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A B S T R A C T   

Background: Parkinson’s disease (PD) manifests with the appearance of non-motor symptoms before motor 
symptoms onset. Among these, dysfunctioning visual structures have recently been reported to occur at early 
disease stages. 
Objective: This study addresses effective connectivity in the visual network of PD patients. 
Methods: Using functional MRI and dynamic causal modeling analysis, we evaluated the connectivity between the 
superior colliculus, the lateral geniculate nucleus and the primary visual area V1 in de novo untreated PD patients 
(n = 22). A subset of the PD patients (n = 8) was longitudinally assessed two times at two months and at six 
months after starting dopaminergic treatment. Results were compared to those of age-matched healthy controls 
(n = 22). 
Results: Our results indicate that the superior colliculus drives cerebral activity for luminance contrast processing 
both in healthy controls and untreated PD patients. The same effective connectivity was observed with neuro
modulatory differences in terms of neuronal dynamic interactions. Our main findings were that the modulation 
induced by luminance contrast changes of the superior colliculus connectivity (self-connectivity and connectivity 
to the lateral geniculate nucleus) was inhibited in PD patients (effect of contrast: p = 0.79 and p = 0.77 
respectively). The introduction of dopaminergic medication in a subset (n = 8) of the PD patients failed to restore 
the effective connectivity modulation observed in the healthy controls. 
Interpretation: The deficits in luminance contrast processing in PD was associated with a deficiency in connec
tivity adjustment from the superior colliculus to the lateral geniculate nucleus and to V1. No differences in 
cerebral blood flow were observed between controls and PD patients suggesting that the deficiency was at the 
neuronal level. Administration of a dopaminergic treatment over six months was not able to normalize the 
observed alterations in inter-regional coupling. These findings highlight the presence of early dysfunctions in 
primary visual areas, which might be used as early markers of the disease.   

1. Introduction 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder 
affecting more than six million people worldwide (Collaborators, 2018). 
The onset of the pathological process and the so-called prodromal phase 
of PD is believed to start 10–20 years before the classical motor mani
festations (tremor, rigidity and bradykinesia) (Mahlknecht et al., 2015). 

Several non-motor symptoms develop during this prolonged prodromal 
phase (Siderowf and Lang, 2012), especially sensory dysfunctions like 
hyposmia (Lerner and Bagic, 2008; Siderowf et al., 2012) and oculo- 
visual changes in pupil reactivity, color vision or visuo-motor adapta
tion (Armstrong, 2015). Several signs of a dysfunctioning visual 
pathway appear from early stages of PD (Weil et al., 2016) in the retina 
(Ahn et al., 2018) and progress along with the disease to higher visual 
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brain areas, from V1 to the fusiform gyrus (Cardoso et al., 2010). PD 
patients show visuospatial and visuoperceptual deficits, which reflect 
structural changes in temporoparietal cortical regions (Pereira et al., 
2009). Considering the systematic occurrence of neuron degeneration in 
subcortical structures before invasion of the cortex, alterations would be 
expected in brain regions involved in the first steps of visual processing 
such as the superior colliculus (SC) and the lateral geniculate nucleus 
(LGN); such changes may constitute early biomarkers of the disease. 

Neuroimaging is a powerful tool for improving our understanding of 
both regional-specific dysfunction (Grafton et al., 1994) and brain 
connectivity changes in PD (Rowe, 2010). Several studies have explored 
resting-state functional connectivity (i.e. the statistical dependency of 
interregional activity) (Hacker et al., 2012; Helmich et al., 2010; Skid
more et al., 2011; van Eimeren et al., 2009; Wu et al., 2009). Fewer 
studies have examined changes in effective connectivity, i.e. how an 
activity network involving different brain regions is affected by a pa
thology, focusing on the detection of changes in cortical motor network 
coupling (Buijink et al., 2015; Dirkx et al., 2016; Marreiros et al., 2013; 
Nettersheim et al., 2019; Palmer et al., 2009; Rowe et al., 2002; Rowe 
et al., 2010) and modulatory actions of deep brain stimulation (Kahan 
et al., 2012; Kahan et al., 2014). To our knowledge, no study has been 
published concerning the subcortical and cortical effective connectivity 
in the visual network and how it is affected by PD. 

Using functional MRI (fMRI) in healthy subjects of different ages, we 
showed an increase in the blood oxygen level dependent (BOLD) re
sponses along the visual pathway, within the SC, the LGN and V1, in 
response to increasing luminance contrast in the range of 1–9%, which 
changed with normal aging (see Fig. 1 for a schematic representation of 
the fMRI data) (Bellot et al., 2016). In a subsequent study performed in 
de novo PD patients, we found already present a functional deficit in both 
the SC and the LGN that was not compensated for by dopaminergic 
treatment at six months (see Supplementary Materiel, SM: Fig. S1) 
(Moro et al., 2020). The activation in our three regions of interest (ROIs) 
was correlated with luminance contrast modulation but did not inform 
us about the ROIs interactions. The main aim of the present study was to 
further investigate these findings by addressing brain connectivity, i.e., 
interactions between our visual ROIs, and exploring how visual infor
mation processing within this network might be already affected in de 
novo untreated PD patients. We hypothesized that the effective con
nectivity between the SC, the LGN and V1 would be altered in de novo PD 
patients compared to age-matched healthy controls and that the initia
tion of dopaminergic treatment over six months would not restore the 

inter-regional coupling. We analyzed effective connectivity using dy
namic causal modeling (DCM), a probabilistic (Bayesian) modeling 
technique that estimates the coupling between selected brain regions 
based on fMRI data i.e., their BOLD responses to a specific stimulation, 
in our case visual stimuli. The present study is focused on the analysis of 
effective connectivity in PD patients and healthy controls based on the 
data published in (Bellot et al., 2016; Moro et al., 2020). 

2. Materials and methods 

2.1. Participants 

Thirty healthy subjects (CT-30) and 22 de novo PD patients were 
recruited at the Movement Disorders Center of the Centre Hospitalier 
Universitaire de Grenoble (Grenoble, France). Inclusion criteria were: 
recent diagnosis of PD (<1 year of motor symptoms’ onset) according to 
the Movement Disorder Society (MDS) clinical diagnostic criteria of 
Parkinson’s disease (Postuma et al., 2015), stage 1 or 2 of the Hoehn and 
Yahr scale (Hoehn and Yahr, 1967), with no psychiatric disorders, no 
antiparkinsonian treatment, absence of ophthalmological issues (cata
ract, retinal pathologies or glaucoma) and no contraindication to brain 
MRI (including relevant resting tremor). A subset of this control group, 
CT-22, was age-matched with the PD patients. Additionally, eight pa
tients from the PD-dn group, who had started L-dopa or dopamine 
agonist treatment after the first brain MRI study, were further evaluated 
twice: at six weeks to two months (session S1, resp. PD-2), and again at 
six months (session S2, resp. PD-6) after anti-PD treatment onset. All the 
selected participants were enrolled in our two previous studies (Bellot 
et al., 2016; Moro et al., 2020). All participants provided written 
informed consent to the study. The study was approved by the local 
ethics committee (ID RCB-2012-A00310-43 and ID RCB-2014-A01835- 
42) and is registered at ClinicalTrial.gov (NCT02488395). 

2.2. fMRI design and procedure 

The techniques used for visual stimuli and MRI acquisition have been 
described in detail elsewhere (Bellot et al., 2016). Briefly, subjects were 
presented in each visual hemi-field with a series of achromatic check
erboards, viewed via a mirror fixed on the head coil and flashing at a 
frequency of 4 Hz on a grey background, with four levels of luminance 
contrast (1, 3, 5 and 9%) to avoid SC saturation (Schneider and Kastner, 
2005). A block-design visual paradigm was used with each luminance 
contrast level presented in separate 12-s blocks. To ensure accurate 
activation localization in SC and limit partial volume effect, 32-channel 
SENSE coil imaging was performed at 3T, with a spatial resolution of 1.5 
mm in each direction for EPI sequence and an acquisition volume 
centered on the SC structure. A high-resolution T1-weighted (MPRAGE) 
sequence and a T1-weighted FGATIR sequence were acquired to facili
tate the manual delineation of SC and LGN (see details in SM). The 
cardiac signal was indirectly recorded at 100 Hz using finger photo
plethysmography. Functional data analysis was performed using the 
single-participant general linear model (GLM) for block-designs with 
SPM12 (Wellcome Department of Imaging Neuroscience, London, U.K.) 
implemented in Matlab. The design matrix was constructed in order to 
remove possible motion components and cardio-respiratory effects, the 
main source of noise in the BOLD signal in the SC (see SM). 

2.3. Statistical analysis 

2.3.1. Dynamic causal modeling for BOLD responses 
DCM (Friston et al., 2003; Penny et al., 2010) explores changes in the 

effective connectivity, i.e. how the influence exerted by one region over 
other regions can be affected by the experimental conditions. DCM al
lows inferences to be made on the neural mechanisms underlying the 
observations, in our study based on the BOLD time course in three ROIs 
(see SM for Time series extraction). Causal network models representing 

Fig. 1. Illustration of the visual stimulus and the three subcortical and cortical 
regions of interest involved in the first image processing steps and studied with 
fMRI. Black arrows indicate the anatomical connections based on the literature. 
SC = superior colliculus, LGN = lateral geniculate nucleus, V1 = primary vi
sual area. 
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our hypotheses on these mechanisms were constructed and their pa
rameters estimated (see SM about the specification of such models in 
DCM). Three sets of parameters were considered: the driving input 
parameter being visual stimulation in our models, the intrinsic 
connection parameters and the modulatory parameters that define how 
the effective connectivity may be modulated by, in our case, luminance 
contrast variations. In DCM, not all the intrinsic connections are 
necessarily affected by the modulation, leading to alternative plausible 
models that should be estimated. 

The aim of this study was to assess whether differences observed in 
fMRI responses in PD patients compared to age-matched controls, could 
be explained by PD- and dopaminergic treatment- dependent alterations 
in the architecture of effective connectivity between the visual ROIs, 
and/or in the connectivity strength and its sensitivity to change by 
luminance contrast. To this end, the model best able to explain the data 
was first defined for each group (control, PD before and after dopamine 
treatment). Differences between groups in terms of the winning model 
was an indication of a change in connectivity architecture. The esti
mated parameters of each respective winning model were examined and 
compared across groups. 

2.3.2. Model space 
Six possible endogenous connections were considered between the 

three visual structures of interest, the LGN, SC and V1 (see Fig. 2, matrix 
A of the network). Neurophysiological studies in primates have shown 
bidirectional structural connections between the LGN and the V1 (Briggs 
and Usrey, 2011; Merigan and Maunsell, 1993; Sherman and Koch, 
1986) as well as structural connections from the SC to the LGN 
(Benevento and Fallon, 1975; Harting et al., 1978; Munoz and Coe, 
2011). Connections from the V1 to the SC have also been identified in 
macaque monkeys (Cerkevich et al., 2014; Künzle and Akert, 1977; 
Kuypers and Lawrence, 1967; Lock et al., 2003; Wurtz and Goldberg, 
1972). Indeed, injections of anterograde tracers in non-human primates 
indicates that the SC receives input from most areas of visual cortex 
(Weller et al., 2002). However, to our knowledge, no direct inputs from 

the SC to the V1 or from the LGN to the SC have been reported so far. It 
should be noted that effective connectivity between two regions does 
not necessarily imply direct anatomical connections as the influence of 
one region over another can be mediated by other relay structures. For 
example, the SC and the V1 are connected via the pulvinar (Pennartz 
et al., 2019). The visual stimuli used in this study entered all models as a 
driving input to the two subcortical nodes, the LGN and the SC, both 
receiving direct visual inputs from the retina. 

2.3.3. Connectivity modulation 
A model space was designed by varying the subset of connections 

modulated by luminance contrast variations. This was based on our 
previous fMRI results (Bellot et al., 2016) showing that luminance 
contrast fluctuations modulated the activations in the visual ROIs 
(increased response with increasing contrast, see SM: Fig. S1). For the 
effective connectivity study, the lowest contrast condition (1%) was 
considered to constitute a baseline from which the response was further 
modulated by contrast increase. Based on this notion, the remaining 
contrast conditions (3%, 5% and 9%) were used as modulating inputs, to 
explore the connectivity modulation with increasing contrasts relative 
to the 1% contrast condition. These transient perturbations were 
implemented as bilinear terms assuming a bilinear evolution based on 
our previous results showing a linear relation between BOLD signal and 
luminance contrast in the three regions within the variation range used 
(Bellot et al., 2016). A series of seven models was considered to test the 
modulatory influence of luminance contrast on effective connectivity 
from LGN, V1 or SC, to the two other structures (V1 and SC, LGN and SC, 
or LGN and V1, cases 1 to 3 respectively), or from V1 + LGN, V1 + SC or 
LGN + SC to the SC, LGN or V1, respectively (cases 4 to 6 respectively), 
as well as all the possible modulations (case 7). Also considered were 
models with the same structure and modulations as models 1 to 7 but 
with an additional self-modulation of the SC, leading to a total of four
teen models to compare (see Fig. 2). These models (8 to 14) were used to 
account for the possibility of a dysfunction of the SC self-modulation in 
response to luminance contrast in PD. All 14 models were fed 

Fig. 2. DCM model space of the modulations of effective connectivity between our regions of interest. The intrinsic connectivity (Matrix A) was taken to be complete 
(bidirectional) between regions. Activations in response to the first luminance level (1% luminance contrast) were used as input in LGN and SC (matrix C) while 
activations to the other levels of luminance contrast (3, 5 and 9%) modulated effective connectivity (matrix B) depending on each model. Each model included 
unilateral modulation from one region to the two others (M1-M3). Additionally, there could be bilateral modulation from V1 to LGN or to SC (M4 and M5) or between 
LGN and SC (M6). Finally, all connections could be modulated (M7). Together, the different possibilities yielded seven models. In addition, the self-modulation in SC 
was included in each of the 7 models giving a total of 14 models. SC = superior colliculus, LGN = lateral geniculate nucleus, V1 = primary visual area. Solid arrows: 
intrinsic connections. Dashed arrows: connections modulated by luminance. 
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successively with the functional datasets from four groups: control 
subjects and untreated PD patients or treated PD patients with dopa
minergic treatment (2- or 6-months uptake). Model selection and 
inference on parameters of the best model were made. For group-level 
inference on model structure, we then considered a Random-effects 
(RFX) BMS, taking into account pathophysiological variations across 
patients (Stephan et al., 2010) (see SM). 

2.4. Data availability 

MR data supporting the results of this study are available from the 
corresponding author, on a collaborative basis. 

3. Results 

3.1. Demography 

Details of the clinical characteristics of PD patients are shown in 
Table 1. There were no significant differences between the CT-22 (9 
women, age 55.5 y. ± 9.4) and PD-dn groups of patients (5 women, age 
57.3 y. ± 10.5), in terms of age (two-sample t-test; p = 0.57) and gender 
(p = 0.2). The subset of the PD population (n = 8, 3 women, age 55,62 y. 
± 7.3) with the follow-up at 2 and 6 months did not differ in terms of age 
(two sample t-test, p = 0.75) and gender (p = 0.53). 

3.2. Effective connectivity: Healthy controls and PD patients 

3.2.1. The best effective connectivity model for controls 
In the control group (CT-22), the exceedance probabilities (xp) for 

the 14 models are shown in Fig. 3A. As can be seen in this Figure, Model 
10, which emphasizes the role of the SC, outperformed all competing 
models (xp = 0.93). It was characterized by self-modulation by lumi
nance contrast in the SC and unilateral modulation from the SC to the 
LGN and the V1. The fitting quality of this model was indicated for one 
subject (see SM: Fig. S2). Its parameters are reported in SM: Table 1. 
Additional results on the effect of age on the intrinsic connectivity in 
healthy controls (CT-30) are provided in SM (see SM: Fig. S3 and 
Table 2). 

3.2.2. The best effective connectivity model for PD patients 
As for the control group, the winning model for de novo (untreated) 

PD patients (PD-dn) was model 10 (see Fig. 3A, xp = 0.37). However, the 
exceedance probability was lower in these patients (xp = 0.37) 
compared to controls (xp ≥ 0.70). The significance of the different pa
rameters of the model is reported in SM: Table 1. 

3.2.3. Effective connectivity in PD 
The finding that the best-fitting model was the same for the PD pa

tient and control groups, suggests that PD does not impact the archi
tecture of connectivity between the three ROIs. We therefore examined 
the connectivity parameters on this model for both groups. As for con
trols, all intrinsic connectivity parameters were positive, i.e. an increase 
in activity in one region resulted in an increase in each target region (see 
Fig. 3B). PD-dn patients’ intrinsic connectivity parameters did not 
significantly differ from controls, as confirmed by the 2x6 ANOVA with 
Group (Controls CT-22, age-matched with PD patients- vs. PD-dn pa
tients) as the between-subjects factor and Connection as within-subjects 
factor; this revealed a significant effect of Connection (F(5, 210) = 5.82, 
p < 10-4, ηp

2 = 0.23) but no significant effect of Group (p = 0.72) or 
interaction between Group and Connection (p = 0.89). 

3.2.4. Effect of luminance contrast modulation on the effective connectivity 
PD was revealed as a factor that significantly affected the SC self- 

modulation (F(1,42) = 14.03, p < 10-3, ηp
2 = 0.40) and the modula

tion of the SC to LGN connection (F(1,42) = 8.46, p < 10-2, ηp
2 = 0.29) 

but not the modulation of the SC to V1 connection (p = 0.15). Moreover, 
luminance contrast was another factor significantly affecting these three 
intrinsic connections (SC ↔ SC self-modulation: F(3,126) = 8.08, p < 10- 

4, ηp
2 = 0.28; SC → LGN: F(3,126) = 3.78, p < 10-2, ηp2 = 0.15; SC → V1: 

F(3,126) = 6.07, p < 10-3, ηp
2 = 0.22). Interaction between Group and 

Contrast factors was only significant for the self-modulation of the SC (F 
(3,126) = 6.28, p < 10-3, ηp

2 = 0.23; SC → LGN: p = 0.14; SC → V1: p =
0.11) (2x4 ANOVA with Group, i.e. Controls vs. PD-dn patients, as 
between-subjects factor and Contrast as within-subjects factor, per
formed for each connection). To further investigate the effect of the 
modulation of the connections in PD, an ANOVA with Contrast as 
repeated-measure was performed for each connection. These analyses 
revealed a much-reduced weak effect of the luminance contrast modu
lation on the SC connections in PD-dn patients compared to controls (see 
Fig. 4). Indeed, the pathology (PD) appeared to have hampered the self- 
modulation of SC (effect of contrast: p = 0.79) and the modulation of the 
SC to LGN connection (effect of contrast: p = 0.77). However, the 

Table 1 
Clinical characteristics of PD patients. (this table is similar to Table 1 in (Moro et al., 2020)).  

PATIENT SEX AGE, yr H&Y Scale stage Year of Diagnosis Disease Onset (Body side) UPDRS Treatment at 2 and 6 mo 

1 M 67 1 2016 Left 18 NA 
2 F 45 1 2017 Left 11 L-dopa/benserazide 
3 M 61 1 2017 Left 31 NA 
4 M 59 1 2016 Left 11 Pramipexole 
5 M 68 1 2016 Right 5 NA 
6 M 76 1 2016 Left 17 NA 
7 M 58 1 2015 Left 23 Rasagiline/pramipexole 
8 M 59 1 2016 Right 15 Rasagiline/pramipexole 
9 F 49 1 2014 Left 15 Rasagiline/L-dopa Benserazide 
10 M 36 1 2016 Left 9 NA 
11 M 47 2 2016 Right 11 NA 
12 F 68 2 2014 Right 40 Rasagiline/L-dopa benserazide 
13 M 72 2 2017 Left 23 NA 
14 M 45 2 2017 Right 20 NA 
15 M 68 2 2017 Right 25 NA 
16 M 50 2 2015 Right 28 L-dopa/triehyphenidyl 
17 M 52 2 2016 Left 21 NA 
18 F 56 2 2016 Left 24 NA 
19 M 67 2 2015 Right 14 NA 
20 M 57 2 2014 Right 18 Rasagiline/ropinirole 
21 M 44 2 2016 Right 27 NA 
22 F 56 2 2016 Right 21 NA 

F = female; M = male; H&Y: Hoehn and Yahr; NA = not applicable; PD = Parkinson’s disease; UPDRS = Unified PD Rating Scale. 
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luminance contrast significantly modulated the SC to V1 connection (F 
(3,63) = 3.66, p = 0.02, ηp

2 = 0.29) in PD-dn patients (see Fig. 4). 

3.3. Effective connectivity in PD: Medication effects 

A subset of the PD participants (n = 8) was assessed longitudinally 
after two (PD-2) and six (PD-6) months of dopaminergic treatment. 

3.3.1. The best effective connectivity model 
For PD-2, the same model (Model 10) was selected (xp = 0.22) (see 

Fig. 3A). However, a different model, Model 6, was selected for PD-6 (xp 
= 0.23) (see Fig. 3A right). The SC plays a less central role in model 6 
compared to in model 10. This suggests a reduced response of SC 
following six months of treatment. On the other hand, LGN is more 
implicated in model 6 with additional connections to the V1 and to the 

Fig. 3. Effective connectivity in control and patients. A. Exceedance probabilities of the models: from left to right: matched controls (CT-22); de novo PD patients (PD- 
dn); PD patients 2-months after treatment (PD-2); PD patients 6-months after treatment (PD-6). Model 10 (see Insert) was the best model with random effect Bayesian 
model selection (RFX) for CT-22, PD-dn and PD-2, whereas model 6 (see Insert) was the best model for PD-6. B. Intrinsic connections parameters of the selected model 
for PD patients vs. matched controls. Intrinsic connection and modulatory parameters are expressed in Hz. Same abbreviations as in Fig. 2. The vertical bars represent 
standard errors. 

Fig. 4. Intrinsic connection modulation with luminance contrast. Each diagram corresponds to connections present in model 10 and model 6 and shows the cor
responding modulation of the connectivity strength (expressed in Hz) by luminance contrast variations for Controls (CT-22), PD patients without treatment (PD-dn) 
and with 2 (PD-2) or 6 (PD-6) months of dopaminergic treatment. Dashed line and stars: CT-22. Bold line: PD patients; Circle: PD-dn, Square: PD-2, Triangle: PD-6. 
Intrinsic connection and modulatory parameters are expressed in Hz. Same abbreviations as in Fig. 2. The vertical bars represent standard errors. 
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SC. The significance of the different parameters of these models (6 and 
10) is reported in SM: Table 1. 

3.3.2. Effect of the dopaminergic treatment on the effective connectivity 
At two and six months of treatment, intrinsic connectivity parame

ters from models 6 and 10 were positive (see Fig. 3B). To test the effect of 
dopaminergic treatment on these parameters, a 3x6 ANOVA with Group 
(PD-dn vs. PD-2 vs. PD-6) as between-subjects factor and Connection as 
within-subjects factor was performed. Connection (F(5,175) = 6.56, p =
10-4, ηp

2 = 0.25) was revealed as a significant factor but not Group (i.e. 
treatment) (p = 0.43), and no interaction between Group and Connec
tion (p = 0.75) was observed (see Fig. 3B). 

3.3.3. Effects of the dopaminergic treatment on the modulation of the 
effective connectivity by luminance contrast 

At two months of treatment, only the modulation by luminance 
contrast of the connection SC ↔ SC was significantly affected by the 
medication (F(1,28) = 6.87, p = 0.02, ηp

2 = 0.31; SC → LGN: p = 0.48; 
SC → V1: p = 0.46). Contrast had no significant effect on the three 
intrinsic connections (SC ↔ SC: p = 0.69; SC → LGN: p = 0.43; SC → V1: 
p = 0.07) and no interaction was found between Group and Contrast (SC 
↔ SC: p = 0.59; SC → LGN: p = 0.59; SC → V1: p = 0.12) (2x4 ANOVA 
with Group, i.e. PD-dn vs. PD-2, as between-subjects factor and Contrast 
as within-subject factor, performed for each connection) (see Fig. 4). 

After six months of treatment, as characterized by the selected model 
6, four connections seemed modulated by luminance contrast, i.e. SC → 
LGN, SC → V1, LGN → SC and LGN → V1. A 2x4 ANOVA was performed 
for each of the two common connections of models 6 and 10 (SC → LGN 
and SC → V1) with Group (PD-dn vs. PD-6) as between-subjects factor 
and Contrast as within-subjects factor. Neither Group (SC → LGN: p =
0.91; SC → V1: p = 0.24) nor Contrast (SC → LGN: p = 0.98; SC → V1: p 
= 0.32) as factors showed any significant effect on these connections. An 
interaction was found between Group and Contrast for connection SC → 
V1 (F(3,84) = 2.87, p = 0.04, ηp

2 = 0.17; SC → LGN: p = 0.80), showing 
a significant difference between the two groups at 9% contrast (p =
0.01) (see Fig. 4). 

4. Discussion 

This is the first study addressing the effective connectivity in the 
visual network of de novo PD patients. By testing competing models of 
connectivity, we have demonstrated that the SC drives cerebral activity 
in the visual network for luminance contrast processing, both in healthy 
controls and PD patients off medication. Our results reveal that the 
corresponding deficit in contrast processing reported early in PD pa
tients seems related to a deficiency in connectivity adjustment from the 
SC to both the LGN and the primary visual area V1. Dopaminergic 
treatment over six months is not sufficient to normalize this abnormal 
connectivity. The DCM model space we considered is based on our 
previous works demonstrating: 1) the three regions of interest SC, LGN 
and V1 exhibited a BOLD response modulated by luminance contrast in 
the healthy population; (Bellot et al., 2016) and 2) the functioning of SC 
was altered in de novo PD patients (Moro et al., 2020). This latter study 
motivated our introducing models of connectivity that included the self- 
modulation of the SC. 

Pivotal role of the SC for luminance contrast processing. For healthy 
subjects, the DCM analysis supports a model with a high excellence 
probability (xp = 0.93) where luminance contrast modulated the SC self- 
connectivity, as well as effective connectivity from the SC to both the V1 
and the LGN. For these subjects, an increase in luminance contrast 
resulted in an increase of the SC self-connectivity for all age ranges 
(except the elderly) and an increase of the SC to LGN and V1 couplings 
(see SM: Fig. S4C and SM: Table 2). Our data also indicate that con
nectivity strength within and from the SC decreases with normal aging 
(see SM: Fig. S4B and SM: Table 2). This decrease may explain the age- 
related luminance contrast sensitivity loss observed in these regions 

with BOLD measurements and also based on behavioral responses 
(Bellot et al., 2016). Due to the small size of our regions of interest, and 
in order to maximize the signal-to-noise ratio, we pooled the right and 
left hemisphere data for each ROI for each subject. Indeed, for the SC 
that plays a central role in our study, visual information from the right to 
the left colliculus can be transferred via the inter-collicular commissure 
or other inter-hemispheric tracts (Georgy et al., 2016). 

Effect of PD on effective connectivity. We addressed the nonmotor 
impact of PD and studied the effective connectivity of the visual system 
as measured by DCM, based on fMRI measurements. In fMRI, the 
measured BOLD signal reflects changes in hemodynamic parameters 
induced by neural activation and is considered as an index of cerebral 
activity. However, aging, pathological states or drugs may influence 
hemodynamics and alter the neurovascular coupling. We have previ
ously shown that observed BOLD signal variations both in healthy 
subjects (Bellot et al., 2016) and in PD patients (Moro et al., 2020) were 
due to neural activity changes and not a consequence of perfusion al
terations. We measured CBF using the ASL technique to verify that the 
basal brain perfusion level was similar between the two groups in each 
region of interest and under anti-PD treatment. Thus, BOLD changes 
reflected neural activity changes and were not a consequence of a neu
rovascular coupling deficiency. 

The present study has investigated the alterations in visual process
ing due to PD at the first stages, both at the cortical level in the V1 and at 
the subcortical level in the LGN and the SC. Metabolic differences can be 
present in PD patients compared to controls that remain unobserved by 
the MRI techniques we used. The observed BOLD signal modulation due 
to luminance changes and correlated to visual perception was similar in 
PD patients and healthy controls in V1 suggesting corresponding neural 
activity changes at the cortical level. Then, it is unlikely that the 
observed differences in the two other structures SC and LGN were not 
due to changes in brain activity but to metabolic alterations only present 
at this subcortical level. 

The SC is a complex sensory-motor brainstem structure that acts as a 
sentinel in detecting sudden environmental changes and responding to 
these changes. It integrates multimodal sensory information from visual, 
auditory, and tactile sources; generates outputs for gaze, head, and arm 
movement; and sends priority signals to the substantia nigra pars com
pacta and the intralaminar nucleus of the thalamus. Abnormal responses 
of SC to visual stimuli have been demonstrated in a PD rat model 
(Rolland et al., 2013) and more recently in humans (Moro et al., 2020). 
In a post-mortem study (Erskine et al., 2017), neurodegenerative 
changes in the SC tissue were found in Lewy bodies dementia that may 
contribute to visual attention deficits and visual hallucinations; mani
festations which are also present in PD patients (Diederich et al., 2009; 
Frei and Truong, 2017). 

Our DCM analysis revealed that the best model explaining the data in 
terms of intrinsic and modulated connectivity was the same for healthy 
controls and de novo untreated PD patients (see Fig. 3A). In concordance 
with previous studies, this model emphasized the pivotal role of the SC 
for luminance contrast processing. However, we found that the modu
lation of the SC connectivity (self-connectivity and connectivity to the 
LGN) by luminance contrast was inhibited in these PD patients (see SM: 
Table 1). This suggests that while PD patients have the same effective 
connectivity as healthy controls, the neuromodulation is different in 
terms of neuronal dynamic interactions. The SC-V1 connection modu
lation by luminance contrast was preserved at this early stage of PD, thus 
explaining why de novo PD patients did not report about visual deficits. 

The best-fitting models for PD patients and for healthy controls were 
identical but the exceedance probability was rather low for the former 
(xp = 0.37) compared to the latter (xp = 0.93). A methodological 
alternative would have been to consider Bayesian Model Averaging. In 
this method, the parameters of all plausible models are averaged while 
taking into account the respective weight for each model (Stephan et al., 
2010). This method also allows to compare the differences between 
models. Although it could have been useful to compare differences 
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between models 6 and 10 after 6-months treatment of PD patients, this 
alternative would also have rendered the inter-group comparison (i.e. 
healthy controls vs PD patients), which was the main focus of the study, 
more difficult to interpret. We thus chose to identify the model which 
best fitted the observed data in healthy controls and revealed the effect 
of the pathology (and that of the drug, see below) on the same “best” 
model. In accordance with that previously observed (Moro et al., 2020), 
the decrease in xp for the best-fitting PD model reflects that luminance 
processing becomes dysfunctional in PD patients likely due to a dys
functioning SC, the central structure in this model. The decrease in xp 
could also be due to the greater inter-subject variability in the BOLD 
signal for the PD group compared to the control group (Moro et al., 
2020) and to possible metabolic alterations that affect PD patients 
(Sonninen et al., 2020). 

Effect of PD treatment. For brain regions involved in controlling 
movement, some studies (Nettersheim et al., 2019; Palmer et al., 2009) 
showed that dopaminergic medication normalized to some extent 
effective connectivity in PD patients. Similarly, a relative normalization 
of visuo-parietal connectivity in PD patients with dopaminergic medi
cation during cued and uncued writing was found (Nackaerts et al., 
2018). The results from our present study show that dopaminergic 
treatment, whether taken during 2 or 6 months, did not permit the re
covery from abnormal SC connectivity to other brain regions. Findings 
from our analyses do however suggest that after six months of anti-PD 
treatment, the LGN plays a more important role (see model 6, Fig. 3A) 
in the investigated network, despite no evidence of recovery of the 
effective connectivity modulation by luminance contrast (see Fig. 4). 
This is consistent with the reduced response in the SC conjointly with an 
increased response of the LGN to luminance contrast after six month of 
treatment as observed in (Moro et al., 2020). 

It has been suggested (Rolland et al., 2013) that the alteration of the 
SC response may occur as a compensatory mechanism in response to 
inhibition exerted by the loss of dopaminergic neurons in the substantia 
nigra reticulata. Therefore, dopaminergic treatment may not be adapted 
to rapidly (after 6 months administration) reverse this process (Palmer 
et al., 2009). Additionally, brain regions are part of complex inter- 
network interactions (Furl, 2015) suggesting that the anti-PD treat
ments may have, at this stage of the pathology, no effect on the func
tional responses of networks interacting and influencing the visual 
regions studied. 

Our study has several limitations. Although the reasonable power for 
DCM analysis was reached (Goulden et al., 2010), the present study 
remains limited by the small size of the subject samples. Indeed, the 
number of patients on which we could assess the effect of medication on 
inter-regional coupling was only half that of the initial patient sample 
size. Our results should thus be considered as exploratory and require 
replication on a larger population. Furthermore, we did not consider a 
hemispheric difference in effective connectivity that could be induced 
by the lateralization of the disease. The BOLD signal used in the present 
study provides indirect neuronal information based on which connec
tivity models could be defined at a systems level using DCM but which 
hampers the interpretation of effective connectivity in terms of inhibi
tion or excitation at the neuronal level. The poor temporal resolution of 
the BOLD response did not allow the assessment of temporal dynamics of 
the neuronal model. Based on the literature and our previous results 
both in humans and PD animal models, we consider the colliculus as a 
key sensory structure impacted at early stages of PD. Recently, we 
demonstrated alterations in the function of the superior SC, involved in 
visual information processing, at early stages of PD. The main goal of the 
present study was to investigate the role of SC in regional coupling both 
in normal and pathological conditions. To this end, we introduced 
models with or without SC self-modulation. Introduction of more 
models, for instance with self-modulation on the other ROIs, could be 
explored in future studies, although the robustness of the results ob
tained would diminish with increasing number of tested connections. 
Finally, considering the decreasing robustness of DCM analyses with 

increasing number of ROIs, we restricted our hypothesis testing to a 
small number of ROI, namely SC, LGN and V1, which we considered the 
most informative. It should be noted that the missing regions do not 
affect the estimates in the ROIs because influences from outside the 
restricted network are modelled as endogenous fluctuations (Daunizeau 
et al., 2011; Stephan et al., 2010). Nevertheless, we left several other 
activated regions unexplored. For example, neuroanatomical studies 
suggest that the SC forms a subcortical pathway that bypasses the striate 
cortex V1 and projects to the amygdala via the pulvinar. While the role 
of Pulvinar remains elusive (Fiebelkorn and Kastner, 2019), it is clearly a 
region of interest, at least in its inferior and ventrolateral parts, when 
studying vision in PD. The recent availability of digital atlases of the 
human thalamic nuclei (for instance (Najdenovska et al., 2018) would 
facilitate its automatic delineation and then its functional exploration. 
However, the functional heterogeneity of the pulvinar (Guedy and 
Vuilleumier, 2020) and its proximity to the choroidal artery could 
hamper the detection on the Bold modulation induced by luminance 
contrast variations, at least at 3 T. Further research concerning the 
impact of the SC alterations on connectivity with these structures may 
help finely tune our understanding of the effects of the disease. 

In summary, these findings provide useful insights into brain alter
ations occurring at early stages of PD and in particular highlight the 
presence of early dysfunctions in primary visual areas, which might be 
used as early markers of the disease. 

Clearly, the measurement of such dysfunctions using an fMRI para
digm, as proposed in the present study, does not fit with a routine 
clinical evaluation. We currently explore the use of a specific intra- 
saccadic motion paradigm where the magnocellular pathway 
(including SC and LGN) is mainly involved (Nicolas et al., JOV 2021). 
The rationale is that the motion detection performance measured in the 
psycho-physical experiment using such a paradigm, would be poorer in 
PD patients compared to age-matched healthy controls due to the 
functional deficiency of the SC and the LGN. 
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