®*.

It is possible that MVH collectively, both when elicited from an external stimulus (illusions) or when inter-
nally produced or through sensorimotor conflict (passage and presence) need the integrity of fibers that connect
the ventral visual stream, the dorsal attention network and the dorsal visual stream. The Superior longitudinal
fasciculus is a white matter bundle connecting the frontal and parietal lobes®. It connects part of the dorsal
attention network (DAN), and the ventral attention network (VAN)®2. The frontoparietal network plays a role
in the top-down control of spatial attention®>®*. Overall, the integrity of these tracts may be required for the
attentional control processes associated with MVH to function. This hypothesis is also in line with a recent fMRI
study in PD patients with VH who showed increased top-down effective connectivity from the left prefrontal
cortex to primary visual cortex compared to PD without VH. This pattern of connectivity was also reported to
be predictive of VH occurrence and associated with their severity®.

Other pathways implicated in our findings may have specific roles in subcategories of MVH. The inferior
fronto-occipital fasciculus has a role in the visual recognition system® and underlies the integration of com-
plex movements, perception, and location of body parts between sensory-motor, occipital areas, and ventro-
lateral prefrontal cortex. It is involved in object identification, visual attention, and planning of visually guided
movements®. It is possible that the integrity of these tracts might be specifically related to passage hallucina-
tions. The uncinate fasciculus connects face processing areas and the limbic regions responsible for emotional
attribution of facial percepts and has been implicated in Capgras syndrome®®® which, although not present in
our patient cohort, occurs in LBD'. Its preservation might be why there is an absence of emotional dysfunction
in MVH. The forceps minor, the superior cingulate and the anterior thalamic radiation are part of the fronto-
thalamic loop” that is involved in executive functions”"’? which have been linked to VH in PD (see ffytche et al.).
The inferior longitudinal fasciculus is an associative bundle transmitting visual information from occipital areas
to the temporal lobe and is involved in visual object recognition and implicated in a several visual perceptual
disorders”%. The cortico-spinal tract integrity might be consistent with the hypothesis that presence hallucina-
tions can be interpreted as an alteration of self-related sensorimotor processing and this hypothesis has been
supported by studies that induced presence hallucinations using a robotic sensorimotor paradigm*>%.

As noted above, the negative correlation with MD suggests that the integrity of connectivity among these
networks is a pre-condition to allow MVH to occur. In other words, MVH may implicate dysfunction or slowing
of visual processing but, at the same time, the processing areas have to be structurally connected in order for an
MVH to occur. Although different networks may link to different symptoms within the MVH category, a key role
might be played by top-down influences on visual processing and attentional modulation between DAN, VAN
and DMN. These findings suggest that, for MVH to occur, the visual system needs to be functioning, even if in
a pathological way. This might explain why MVH more often occur in early LBD disease stages and are more
frequent in PD, where alterations of structural connectivity among cortical areas are not expected to be severe.
Taken together with the lack of association between GMV alterations and MVH temporal severity and the lack
of correlation with cognitive impairment, our findings lend further support to the view that MVH are typically
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related to changes occurring in early LBD, and depend on a different mechanism compared to CVH"’. CVH
seem to be internally generated, likely as the consequence of an aberrant activation of specialized visual regions
due to GM damage, and can occur without the integrity of visual and attentional networks.

Opverall, the alterations of brain regions and networks may represent the predisposing preconditions for VH
in LBD. From a hodotopic perspective, our findings support the idea that VH phenomenology may help identify
brain regions and networks underlying VH and better understand dysfunction of cortical regions/networks
occurring during the VH state®.

The study has some limitations. First, the sample did not include LBD patients without VH to disentangle
effects related to disease and effects related to VH in the comparison with healthy controls. Moreover, we could
not investigate the structural alterations associated with each subcategory of CVH and MVH (e.g. presence versus
illusion). Future studies including LBD patients experiencing only one type of phenomenon could help to shed
light on the neural basis of individual symptoms. The DTI images were analysed using a TBSS approach but a
probabilistic approach may better capture changes in white matter bundles associated with VH. Recent proba-
bilistic tracking studies have investigated white matter alterations associated with cholinergic pathways” and
this approach might help identify which neurotransmitter system is most closely associated with VH phenom-
enology. Furthermore, TBSS did not allow us to investigate connectivity with subcortical regions which might
play a role in VH pathophysiology in LBD. Future studies including more advanced neuroimaging approaches
to investigate structural connectivity are required.

This study provides evidence that MVH and CVH are underpinned by a complex pattern of white and grey
matter changes in LBD, supporting the hypothesis that VH phenomenology in LBD may mirror neuropatho-
logical progression'. Moreover, these findings further support the hodotopic hypothesis® that an understanding
of hallucinations requires both consideration of alterations in white matter network connectivity and localised
grey matter changes. Our findings may be considered a first step in identifying brain networks that need to be
intact or minimally dysfunctional for specific hallucination subtypes to occur.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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