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ABSTRACT

Objective: Visual disability in Parkinson's disease (PD) is not fully explained by retinal neurodegeneration. We aimed to deline-
ate the brain substrate of visual dysfunction in PD and its association with retinal thickness.

Methods: Forty-two PD patients and 29 controls underwent 3-Tesla MRI, retinal spectral-domain optical coherence tomogra-
phy, and visual testing across four domains. Voxel-level associations between gray matter volume and visual outcomes were used
to define a visual impairment region (visualROI). Functional connectivity of the visualROI with brain networks was analyzed.
Covariance analysis of brain regions associated with retinal thinning (retinalROI) was conducted using hierarchical clustering
to develop a model of retinal and brain neurodegeneration linked to disease progression.

Results: The amygdala was the primary component of the visualROI, comprising 32.3% and 14.6% of its left and right volumes.
Functional connectivity analysis revealed significant disruptions between the visualROI and medial/lateral visual networks in
PD. Covariance analysis identified three clusters within retinalROI: (1) the thalamic nucleus, (2) the amygdala and lateral/occip-
ital visual regions, and (3) frontal regions, including the anterior cingulate cortex and frontal attention networks. Hierarchical
clustering suggested a two-phase progression: early amygdala damage (Braak 1-3) disrupting visual network connections, fol-
lowed by retinal and frontal atrophy (Braak 4-5) exacerbating visual dysfunction.

Interpretation: Our findings support a novel, amygdala-centric two-phase model of visual dysfunction in PD. Early amygdala
degeneration disrupts visual pathways, while advanced-stage disconnection between the amygdala and frontal regions and reti-
nal neurodegeneration contributes to further visual disability.

Abbreviations: FC, functional connectivity; GCIPL, ganglion cell-inner plexiform layer complex; GM, graymatter; LCVA, low contrast visual acuity; MRI, magnetic resonance imaging; OCT,
optical coherence tomography; PD, Parkinson's disease; ROI, region of interest; VAPS, visual attention and processing speed; VCON, visual construction; VMEM, visual memory; VPER, visual
perception.
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1 | Introduction

Interest in visual research in Parkinson's disease (PD) has
grown due to evidence suggesting that visual dysfunction is
an early clinical feature [1, 2] and a predictive biomarker of
cognitive deterioration [3, 4]. Research on visual dysfunction
in PD dates back several decades, with early studies by Bodis-
Wollner in the late 1970s demonstrating deficits in visual
evoked potentials [5], highlighting the involvement of both ret-
inal and cortical pathways in PD-related visual impairments.
Since then, numerous studies have explored both basic and
higher-order visual deficits in PD. Work by Cronin-Golomb
and colleagues has extensively documented impairments in
visuospatial function, mental rotation, facial recognition, and
facial emotion processing [6-10]. Similarly, Harris, Lee, and
Amick have provided evidence of deficits in contrast sensitiv-
ity, optic flow perception, biological motion detection, visual
scanning, and bistable perception in PD [11-15]. Wagenaar
and collaborators have further demonstrated impairments
in navigation and spatial perception, linking these deficits to
abnormal processing of optic flow stimuli [16-19]. Jaywant
et al. have investigated the relationship between visual and
motor symptoms, showing how disruptions in visual percep-
tion can contribute to gait disturbances and postural instabil-
ity [20-25]. Collectively, these studies emphasize that visual
dysfunction in PD extends beyond contrast sensitivity deficits
and involves complex interactions between visuoperceptual,
visuospatial, attentional, and cognitive domains.

The retina has been a primary focus of visual dysfunction
studies in PD. It is now well established that in PD early on,
even from pre-motor phases [26-28], neurodegeneration of
inner retinal cells occurs, involving the amacrine dopami-
nergic cells and the retinal ganglion cells of the parafovea
[26, 29-32]. Retinal abnormalities, confirmed through opti-
cal coherence tomography (OCT), correlate with visual defi-
cits [28]. Dopamine deficits observed in retinal cells explain
the partial reversibility of some symptoms, such as contrast
sensitivity, with L-Dopa therapy in early stages [33]. However,
visual disturbances in PD cannot be fully explained by retinal
changes [28], suggesting that brain alterations also play a key
role and could help better explain the early and persistent vi-
sual deficits in PD.

While primary visual cortex atrophy occurs in late stages
[34, 35], early-stage patients show occipital lobe hypome-
tabolism [36], blood hypoperfusion [37], and reduced N-
acetylaspartate levels [38]. These changes are linked to
increased risks of cognitive decline and dementia, possibly
driven by altered functional connectivity (FC) of the occipi-
tal cortex with other brain regions affected early in PD [39],
such as cortical and subcortical hubs participating in ventral
or dorsal associative visual networks. Most previous brain
imaging studies addressing visual abnormalities in PD have
focused on visual hallucinations or cognitive impairment but
only a few have specifically evaluated the relationship be-
tween visual impairment and structural and functional brain
alterations [40-47]. However, variations in imaging analysis
techniques, cognitive tests, and task designs have resulted in
divergent results.

In this study, we evaluated idiopathic PD patients and controls
by combining multidomain psychophysical visual tests, multi-
modal brain imaging, and retinal OCT to investigate the struc-
tural and functional alterations underlying visual dysfunction
in PD. Through a novel methodological approach that integrates
voxel-level association maps across four visual domains, we
looked for the common neuroanatomical substrate of visual dis-
ability in PD, exploring its impact on brain FC and evaluating
its relationship with retinal neurodegeneration and disease pro-
gression stages.

2 | Methods
2.1 | Study Design and Participants

We conducted a cross-sectional evaluation of 42 patients with
idiopathic PD (iPD) and 29 controls, recruited from Cruces
University Hospital. Patients met the UK Brain Bank criteria for
PD diagnosis [48] and were assessed in on-medication condition.
We excluded participants with neurological, ophthalmological
or systemic diseases other than PD that could affect study out-
comes, as described before [49]. Exclusions included neurologi-
cal, ophthalmological, or systemic diseases potentially affecting
outcomes, as well as genetic forms of PD identified through
routine clinical testing (LRRK2, PARK2, SNCA mutations: ge-
netic testing was performed in individuals with more than one
first or second-degree relative affected by the disease or those
under 50years of age). Controls were excluded if they had more
than one first-degree relative with PD or PD-like symptoms. The
Basque Clinical Research Ethics Committee approved the proto-
col (ID: PI2014154).

2.2 | Demographical Features and PD-Related
Variables

Age, sex, and years of education were recorded. For iPD patients,
disease duration, Hoehn & Yahr Scale score, Unified Parkinson's
Disease Rating Scale (UPDRS) score, and Levodopa equivalent
daily dose (LEDD) were documented.

2.3 | Visual and Cognitive Outcome Assessment

Binocular high-contrast and low-contrast visual acuity
(LCVA) was measured using ETDRS and Sloan 2.5% charts,
respectively, at 4m with best correction and recorded as the
total number of correct letters. LCVA was chosen as a marker
of primary visual function due to its strong correlation with
retinal atrophy and cognitive impairment in PD [3, 4, 27].
General cognition was evaluated with the Montreal cog-
nitive assessment (MoCA). Visual cognition was assessed
through a neuropsychological battery grouped into three do-
mains, as described previously [28]: (1) visual attention and
processing speed (VAPS), including Salthouse Perceptual
Comparison Test, Trail Making Test—part A, and Symbol
Digit Modalities Test; (2) visual perception (VPER), including
Picture Completion subtest of the Wechsler Adult Intelligence
Scale 1V, Benton Judgement of Line Orientation Test, and
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Number Location and Cube Analysis tests of the Visual
Object and Space Perception battery; (3) visual construction
(VCON), consisting of Clock Drawing Test. Composite scores
were calculated for LCVA, VAPS, VPER, and VCON. Visual
hallucinations were screened using the North-East Visual
Hallucinations Interview (NEVHI) [50].

2.4 | Retinal OCT Acquisition and Preprocessing

Macular volumetric images were obtained with a Spectralis
spectral-domain  OCT system (Heidelberg Engineering,
Heidelberg, Germany). Images met OSCAR-IB quality criteria
[51] and the built-in software segmented macular layers (HRA
Spectralis Viewing Module version 6.0.9.0). The thickness of the
parafoveal ganglion cell-inner plexiform layer complex (GCIPL)
was analyzed, as it is the most affected measure in PD and
strongly relates to visual outcomes [26, 28]. Measurements from
both eyes were averaged, following APOSTEL guidelines [52].

2.5 | Brain Imaging Acquisition and Analyses

MRI was performed using a Philips 3-Tesla scanner with a
32-channel head coil, including T1-weighted and resting-state
functional sequences. T1 images were processed with FSL's (ver-
sion 6.0.1) voxel-based morphometry (VBM) protocol, including
brain extraction, MNI152 registration, modulation, and smooth-
ing. Functional images were preprocessed using the FC CONN
(v18b) toolbox [53], with the default pipeline for volume-based
analyses that included denoising and band-pass filtering [54].
Group comparisons accounted for head size using FSL-SIENAX
(see Supporting Information for a full description of image ac-
quisition parameters and preprocessing steps).

2.6 | Calculation of the visualROI

VBM was used to examine the relation between gray matter
volume in specific areas of the brain and visual function in
both iPD patients and healthy controls. We looked at the four
different measures of visual function and controlled for factors
like age and head size while analyzing the data separately for
patients and controls. Threshold-Free Cluster Enhancement
(TFCE) with 5000 iterations was used for multiple comparison
correction. The four VBM corrected-maps were then intersected
to detect common ROIs whose volume had a significant associ-
ation with all the four visual outcomes, defining the so-called
visualROI. The significance of the maps was adjusted to achieve
a non-null intersection, that occurred at g =1 — p equal to 0.8,
the smallest threshold that guaranteed a non-null intersection
across all maps. The automated anatomical labeling atlas (AAL)
was used to anatomically describe the visualROL.

2.7 | Functional Connectivity of the visualROI
with Major Brain Networks

Seed-based FC analysis was performed using the visualROI as
the seed. ROI-to-ROI analyses compared FC in iPD and con-
trols, and the iPD<control contrast was conducted. The “CONN

network cortical ROIs atlas” defined 31 ROIs grouped into 8
functional networks including the visual network, which is
composed of 4 ROIs: medial visual (anatomically corresponding
to cuneus, lingual, and fusiform gyrus), occipital visual (peri-
calcarine and lateral occipital cortex), left lateral visual, and
right lateral visual (inferior temporal, middle temporal, superior
temporal and supramarginal gyrus, and inferior parietal cortex)
(see Supporting Information for a detailed description). Age was
included as a confounding factor in the regression analyses.
Connectivity circular graphs were created with false discovery
rate (FDR) corrected p<0.05 to binarize the 3333 resulting
resting-state FC matrices.

2.8 | Calculation of the retinalROI and Analysis
of Retinal-Brain Neurodegeneration

VBM identified brain regions associated with GCIPL thickness
(retinalROI) in iPD patients. The intersection of retinalROI and
visualROI determined regions associated with both retinal thin-
ning and visual dysfunction. Finally, with the aim of identifying
models that better explain the relationship between neurode-
generation of the retina, amygdala, and brain, we analyzed the
volumetric correlation of the different anatomical components
of retinalROI. We extracted gray matter partial volume esti-
mates from brain regions associated with parafoveal GCIPL
thickness (retinalROI) and calculated the covariance between
these regional volumes to identify clusters of regions exhibiting
simultaneous atrophy, potentially indicative of distinct disease
stages. Hierarchical clustering was used to define these clusters.
We compared the identified clusters with Braak stages for alpha-
synuclein pathology to determine which cluster/disease stage
was most strongly associated with retinal volume loss.

2.9 | Statistical Analysis of Data

Analyses were performed in R (v3.6.1) and Python's statsmodels
toolbox. Normality was assessed with the Shapiro-Wilks test.
Continuous variables were compared using Mann-Whitney U
or Kruskal-Wallis tests, with Dunn's post hoc test for multiple
comparisons. Categorical variables were analyzed with Fisher's
exact test. Correlations were evaluated with Spearman coeffi-
cients, and p-values were FDR-corrected (p <0.05).

2.10 | Data Sharing

Datasets are not publicly available publicly due to patient pri-
vacy regulations but may be requested from the corresponding
author upon reasonable request.

3 | Results

3.1 | Demographics and Clinical Characteristics
of Study Population

Table 1 summarizes demographic and clinical characteristics
of participants. No statistically significant differences were
found in age or education years between iPD and controls,
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TABLE 1 | Demographic and clinical characteristics of study
participants.

iPD Controls P

N 42 29
Demographics

Age (years) 60.3 (8.3) 59.8 (7.0) 0.781

Males, n (%) 28 (66.7) 12(41.4)  0.035

Education, years 10.5 (4.2) 12.2 (4.2) 0.108
PD-related features

Disease duration, 6.1 (3.6) — —

years

Age at disease 54.2(7.8) — —

onset, years

LEDD, mg/day 595.6 (354.6) — —

UPDRSI 2.1(17) — —
UPDRS II 11.3 (5.7) — —
UPDRS III 26.9 (11.3) — —
UPDRS IV 3.9(3.5) — —
Hoehn & Yahr 2.0 (1.0to 3.0) — —
Presence of visual 7 (16.7%) — —
hallucinations,
n (%)
Cognitive status
MoCA total score 24.6 (3.1) 26.6 (3.2) 0.009
Visual outcomes
High-contrast VA, 59.2(5.9) 61.6 (4.2) 0.061
no. of letters
Low-contrast 29.1 (10.8) 38.0(6.2) <0.001
VA, no. of letters
(LCVA)
Visual attention -0.1(0.7) 0.2 (0.6) 0.046
and processing
speed (VAPS)
Visual perception -0.1(0.7) 0.3(0.6) 0.013
(VPER)
Visual -0.1(0.9) 0.4(0.6)  0.009
construction
(VCON)

Note: Results are displayed as ‘mean (standard deviation)’ except for sex and
Hoehn & Yahr score, which are shown respectively as ‘number of males (% of
males)’ and as ‘median (range)’. High- and Low-contrast VA are measured as the
number of letters correctly identified by participant (denoted as “no. of letters”).
Visual outcomes were converted to z-scores and averaged to obtain composite
scores of each visual domain.

Abbreviations: iPD, idiopathic Parkinson's disease; LEDD, levodopa equivalent
daily dose; MoCA, Montreal Cognitive Assessment; UPDRS, Unified Parkinson's
Disease Rating Scale; VA, Visual Acuity.

although the percentage of males was significantly lower in
the latter group. In the patients, the median disease duration
was 6.1 years, their median Hoehn & Yahr score was 2.0, and

the median UPDRS III score was 26.9. In the majority, the dis-
ease onset occurred between 55 and 65years of age, although
10 patients (23.8%) were early onset iPD (disease onset be-
tween 21 and 50years of age) with negative genetic testing (see
Section 2). As expected, iPD patients showed a significantly
lower cognitive score (MoCA) and worse visual outcomes
than controls, especially in LCVA and visual construction
tests. A total of seven patients (16.7%) had a history of visual
hallucinations.

3.2 | Amygdala Atrophy as a Central Role
for Visual Disability in iPD

The common intersection of the four association maps for visual
outcomes and gray matter volume, the visualROI, is represented
in Figure 1. A full anatomical characterization of the visualROI
is given in Table 2. Remarkably, visualROI was preferably lo-
cated in ventral regions of the brain, rather than primary visual-
processing areas. Approximately, 50% of the visualROI volume
was found in the amygdala bilaterally (32% left and 15% right)
and 20% in the left olfactory cortex, hippocampus, and superior
temporal gyrus. In fact, the visualROI occupied a large part of
the volume of the amygdala, especially on the left hemisphere
(63% in the left and 25% in the right amygdala).

Interestingly, when we computed the associations between dis-
ease duration and brain volume, we found that disease duration
was associated with several, mainly temporal-sided regions, in-
cluding the left temporal superior, middle, and supramarginal
lobes but not with the amygdala volume—the main structure
within the visualROIL

The voxel-level association maps for the four visual domains
(LCVA, VPERC, VAPS, and VCONS) demonstrated significant
correspondence with traditional visual regions, including the
thalamus, calcarine, fusiform, lingual, and inferior, middle, and
superior occipital cortices (see detailed results in Tables S1-S4).
For example, VCONS displayed a notable overlap with the lin-
gual (29.94%), occipital inferior (34.35%), and fusiform (23.96%)
regions, while VAPS was strongly associated with the calcarine
(27.22%) and lingual (14.84%) regions. LCVA also showed sub-
stantial contributions from the thalamus (31.05%) and lingual
(16.29%) regions. These findings confirm that traditional visual
regions are represented in the voxel-level association maps of all
four visual domains. However, when analyzing the intersection
of the four voxel-level association maps, the resulting visualROI
did not include any of these traditional visual regions. Instead,
the visualROI primarily comprised subcortical and limbic struc-
tures, such as the amygdala, olfactory cortex, and superior tem-
poral gyrus. This highlights the distinct role of these regions in
integrating visual functions in PD and underscores the amygda-
la’s central role in early visual dysfunctions.

3.3 | Disruption of Functional Connectivity
Between Amygdala and Visual Networks in iPD

We next analyzed the FC of visualROI with the main brain net-
works and their corresponding connectome layout (Figure 2). In
controls, visualROI presented a strong positive FC with lateral
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FIGURE 1 | Anatomical characterization of the visualROI using voxel-level association maps of gray matter volume and visual outcomes. (A)
Visual outcomes. Low-contrast visual acuity was measured as the total number of letters correctly identified on Sloan 2.5% charts. The individual
values of visual attention & processing speed and visual perception were obtained using composite scores that included different neuropsychological
tests for each of the two domains (see Section 2). The visual construction value was obtained from the Clock Drawing Test score calculated with the
Cacho y Garcia scoring method. All four visual outcomes were computed as z-scores. (B) Voxel-level association maps for gray matter volume and
each of the four visual outcomes, computed by means of linear regression controlling for age and head size. (C) Intersection of the four association
maps, and (D) The determination of the visualROI, resulting from the intersection of the maps in C, and consisting of 4 clusters of mainly subcortical
gray matter, 2 per cerebral hemisphere, which included the amygdala, hippocampus and parahippocampus on both sides. See Table 2 for a detailed
anatomical description of visualROL

TABLE 2 | VisualROI in iPD patients.

Volume MNI X MNIY MNI Z AAL label VisualROI

AAL label Voxels (n) (mm?3) (mm) (mm) (mm) percentage (%) percentage (%)
Amygdala_L 137 1096 =25 -2 -17 62.27 32.31
Amygdala_R 62 496 25 1 -15 25.00 14.62
Olfactory_L 29 232 21 6 —16 10.36 6.84
Hippocampus_L 23 184 —28 -7 -18 2.47 5.42
Templ_Pole_ 21 168 -28 5 =22 1.63 4.95
Sup_L

Note: Only the clusters with a size greater than 10 voxels and that are statistically significant (p-FDR <0.05) are shown. The visualROI is described anatomically in iPD
patients using the labels from the AAL brain MRI atlas. VisualROI is defined as the significant clusters of gray matter volume loss associated with visual outcomes in
iPD patients. The clusters that form the visualROI correspond to the intersection of four statistic maps, each corresponding to the association map between voxel-level
volumetric patterns and each of the four visual outcomes (low contrast acuity, visual attention & processing speed, visual perception, and visual construction). The
table shows the size of the visualROI within each AAL label in number of voxels (1) and volume (mm?), the peak MNI coordinates of the visualROI within each AAL
label, the percentage of each AAL label that is part of the visualROI (“AAL label percentage”), the percentage of the visualROI within each AAL label (“VisualROI
percentage”).

Abbreviations: AAL, automated anatomical labeling; L, left; MNI, Montreal Neurological Institute; R, right.

sensorimotor networks bilaterally and a moderate positive FC
with medial and lateral (left and right) visual networks, language
networks (left and rightposterior superior temporal gyri and right
inferior frontal gyrus), salience networks (left and right supram-
arginal gyri, anterior insula, and anterior cingulate cortex), and
dorsal attention network (left frontal eye field) (Figure 2A). In
the visualROI connectome layout of iPD, there were important
differences compared to controls (Figure 2B). First, we observed
a disruption of the FC of the visualROI with both medial and lat-
eral visual networks bilaterally, with the dorsal attention network

(frontal eye field left), with the language network (left and right
posterior superior temporal gyri), and with a part of the salience
network (left and right supramarginal gyri). Second, in iPD, sig-
nificant connections of the visualROI emerged with the default
mode network (medial prefrontal cortex) and salience network
(anterior cingulate cortex and anterior insula left and right). More
importantly, we determined that the reduced connectivity be-
tween visualROI and visual networks (medial and both lateral) in
iPD was the only significant connectivity difference (Figure 2C)
compared to controls after correcting for multiple comparisons.
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FIGURE 2 | Differences in resting-state functional connectivity (FC) connectome layout of visualROI between PD and controls. The figure illus-
trates the resting-state FC patterns of the visualROI across different groups and contrasts. Panel A shows the FC connectome for healthy controls
(HC), while panel B displays the FC connectome for idiopathic Parkinson's disease (iPD) patients. Panel C (PD<HC) highlights the statitiscally
significant differences in connectivity between iPD and HC. Panel D (PD vs. HC) provides a schematic anatomical representation of the regions of
interest (ROIs) and the networks affected in PD, depicted as a diagram. The names surrounding the three rings correspond to pairs of functional
brain networks with significant connectivity (p <0.05) for each group or contrast (HC, iPD, or iPD vs. HC), after correction for multiple comparisons
(see Section 2). The color scale of the links indicates the value of the FC statistic, reflecting both direction (positive or negative) and magnitude (see
Section 2 for details). In panel B, ROIs with statistically significant connections to the visual ROI in both iPD and controls are shown in black text.
The green text highlights the ROI (DefaultMode.MPFC) with significant connectivity to the visualROI exclusively in iPD, while red text indicates
ROIs with connectivity to the visualROI that become non-significant in iPD (significant in controls). In panel D, ROIs with significantly reduced
connectivity to the visualROI in iPD compared to controls are shown in red. For a detailed description of these results, refer to the Results section.
ACC, Anterior Cingulate Cortex; SMG, Supra Marginal Gyrus; Alnsula, Anterior Insula; FEF, Frontal Eye Field; pSTG, Posterior Superior Temporal

Gyrus; IFG, Inferior Frontal Gyrus; MPFC, Medial Prefrontal Cortex; Thal, Thalamus; Pulv, Pulvinar; LGN, Lateral Geniculate Nucleus.

3.4 | Retinal and Amygdala Atrophy in iPD:
Evidence for a Two-Phase Neurodegeneration
Model Aligned with Braak's Stages

After family wise error (FEW)-correction, a statistically sig-
nificant positive association was found in iPD and not in
controls between the parafoveal GCIPL thickness and the vol-
ume of several gray matter regions of the frontal and ventral
brain, mainly subcortical structures (retinalROI) (Figure 3).
More specifically, retinalROI mainly coincided with bilateral
basal ganglia and thalamus (17.9% and 17.5% of retinalROI
volume, respectively) to a lesser extent with frontal cortical
regions (12.8%), hippocampus and parahippocampus (9.4%),
and cingulum (6.1%) and with the primary visual cortex (cal-
carine sulcus) (4.1%) and visual associative cortex (fusiform
and lingual gyri) (4.0%) (Figure 3 and Table S5). More specif-
ically, among the structures of the basal ganglia within the
retinalROI, the caudate nuclei stood out (10.6%), followed by
the amygdala (5.2%) and the putamen (2.0%). Of note, approx-
imately, 50% of the amygdala volume was included in the re-
sulting retinalROI (56.8% of left and 45.6% of right amygdala).
To investigate to what extent visualROI was anatomically
related to retinalROI, we computed the intersection between
both ROIs and confirmed that there was a partial but clear
overlap, especially with the left and right amygdalae, since
54% of retinalROI-visualROI intersection corresponded to
amygdala (Table S5). Finally, analysis of covariance of the
retinalROI regions revealed three primary clusters: (1) tha-
lamic nuclei, (2) amygdala and visual regions (visual lateral
and occipital), and (3) frontal regions (mesocortex (ACC) and
frontal attention networks (d1PFC)) (Figure 4A). According to
this analysis, retinal thinning was most strongly associated
with gray matter volume loss in the frontal cluster. In contrast,
amygdala atrophy was most closely associated with volume

loss in lateral visual and occipital visual regions. These find-
ings support the hypothesis of a two-phase progression model
aligned with Braak's stages (Figure 4B). In the early phase
(Braak 1-3), amygdala degeneration leads to disconnection
from the ventral visual pathway and extra-geniculate visual
pathway, impairing conscious and non-conscious visual pro-
cessing. In the later phase (Braak 4-5), degeneration extends
to the frontal regions and the retina, collectively exacerbating
visual dysfunctions and highlighting the amygdala’s central
role in integrating retinal and cortical pathways. This obser-
vation does not imply propagation of pathology from the ret-
ina to frontal regions but rather suggests that the timing of
significant retinal atrophy aligns with the neurodegeneration
of frontal regions occurring in Braak stages 4-5.

4 | Discussion

This study comprehensively evaluates the neuroanatomical
basis of visual dysfunction in PD by integrating structural MRI,
resting-state functional MRI, and retinal OCT with a detailed
assessment of visual function. Although visual outcomes in PD
were associated with atrophy in various cortical and subcortical
regions, including classic primary and associative visual areas
such as the calcarine cortex and medial temporal cortex, our
findings highlight amygdala atrophy (visualROI) as the com-
mon denominator across all visual domains explored. FC analy-
ses further revealed statistically significant disruptions between
the amygdala and visual networks in PD compared to controls,
underscoring the amygdala's central role in the genesis of visual
disability. Moreover, the observed relationships between retinal
atrophy, amygdala degeneration, and other brain regions sup-
port a two-phase progression model of visual impairments in
PD, aligned with Braak's stages. In this amygdala-centric model,
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FIGURE3 | Identification of retinalROI and its anatomical relation with visualROI. The segmented GCIPL complex in the parafoveal region (1- to
3-mm ring) of the macula is shown at the top in green on a foveal-centered OCT axial slice. The voxel-level association map for gray matter volume

and GCIPL thickness in the parafoveal region (1- to 3-mm ring) of the macu

la (retinalROI) is shown at the top leftin green. RetinalROI anatomically

corresponded mainly to the left and right caudate nucleus, putamen and amygdala. In the upper right part, in red, the visualROI map is shown (ex-

plained in Section 3 and in Figure 1). The intersection between both maps, re

tinalROI and visualROI, shown below in blue, corresponded anatomical-

ly with the left and right amygdala (see Section 3 and Table S5 for a more detailed description). GCIPL, Ganglion cell-inner plexiform layer complex.

early amygdala degeneration disrupts visual pathways, includ-
ing the ventral visual and extrageniculate networks, impairing
both conscious and unconscious visual processing (Braak 1-3).
In more advanced stages (Braak 4-5), disconnection between
the amygdala and frontal regions, combined with retinal neu-
rodegeneration, exacerbates visual disability. This integrative

model highlights the amygdala's critical role in the progression
of PD-related visual dysfunction and establishes a framework
for understanding its structural and functional underpinnings.

While many previous imaging studies focused on visual halluci-
nations or cognitive impairment, few have examined structural
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FIGURE 4 | Analysis of covariance of retinalROI regions and proposed amygdala-centric two-phase model of visual deficits in Parkinson's dis-
ease. In panel A, the correlogram illustrates the analysis of covariance of the retinalROI regions, revealing three primary clusters: (1) the thalamic
nucleus, (2) the amygdala and visual regions (lateral visual and occipital areas), and (3) frontal regions, including the mesocortex (anterior cingulate
cortex, ACC) and frontal attention networks (dorsolateral prefrontal cortex, dIPFC). Retinal thinning was most strongly associated with gray matter
volume loss in the frontal cluster, while amygdala atrophy was most closely linked to volume loss in the lateral and occipital visual regions. In panel
B, the diagram presents the proposed amygdala-centric model, highlighting amygdala neurodegeneration as a key factor in explaining visual deficits
in PD. This model suggests a two-phase progression aligned with Braak's stages: Early phase (Braak 1-3): Amygdala degeneration disrupts connec-
tions to the ventral visual pathway and extra-geniculate visual pathway, impairing both conscious and non-conscious visual processing. Later phase
(Braak 4-5): Neurodegeneration extends to frontal regions and the retina, exacerbating visual dysfunction. Retinal atrophy aligns with frontal region
degeneration during Braak stages 4-5, underscoring the amygdala's central role in integrating retinal and cortical pathways. These findings provide
further insight into the mechanisms underlying visual dysfunction in Parkinson's disease, emphasizing the interplay between retinal damage, amyg-
dala degeneration, and disruptions in the lateral, medial visual, and frontal networks. ACC, anterior cingulate cortex; dIPFC, dorso lateral prefrontal
cortex; LGN, lateral geniculate nucleus; Medial Thal, medial thalamus; Motor Thal, motor thalamus; Pulv, Pulvinar; SC, superior colliculus; SN,

substantia nigra; Thal, thalamus; VL-VA Thal, ventrolateral ventroanterial thalamus.

and functional alterations underlying visual dysfunction in PD.
Prior studies reported associations between visuoperceptual
and visuospatial deficits in PD and thinning in different cortical
regions, including the superior parietal cortex and precuneus
[40], lateral parietal and temporal cortices, [42] and left superior
temporal parahippocampal and lingual cortices [43]. Building
on previous studies, our voxel-level association maps revealed
significant correlations in PD between visual outcomes (LCVA,
VCONS, VAPS, and VPERC) and atrophy in various primary
and associative visual regions, including the lingual gyrus, fusi-
form gyrus, inferior occipital cortex, calcarine cortex, and thal-
amus (see Figure 1 and Tables S1-S4). A key distinction of our
study, however, is the identification of the amygdala as a shared
region of interest (visualROI) across multiple visual domains.
This integrative finding underscores the amygdala’s central role
in PD-related visual impairments, providing a unifying neuro-
anatomical basis for deficits spanning diverse visual functions.

Combined structural and diffusion tensor imaging studies have
demonstrated microstructural changes in optic radiations con-
necting the lateral geniculate nucleus and V2 as well as reduced
visual cortical volume and chiasmatic area [44]. However, due
to the absence of diffusion imaging in our study, we could not
evaluate the relationship between visual tract microstructural
damage and visual outcomes. Resting-state fMRI studies in

PD consistently show reduced FC between visual networks
and other major brain networks [55, 56]. Task-based fMRI has
provided further insights into visual dysfunction mechanisms.
For example, impairments in optic flow processing, linked to
gait disturbances, are associated with reduced activation in the
MT+ region and altered activity in the cingulate sulcus [45].
Abnormal wide-field optic flow processing in PD has also been
linked to reduced visual cortex activation and increased con-
nectivity between V5, the pre-supplementary motor area, and
the cerebellum [47]. Additionally, visuospatial attention tasks
reveal diminished cortical connectivity modulation in regions
such as the superior frontal gyrus, opercular cortex, and parieto-
occipital cortex [57], suggesting that impaired interactions be-
tween attentional and visual networks contribute to visual
dysfunction in PD. Disruptions in contrast luminance percep-
tion have also been associated with abnormal superior colliculus
responses [46], implicating the extrageniculate visual pathway
and its connections to the amygdala.

While these imaging findings have advanced our understand-
ing of the neural mechanisms underlying visual dysfunction in
PD, inconsistencies across studies reveal significant method-
ological challenges. Variations in imaging analysis techniques,
cognitive tests, and task designs have led to divergent results.
In some cases, tests evaluating visuospatial and visuoperceptual
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functions were categorized under other cognitive domains, po-
tentially obscuring associations with visual processing. Unlike
prior studies that primarily focused on the anatomical and func-
tional correlates of single visual functions or tasks, our study
adopted a more integrative approach. This approach allowed us
to identify a more comprehensive and generalizable neuroana-
tomical substrate for visual disability in PD, offering insights
that go beyond isolated visual functions. By integrating voxel-
level association maps across four visual domains, we identified
the amygdala (visualROI) as a shared hub consistently linked
to visual impairments. This finding, coupled with disrupted
ventral visual network connectivity, highlights the amygdala's
central role in PD-related visual dysfunction, providing a more
comprehensive and generalizable neuroanatomical framework.
The amygdala serves as a hub for visual-emotional integration,
modulating attention, prioritizing emotionally relevant stimuli,
and contributing to associative learning [58-60]. It connects ex-
tensively with both the cortical “high road” (LGN-striate cortex-
occipitotemporal cortex-amygdala) and the subcortical “low
road” (superior colliculus-pulvinar-amygdala), enabling both
conscious and subconscious processing of visual stimuli [61, 62].
This duality reflects the amygdala's evolutionary role in medi-
ating emotional and fear responses. Neurons in the basolateral
amygdala (BLA) play a key role in visual learning and attention
[61], while the centromedial nucleus focuses awareness on emo-
tionally salient stimuli [63]. Evidence from blindsight patients
and studies of non-mammalian vertebrates further supports the
critical role of the superior colliculus and pulvinar in automatic,
non-conscious emotional visual processing [64, 65].

Unlike PD, visual deficits in healthy older adults are primarily
linked to age-related declines in the retina or the visual pathway
(up to the occipital cortex), with relatively modest amygdala in-
volvement [66]. Previous studies of aging cohorts have reported
limited volumetric reductions in the amygdala [67] and post-
mortem measurements based on histological staining reveal no
significant effect of age on amygdala volume [68]. From a func-
tional point of view, fMRI studies in healthy population support
that the amygdala functions similarly in healthy older adults as
it does in younger adults [69].

In PD, the amygdala is an early target of Lewy pathology, with
neurodegeneration occurring from prodromal stages [70].
Reduced amygdala volume has been observed even in de novo
PD patients [71], and the density of Lewy bodies in the amygdala
hasbeen found to correlate with the presence of visual alterations
in non-demented PD patients [72]. In line with our findings,
other studies also found that the degree of neurodegeneration of
the amygdala (neuron loss or atrophy) was not associated with
the duration of the disease [72, 73]. All of this supports the idea
that amygdala neurodegeneration in PD is an early phenomenon
that does not further progress later on. The BLA is particularly
vulnerable in PD, showing hypoconnectivity with temporal and
frontal regions, including the fusiform gyrus and ventromedial
prefrontal cortex [74]. These disruptions are linked to cognitive,
emotional, and olfactory deficits, underscoring the BLA's role in
ventral visual network integration. The BLA serves as a critical
hub for multimodal sensory integration, receiving inputs from
temporal lobe structures and neuromodulatory systems, includ-
ing noradrenergic, dopaminergic, and cholinergic pathways

originating from the locus coeruleus, ventral tegmental area,
and basal forebrain, respectively [75, 76]. Noradrenergic activa-
tion of the BLA, triggered by emotionally arousing stimuli, plays
a key role in strengthening long-term memory and facilitating
object recognition memory, which primarily relies on cortical
structures. Notably, the locus coeruleus is among the earliest
structures affected in PD, and its degeneration may contribute
to early BLA dysfunction, providing a mechanistic explanation
for the amygdala's involvement in visual deficits observed in PD.

Our findings align with the “blind to blindsight” hypothesis,
which posits that PD patients experience impaired unconscious
visual processing and emotional recognition despite preserved
conscious vision [77]. This contrasts with classical blindsight,
where unconscious visual perception remains intact despite
cortical damage [64]. This hypothesis highlights dysfunction in
two parallel circuits: (1) the retino-colliculo-thalamo-amygdala
pathway, mediating non-conscious emotional processing, and
(2) the retino-geniculo-extrastriate pathway, supporting con-
scious visual identification and spatial awareness. Early amyg-
dala degeneration in PD disrupts both pathways, leading to
deficits in motion detection, emotional face recognition, and
visual localization.

Thus, our findings reinforce the concept of a ‘silent amygdala’
in PD, where Lewy pathology leads to degeneration and hypoco-
nnectivity, disrupting both conscious and non-conscious visual
processing pathways.

The selective vulnerability of the amygdala in PD differenti-
ates it from normal aging patterns, underscoring its critical role
in early disease-related changes [72]. The results align with
Braak's staging, suggesting that the amygdala is affected in early
PD, consistent with the brain-first subtype. As a target of Lewy
pathology, early amygdala degeneration disrupts both struc-
tural and functional connections with ventral visual stream
(supporting conscious object recognition and discrimination),
extrageniculate pathway (mediating non-conscious emotional
responses and reflexive visual behaviors), higher-order visual
networks (including occipital, medial, and lateral areas, which
handle complex visual processing) and attention networks
(such as the anterior cingulate cortex and precuneus, critical for
higher-order tasks like visual attention).

This study has some limitations. Most patients were on dopami-
nergic and non-dopaminergic medications, which may influence
visual outcomes. While dopaminergic effects were controlled by
assessing patients in the ON state, non-dopaminergic influences
were not fully accounted for. Additionally, while we observed
associations between retinal thinning and amygdala atrophy,
the underlying mechanisms remain unclear, warranting further
investigation. Finally, visual and neuropsychological tests used
in this study extend beyond isolated visual assessments, involv-
ing multiple cognitive domains, including language processing.
Reduced connectivity between the amygdala and the posterior
superior temporal gyrus—a key language region—further un-
derscores the impact of multimodal integration deficits in PD.
These findings suggest that visual tasks often engage broader
cognitive and sensory networks, which are disrupted by PD-
related neurodegeneration.
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Overall, this study supports a novel amygdala-centric two-phase
model of visual dysfunction in PD, aligned with Braak's stages.
In the early phase (Braak 1-3), amygdala degeneration disrupts
its connections with ventral visual and extrageniculate path-
ways, impairing conscious and unconscious visual processing.
In the later phase (Braak 4-5), degeneration extends to the ret-
ina and frontal regions, exacerbating visual deficits. Reduced FC
between the amygdala and anterior cingulate cortex, superior
temporal gyrus, and other frontal areas further highlights the
impact of amygdala-frontal disconnection in advanced stages.
Our model also emphasizes a parallel retinal-brain neurodegen-
eration axis, wherein shared susceptibility between retinal and
subcortical structures contributes to visual impairment. The
observed correlation between parafoveal GCIPL thinning and
amygdala atrophy supports this hypothesis. The early degenera-
tion of the amygdala likely reflects its vulnerability to Lewy pa-
thology, consistent with the brain-first subtype of PD.
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