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Abbreviations: BDI-II = Beck’s depression inventory II; BP4 = FDOPA-binding potential, DMN =
default mode network; DU = dopaminergic uptake; FDOPA-PET = 6-[18F]fluoro-L-Dopa-PET;
FOG-Q = freezing-of-gait questionnaire; FOG = freezing of gait; MC = Molecular connectivity,
MMSE = Mini Mental Status Examination; NMS = non-motor symptom scale; PDQ-39 = Parkinson'’s
disease questionnaire, PGS = postural instability and gait score; ROI = region of interest; rs-fMRI
= resting state functional magnetic resonance tomography; UPDRS-III = Unified Parkinson’s

disease Rating Scale part II[; VTA = ventral tegmental area

ABSTRACT

Freezing of gait is a common phenomenon of advanced Parkinson’s disease. Besides locomotor
function per se, a role of cognitive deficits has been suggested. Limited evidence of associated
dopaminergic deficits points to caudatal denervation. Further, altered functional connectivity
within resting-state networks with importance for cognitive functions has been described in
freezers. A potential pathophysiological link between both imaging findings has not yet been
addressed. The current study sought to investigate the association between dopaminergic
pathway dysintegrity and functional dysconnectivity in relation to FOG severity and cognitive
performance in a well-characterized PD cohort undergoing high-resolution 6-[18F]fluoro-L-
DopaPET and functional MRI. The freezing of gait questionnaire was applied to categorize patients
(n=59) into freezers and non-freezers. A voxel-wise group comparison of 6-[18F]fluoro-L-Dopa
PET with focus on striatum was performed between both well-matched and neuropsychologically
characterized patient groups. Seed-to-voxel resting-state functional connectivity maps of the
resulting dopamine depleted structures and dopaminergic midbrain regions were created and
compared between both groups. For a direct between-group comparison of dopaminergic
pathway integrity, a molecular connectivity approach was conducted on 6-[18F]fluoro-L-Dopa
scans. With respect to striatal regions, freezers showed significant dopaminergic deficits in the
left caudate nucleus, which exhibited altered functional connectivity with regions of the visual
network. Regarding midbrain structures, the bilateral ventral tegmental area showed altered
functional coupling to regions of the default mode network. An explorative examination of the
integrity of dopaminergic pathways by molecular connectivity analysis revealed freezing-
associated impairments in mesolimbic and mesocortical pathways. This study represents the first
characterization of a link between dopaminergic pathway dysintegrity and altered functional
connectivity in Parkinson’s disease with freezing of gait and hints at a specific involvement of

striatocortical and mesocorticolimbic pathways in freezers.



1. INTRODUCTION

Freezing of gait (FOG) is a common phenomenon of advanced Parkinson's disease (PD) and has
been shown to severely affect patients' quality of lifel. It comprises a transient disturbance in
initiation or maintenance of steps, which is typically provoked by passing narrow spaces or
turning?. Another provoking factor is dual tasking with cognitive effort3, which underlines that
cognitive function is mandatory for successful execution of gait and mobility*5. Consequently, FOG
patients perform significantly worse on cognitive tasks involving visuospatial skillsé 9, frontal
executive functions0 14 and attention!s 18. An epidemiological and clinical description of FOG in
alarge cohort was published by Giladi and colleagues?9. Analyses of the DATATOP-cohortrevealed
that around 27% of PD patients already experience FOG in early disease stages, indicating a

distinct PD phenotype that favors freezing episodes?20.

Neuroimaging studies have thoroughly examined neurobiological correlates of FOG, including
investigations using [!8F]fluorodeoxyglucose PET2! 28 perfusion studies using single-photon
emission computed tomography (SPECT)2° 31, as well as various magnetic resonance imaging
(MRI) modalities!832 35, A growing body of studies performing connectivity analyses using
diffusion tensor imaging or resting-state functional MRI (rs-fMRI)3¢ 42 suggests the involvement
of tracts and brain regions engaged in frontal executive, visuospatial, limbic and locomotor
performance with an emphasis on the right hemisphere*43 (see Song et al.#* for review).

Additionally, structural MRI studies reported volume loss in respective cortical areas3345 s0,

Neuroimaging findings have contributed substantially to different models proposing mechanistic
explanations for the episodic character of FOG51. Two of these models are not restricted to motor
circuits and include one or more cognitive dimensions: 1.) the interference model assumes, that a
network overload during conflicting motor, emotional and cognitive input processing#3 combined
with maladaptive neural compensation causes freezing, 2.) the cognitive model proposes a
response conflict facilitated by executive dysfunction as an underlying mechanism of FOG5?, which

is supported by evidence of reduced functional connectivity of frontal areas in patients with FOG52,

Fewer studies have concentrated on dopaminergic imaging in freezers2453, but limited evidence
suggests stronger dopaminergic denervation of the caudate nucleus in patients with FOG2#4. This
finding has been put into context with frontostriatal dysfunction in freezers#3, consistent with the
cognitive model of FOG pathophysiology!251 and supported by alterations in resting-state
networks with importance for cognitive processing observed by fMRI-studies, namely the default
mode network (DMN) and frontoparietal networks37.52. However, none of the studies has examined
the direct association between dopaminergic pathways and resting-state functional connectivity

in a cohort of PD patients with FOG to date.



Aside from structural and functional connectivity analyses, metabolic connectivity analyses have
been attempted using molecular information obtained from ['8F]fluorodeoxyglucose-PET, which
represents a more direct measure of neural activity. In this context, brain regions that are
metabolically connected have been shown to display similar variances in radiotracer uptake54.
The application of interregional correlation analyses>s on a neurotransmitter level led to the
emergence of molecular connectivity (MC) as a tool to visualize neurotransmitter pathways that
coincide with anatomical pathways. With PET imaging using neurotransmitter-specific
radioligands, serotonergic pathway dysintegrity could be displayed in patients with major
depressive disorders¢. Recently, this approach has been applied to 6-[8F]fluoro-L-Dopa PET
(FDOPA) to assess dopaminergic pathways of the midbrains7.58 and its potential usefulness as a
means of demonstrating dopaminergic dysintegrity also of extranigral pathways originating from

the Ventral tegmental area (VTA) in diseases of the dopaminergic system has been postulated.

Despite a growing body of neuroimaging studies, the reported alterations within the above-stated
networks in FOG patients have been inconsistent and multimodal studies are required to resolve
interdependencies#344. Furthermore, investigations of changes in dopaminergic signaling have
been scarce. Here, we combined FDOPA-PET and rs-fMRI to multimodally characterize
neurobiological mechanisms underlying FOG in a well-matched and neuropsychologically
characterized subset of freezers (FOG+) and non-freezers (FOG-), focusing on dopaminergic
pathways. Further, we analyzed the association between dopaminergic dysfunction and
alterations in functional connectivity and their relation to FOG severity and behavioral variables.
Finally, this is the first study that uses midbrain MC as a more direct correlate of dopaminergic
pathway integrity to exploratively investigate the involvement of specific dopaminergic loops in

PD patients with FOG.

In view of previous neuroimaging studies, we hypothesized that in freezers, dopaminergic
denervation is specifically pronounced in the caudate and associated with altered striatocortical
functional connectivity. Given the reported cognitive abnormalities, we further expected an
involvement of the mesocorticolimbic pathways and associated dysregulations in resting-state

networks involving the frontal cortex.

2. MATERIAL AND METHODS

2.1 Participants and clinical assessment

Within the KFO 219 cohort framework, 63 patients with idiopathic PD were recruited at the
University Hospital of Cologne. Diagnosis was made according to UK-Brain-Bank criterias® by a

movement disorder specialist. In accordance with the Declaration of Helsinki, ethical approval
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was received from the local medical ethics committee (EK12-265) and informed consent was
declared by each participant. PET imaging has been permitted by the Federal Bureau of Radiation.
The study protocol, encompassing in- and exclusion criteria, cohort specification, non-motor
symptoms and behavioral data, has been detailed in previous publicationss%61, Motor severity was
evaluated via the Unified PD rating scale (UPDRS) part III in the OFF-state6263.64. A postural and
gait subscore (PGS) was calculated from UPDRS-III items 27-30. Left/right disease lateralization
was calculated according to UPDRS-III subitems 20-26. Fifty-nine patients of the cohort completed
the Freezing of gait questionnaire (FOG-Q)® and completed rs-fMRI acquisition; 44 patients of
this cohort additionally underwent FDOPA-PET. FOG-severity was determined by FOG-Q total
score; FOG status by item 3. Cognitive performance was tested using a neuropsychological test
battery that included two tests per each of the five cognitive domains (attention, memory,
language, executive and visuospatial) as detailed in Ruppert et al.¢6. As additional measures of
global cognitive performance, the Mini-Mental State Examination (MMSE)¢7 and the Parkinson’s
Neuropsychometric Dementia Assessment (PANDA)¢® were applied. Depressed mood was
assessed with Beck’s Depression Inventory II (BDI-II) ¢and quality of life with the Parkinson’s

Disease Questionnaire 39 (PDQ39)70.
2.2 Neuroimaging Data Acquisition and (Pre-)processing
2.2.1 FDOPA-PET

PET scans were performed in dopaminergic OFF-state after overnight fasting in a high-resolution
research tomograph (ECAT, HRRT, Siemens, Erlangen, Germany) at the Max-Planck-Institute for
Metabolism Research, Cologne. The detailed acquisition protocol was described in previous
publications®t061, Resulting frames were motion-corrected via rigid-body transformation and the
average of frames number four to nine was used for further analysis. Stereotactic normalization
was performed by non-linear registration to an established FDOPA-PET template in Montreal
Neurological Institute (MNI)7! space. Images were spatially smoothed with a 3-dimensional
Gaussian filter of 6 mm full width at half maximum (FWHM) using SPM12

(www.filion.uclac.uk/spm/software/spm12).

2.2.2 Intensity Normalization and Molecular Connectivity

The mean FDOPA uptake (DU) was extracted subject-wise from an occipital reference region with
no relevant dopaminergic activity. Specific voxel-wise FDOPA-binding potential (BP4) values were
calculated via the following formula, which was initially established for 123[-loflupane SPECT

analysis”?, using the ImageCalculator tool in SPM:



_ DU(voxel) — DU(occipital)

BPd
DU(occipital)

DU from an occipital reference region from the automated anatomical labeling atlas 3 (AAL 3)73

obtained via wfu_PickAtlas (https://www.nitrc.org/projects/wfu pickatlas/) was extracted from

spatially normalized images via MarsBaR software (http://marsbar. sourceforge.net). Group
comparisons between FOG+ and FOG- subsamples were performed by applying voxel-wise two-
sample t-tests with small volume correction (SVC) for striatum (AALv3) in SPM12 using a
threshold of p<0.05 with cluster level family-wise error (FWE) correction for multiple
comparisons. Resulting clusters were exported, binarized, used for functional connectivity
analyses, and to compare ROI-wise BP4 between differently lateralized patients. For a schematic

overview of the applied workflow see figure 1.

MC investigations to analyze mesocorticolimbic dopaminergic pathways were implemented by
ROI-wise interregional correlation analysis. BPq was extracted separately for each region of the
mesocortical or mesolimbic dopamine system on a single subject level (regions from AALv3, see
supplements) using MarsBaR. ROI-based correlations (Spearman’s p ) with the bilateral VTA
were calculated across subjects and subsequently compared between freezers and non-freezers
via Fisher’s z-test using R7* with correction for multiple comparisons using false-discovery-rate
(FDR) (for a schematic overview see figure 1). The same procedure was applied to the bilateral
substantia nigra as a seed volume for nigrostriatal pathways. The corresponding atlas regions are

listed in supplementary table 2.
2.2.3 Resting-state fMRI

FMRI and T1-weighted images were acquired on a 3T Siemens Magnetom Prisma using the
software system syngo MR D13D with the acquisition parameters as detailed elsewhere. Technical
details of fMRI images were as follows: repetition time, 776 ms, echo time, 37.4 ms, 617 time
points, 72 slices: voxel size, 2x2x2 mm. Preprocessing was carried out using the SPM toolbox

CONN v1775 following the default pipeline as detailed in previous publications®9.
2.2.4 Rs-fMRI Connectivity Analyses

Functional connectivity investigations were performed by applying seed-based correlation
analyses using Conn. In order to analyze the connectivity profile of regions with differences in
dopaminergic activity between FOG+ and FOG- patients, we used the cluster obtained by between-
group comparison in the PET modality as seed volume for seed-based correlation analysis. To
examine the influence of the mesocorticolimbic dopamine system on resting-state networks,
additional analyses were performed with the bilateral VTA atlas ROI (AALv3) as seed.

Connectivity maps obtained at group-level were compared by applying the contrasts FOG+>FOG-

6



or FOG+<FOG-, thresholded at p<0.05 cluster level FWE-corrected for multiple testing. Functional
connectivity values were exported for significant clusters and entered in correlation analyses with
clinical data via Spearman’s p or Pearsons’ r, observing normality assumptions. Results were
considered significant if p < 0.05 after applying the false-discovery rate (FDR) correction for
multiple comparisons. Likewise, we investigated the direct impact of dopaminergic degeneration

in seed ROIs on the respective functional connectivity by applying correlation analysis.
2.3 Clinical and Behavioral Data

Statistical analyses of demographic, clinical and behavioral variables in FOG+ and FOG-
subsamples were conducted in R74. After testing for normal distributions via Shapiro-Wilk-test,
group comparisons were performed using Welch’s t-test or Mann-Whitney U-test and correlations
via Spearman’s p or Pearson’s r as appropriate. Chi-squared test was applied for comparisons of
dichotomous variables. Differences in cognitive z-scores were examined using an analysis of

covariance (ANCOVA) with BDI-II as covariate as previously suggested?7e.

3. RESULTS

3.1 Demographic, Clinical and Behavioral Data

There was no significant difference in age, sex, disease duration and UPDRS-III between FOG
groups, and group sizes were quite similar (see Table 1). Significantly higher FOG-severity
(p<0.001) and PGS (p=0.009) were observed in freezers compared to non-freezers, but no
significant difference in UPDPRS-III scores (p=0.135) or lateralization of motor impairment
(p=0.130). Moreover, we observed significantly higher BDI-II scores (p=0.018) and higher
Parkinson’s disease questionnaire (PDQ-39) scores (p=0.012) in FOG+ patients, indicating a
higher level of depressed mood and reduced quality of life in FOG+ patients. Additionally, there
were no significant group differences in Hoehn & Yahr stages, levodopa equivalent daily doses,
and levodopa response. Further, there was no significant correlation between levodopa response
and FOG-Q scores. We found no group differences in z-values of domain-specific z-scores or the
cognitive composite z-scores (Table 1) and also not in MMSE or PANDA scores. These differences
became significant after including BDI-II as covariate in the case of visuo-spatial z-score (ANCOVA,
F=5.36, p=0.024) with a worse performance in FOG- patients and remained non-significant for
global cognition z-score (F=2.56, p=0.12). In the cohort of patients who received FDOPA-PET,
there were no significant differences in BDI-II and PDQ-39 scores, but significantly lower visuo-

spatial z-scores (p=0.032) and global cognition z-scores (p=0.026, see supplements).



Table 1: Demographic and Clinical Data

FOG+ FOG- p-value Test statistic
n=27 n=32

Age [years] 66.5+8.5 64.4+10.4 0.397 t=0.85

Sex m/f 17/10 23/9 0.465 X2=0.53
Laterality (right/left/equal) 8/18/1 16/13/3 0.130 X2=4.08
Disease duration [years] 54+38 4.6+33 0.444 W=482.5
FOG-severity 10.2 £4.5 20+1.6 <0.001 W=858.0
UPDRS-III 27.2+10.3 224+78 0.135 W=530.5
PGS 28+22 1.34+1.43 0.009 W=601.5
BDI-II 119+8.1 8.0+6.7 0.018 W=587.0
PDQ39 26.44 +£15.7 18.7£17.3 0.012 W=598.0
Hoehn & Yahr 2405 22+04 0.185 W=511.0
LEDD [mg] 517.8 £302.7 458.1 + 294.0 0.330 W=496.5

Levodopa response 0.27 0.1 0.29+0.1 0.599 t=-0.53

Neuropsychological Data

MMST 287+1.3 282+2.0 0.352 W=411.0
PANDA 23.5+4.2 234+53 0.580 W=516.5
Executive z-score -0.2+£0.7 -0.2+0.6 0.839 W=402.5
Memory z-score -03+£1.1 -0.3x1.1 0.976 W=429.5
Attention z-score -0.1+£0.7 -0.2+£09 0.749 W=-453.5
Language z-score -0.2+0.8 0.1+£0.6 0.434 W=466.5
Visuo-spatial z-score -0.1+0.8 -0.6+1.2 0.079 W=545.5

Global cognition z-score -0.1+0.4 -0.2+0.5 0.268 t=1.12

Numeric variables are shown as mean # standard deviation. Group comparisons were calculated using Welch'’s t-test or
Wilcoxon-test. Nominal variables were compared by Chi-squared test. Levodopa response is defined as ratio of UPDRS-1I1
in OFF and ON state. Abbreviations: LEDD: Levodopa equivalent daily dose, PDQ39: Parkinson’s Disease Questionnaire 39,

PANDA: Parkinson’s Neuropsychometric Dementia Assessment, MMST: Mini-Mental Status Examination, UPDRS-III:

Unified Parkinson’s Disease Rating Scale, PGS: Postural-Gait-Score



3.2 Neuroimaging

Voxel-wise between-group analysis of FDOPA-PET scans revealed significantly reduced BPq4
values in the left caudate nucleus in FOG+ patients compared to FOG- patients (prwe= 0.008, Fig.
2A top). When patient groups were further subdivided into left- and right-dominant PD, BPq4
values of the caudate cluster were significantly lower in the FOG+ group regardless of symptom
laterality (left: t=-2.54, p=0.022; right: t=-2.90, p=0.011). A within-group comparison in patients
with FOG+ revealed no significant difference in BP4 uptake of the left caudate between the left-

and right-lateralized patients (t=-0.64, p=0.540).

To further evaluate the integrity of mesocorticolimbic pathways in both patient groups, we
conducted a explorative MC analysis. It revealed lower correlations of BPq in regions of the
mesolimbic pathway between the bilateral VTA and the bilateral anterior cingulate cortex (left:
p= 0.015, right: p=0.010), the right parahippocampal gyrus (p=0.010), and the right amygdala
(p=0.010) in FOG+ compared to FOG- patients. Moreover, we observed reduced covariance with
the right ventromedial prefrontal cortex (p=0.026) corresponding to the mesocortical dopamine
system (see Fig. 3). Using the bilateral substantia nigra as a seed, we found no significant

difference in MC corresponding to the nigrostriatal dopamine system.

The seed-based correlation analysis revealed increased functional connectivity between the
dopamine deficient left caudate cluster and the right visual cortex in FOG+ patients compared to
FOG- patients (prwe<0.05, Fig. 4A, Table 2). In addition, we performed this correlation analysis
with atlas-derived regions of dopaminergic nuclei (VTA AALv3) to analyze functional connectivity
of the mesocorticolimbic and nigrostriatal pathways in both groups. We found increased
functional connectivity between the bilateral VTA and key structures of the DMN, such as right
superior frontal gyrus as well as bilateral angular gyrus, bilateral superior lateral occipital cortex
and bilateral precuneus in FOG+ patients compared to FOG- patients (prwe<0.05, Fig. 4B, Table 2),
whereas no altered connectivity could be found for substantia nigra. Regarding correlations with
dopaminergic degeneration, we found a significant negative correlation between BPq of the left

caudate and its functional connectivity to the right visual cortex (r=-0.540, p<0.001).

Correlation analyses between neuroimaging findings and clinical parameters revealed significant
positive correlations between FOG-Q-scores and BPq of the left caudate (r=-0.49, p=0.016) and
between functional connectivity values of the bilateral VTA and the right superior frontal gyrus
(r=0.56, p<0.001), left superior lateral occipital cortex (r =0.54, p<0.001), right superior lateral
occipital cortex (r=0.55, p<0.001) in the total PD sample. Besides, PGS and FOG-Q-score were
significantly related (r= 0.51 p<0.001). However, no significant correlations with FOG severity
were observed in the FOG+ subsample. For evaluation of a potential impact of cognitive

impairment on FOG, we performed correlation analyses between cognition z-scores and FOG-Q
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scores, which yielded significant negative correlations in the FOG+ subsample for global cognition
z-score (r=-0.41 p=0.025). In the subset of patients, who only received FDOPA-PET, FOG severity
was also negatively correlated with performance in cognitive tests (r=-0.55, p=0.010 for executive

z-score; r=-0.62, p=0.003 for global cognition z-score; r=-0.52, p=0.016 for PANDA).

Table 2: Results of Neuroimaging Analysis

MNI
Modality Region Coordinates Statistic Cluster Size
x/y/z T-value p-value
(FWE)
FDOPA-PET t-test CAU_L -8/8/10 3.84 0.008 112
(FOG+<F0G-)
rs-fMRI CAUL CAL_R 20/-88/4 5.38 0.033 70
(FOG+>FO0G-) Occi_Sup_R
rs-fMRI VTAbil Parietal_inf L -36/-74/40 5.71 <0.001 447
(FOG+>F0G-) Occi_Mid_L
AG_L
AG_R 48/-72/36 491 <0.001 237
Occi_Mid_R
SFG_R 22/30/46 521 <0.001 134
PCUN_L -14/-58/16 4.84 0.014 74
CAL_L
PCUN_R 16/-44/4 4.69 0.012 76
CAL_R

Neuroimaging results by modality and contrast. T-values were calculated using SPM12. Rs-fMRI analyses were
conducted in Conn. The bilateral VTA (AALv3) was used as seed region for FDOPA-PET MC. Seed regions for seed-based
correlation analysis were CAU_L and bilateral VTA (VTAbil). Abbreviations: AG_L: angular gyrus left, AG_R: angular
gyrus right, CAL: calcarine sulcus, CAU_L: left caudate nucleus, Occi_Mid_L: mid occipital cortex left, Occi_Mid_R: mid
occipital cortex right, Occi_Sup_R: superior occipital cortex right, Parietal_Inf L: inferior parietal cortex left, PCUN:

precuneus, SFG_R: right superior frontal gyrus.
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4. DISCUSSION

The current study provides evidence for a more pronounced dopaminergic deficit confined to the
caudate nucleus in the OFF-state in FOG+ patients. The dopamine-deficient caudate and atlas-
based midbrain regions also showed changes in functional connectivity to the visual cortex and
regions of the DMN in freezers compared to non-freezers. Moreover, we conducted a FDOPA-PET
molecular connectivity approach to assess the integrity of midbrain dopaminergic pathways. This
approach hinted at an impairment of dopaminergic midbrain pathways projecting to the cingulate
and ventromedial cortex, revealing evidence for a potential involvement of mesolimbic and

mesocortical pathways in FOG-associated functional dysconnectivity.
4.1 Caudatal Dopamine Depletion and the Visual Cortex in FOG

Past dopaminergic imaging studies were able to assign FOG-associated striatal dopaminergic
hypometabolism?2353 mainly to the right caudate24. In the current study, we compared groups not
differing in disease duration, whereas most previous studies were confounded by longer disease
duration in freezers?324 In contrast, FOG+ patients in our cohort exhibited a stronger
dopaminergic deficit in the left caudate, which was true for both left- and right- lateralized
individuals. As there were no differences between left- and right-lateralized freezers in this
respect, the finding of a more dopamine-depleted left caudate in our cohort can be interpreted as
FOG-related. Additionally, we could ascertain the interrelation between this imaging finding and
FOG-Q in the overall cohort. A crucial role of the caudate and its striatocortical loops in FOG has
been suggested previously 43 and caudatal volume has been shown to be related to gait control in

older subjects in structural MRI studies?’.

Besides reduced BPq in the left caudate, we found increased functional connectivity of the
dopamine depleted cluster to a part of the visual resting-state network. Previous studies reported
reduced dopamine transporter levels in the caudate in response to a walking exercise in PD
patients and inferred that it is a key driver of parkinsonian gait, specifically sustained gait
performance cued by primarily visual external stimuli’8. Further, impaired functional
connectivity®?, reduced glucose metabolism?3, or increased BOLD responses!3 of primary and
secondary visual areas as well as an involvement of visuospatial pathwaysé has been reported in
freezers. Our findings are suggestive of a stronger coupling between the caudate and the visual
cortex in FOG secondarily to dopamine depletion, and hence do not only underpin previous
findings but also reveal the first explanation for an association between imaging findings in both
regions. Several studies revealed evidence for a visual corticostriatal loop involving the caudate
in mammals and postulated a role in visuospatial functioning and visuomotor control. Functional
and structural connections between the caudate and occipital areas have been described

before’879. However, since the visual loop was not the focus of these studies, the knowledge about
11



which visual region projects to which part of the striatum is still limited8!. Evidence in humans
largely resists on tractography based on diffusion imaging and points towards a convergence of
posterior parietal, orbitofrontal, dorsolateral prefrontal projections in the mainly ipsilateral
rostral caudate”®. The inability to obtain histologically described contralateral corticostriatal
projections may be due to the inherent limitation of diffusion-weighted imaging for tracking

contralateral projections?°.

4.2 Dopaminergic DMN Modulation in FOG

While focusing on functional connectivity in resting-state networks by using independent
component analysis approaches, previous rs-fMRI studies mainly found reduced functional
connectivity in DMN regions, which correlated with FOG severitys237. Using dopaminergic
midbrain regions as seed volumes in a seed-based correlation analysis approach, we found
increased functional connectivity between the bilateral VTA and DMN regions, including the
superior frontal gyrus and bilateral lateral occipital gyri in FOG+ patients. Further, functional
connectivity between the VTA and superior frontal and superior lateral occipital regions

correlated significantly with FOG-Q in the entire study sample.

According to a novel definition, subcortical structures have been underestimated in DMN
specifications so farsz. Recently published work assigns the VTA arole as key subcortical structure
of the DMNB82. Comprehensive analyses on neurotransmitter signaling and its influence on resting-
state networks further stated that monoaminergic signaling modulates functional coupling of
cortical resting-state networks via subcortical-cortical loops83. In this context, dopamine
antagonists have been reported to increase DMN connectivity84 and dopaminergic signaling was
found to decrease functional connectivity in the DMN in previous studies and suspected as an
active suppression mechanism in situations with external demanding attention8385. In FOG, the
synchronized activity between dopaminergic midbrain regions and the DMN is remarkably

altered according to our findings.

4.3 Dopaminergic Pathway Dysintegrity in FOG

To further investigate the impact of dopaminergic signaling on functional dysconnectivity, we
applied ROI-wise MC57 approach, which revealed lower covariance in BP4 of the bilateral VTA with
parts of the right ventromedial prefrontal cortex as well as bilateral anterior cingulate cortex,
right amygdala and parahippocampal gyrus suggesting an impairment of dopaminergic

transmission in mesocortical and mesolimbic pathways in FOG+ compared to FOG- patients. In
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contrast to the observed univariate deficit, we found no hints for nigrostriatal deficits using this

method.

In accordance with our data, previous literature stated that reduced dopaminergic function in the
orbitofrontal cortex as a part of the mesolimbic pathway contributes to gait disturbances in PD78,
and impaired activity of mesolimbic areas has been reported in freezers, especially in episodes of
increased cognitive load34. Moreover, resulting clusters cover parts of the DMN as well, which
corresponds well with the reported functional connectivity dysregulation between the VTA and
DMN regions, providing further evidence for DMN dysregulation as a consequence of loss of
mesocortical dopaminergic pathway integrity. Being strongly associated with frontal functionse,
respectively motivation, and the translation into action®’, impairment of these regions fits well

into the cognitive and response conflict model of FOG pathophysiology!251.88,

The present findings of reduced dopaminergic signaling and the concomitant alterations in
functional connectivity on a network level, provide a possible explanation why FOG mostly
responds to dopaminergic therapy®?. Since all imaging procedures in the current study were
performed in the OFF-state, neurobiological correlates exclusively represent dysregulations
observed in freezers in the absence of dopaminergic medication. According to recently published
articles, future investigations should consider clear distinctions between levodopa-responsive
and nonresponsive FOG as well as levodopa-induced FOG, which have been postulated as separate
clinical subtypes and suspected to represent distinct pathophysiological entities?. Although
levodopa-responsive OFF freezing has been reported as the most common form??, which is likely
to predominate in the current cohort, further investigations should include consecutive imaging
sessions and clinical examinations with levodopa challenges to provide detailed insights into
pathophysiology of freezing subtypes. A more comprehensive view of different subtypes with
multimodal imaging could ultimately promote optimized therapy and reduce concomitant events

such as falls in freezers.

4.4 Limitations

The primary limitations comprise the classification of patients into freezers and non-freezers via
a questionnaire and the associated uncertainty of a self-reporting system compared to clinical
evaluation of freezing episodes. As FOG status is defined based on a single FOG-Q item, FOG-
severity can only be considered as an adequate measure of this clinical phenomenon in FOG+
patients. High FOG-Q total-scores in FOG- patients may be confounded by comorbidities such as
arthrosis. Nevertheless, FOG-Q-scores can be interpreted as a measure of gait impairment even in
non-freezers, which is supported by a positive correlation of PGS and FOG-Q-score. Since all

imaging procedures were performed in the OFF-state, the described results are likely to reflect
13



the phenomenon of OFF-freezing. The effect of levodopa was not formally addressed by levodopa
challenge and measures of FOG in ON and OFF condition. An inference on levodopa-induced ON-
freezing, possibly driven by additional impairments in glutamatergic and cholinergic systems92, is
therefore beyond the scope of this study. To further elucidate its pathophysiology, future studies
should include separate analysis of freezing subtypes. The fact that no direct deficit in cognitive
and visuospatial performance could be shown in the FOG+ group compared to the FOG- group
could be related to the exclusion of advanced disease stages. Nevertheless, the direct relationship
between FOG severity and both parameters shows that the individual expression of both global
cognition and visuospatial abilities are contributing factors of freezing of gait. Due to using
averaged FDOPA-PET scans rather than time-series, MC analyses can solely be conducted on a
group level, preventing the possibility to obtain connectivity values on a single subject level in
contrast to functional connectivity measurements in rs-fMRI. Finally, the data-driven and a priori
defined seed selection applied in the current study prevented the identification of other networks
that might also contribute to freezing. More comprehensive insights could be gained if other
neurotransmitter systems are integrated into the imaging analysis, as the dopaminergic system

may not be the only system involved?9293.

5. CONCLUSION

In conclusion, our data provide evidence for reduced dopamine metabolism in the caudate nucleus
and reduced covariance in mesolimbic and mesocortical pathways in PD patients with FOG. The
impaired dopamine signaling in these regions apparently leads to a modulation of functional
coupling via subcortical-cortical loops, thereby contributing to clinical gait disturbances. To the
best of our knowledge this is the first study to multimodally assess dopaminergic pathways in FOG
and analyze their influence on functional connectivity via combining FDOPA-PET and rs-fMRI
Furthermore, MC in the form of covariance of DU has first been applied to PD patients with FOG
as a novel method to demonstrate dopaminergic pathway integrity. In essence, our data provide
further inside in how the combination of different imaging techniques can help to understand the

underlying mechanisms of freezing and its responsiveness to dopaminergic therapy.
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7. FIGURE LEGENDS

Figure. 1: Schematic representation of the workflow of molecular connectivity and resting-state
functional connectivity analyses applied to FDOPA-PET scans and fMRI scans of FOG+ and FOG-
patients in the current study. Initially, a group comparison of FDOPA-PET scans was performed
between FOG+ and FOG- patients, which revealed more profound dopaminergic deficits in FOG+
patients. Seed regions of interest (ROIs) for subsequently performed functional connectivity
analyses were placed based on the hypodopaminergic regions or represented atlas-based
definitions of dopaminergic midbrain nuclei. Mean tracer uptake of regions constituting the
mesocorticolimbic system (AALv3) was extracted from normalized FDOPA-PET scans and ROI-
wise correlations were calculated between the seed ROI's tracer uptake and every other ROI to
obtain covariant dopaminergic pathways. Resulting correlations were compared between FOG+
and FOG- patients by fisher’s z test to evaluate impairments in dopaminergic pathway integrity in
FOG. Significant differences in correlation coefficients were visualized by a connectogram.
Similarly, mean BOLD time series were extracted from defined seed ROIs for each subject and
voxel-wise correlations were examined and compared between both patient groups for the whole

brain.

Figure 2 (A) Results of voxel-wise two-sample t-test of FDOPA-PET with the contrast FOG+<FOG-
(prwe<0.05). FOG+ patients display lower dopamine metabolism in the left caudate nucleus.
Coordinates in respective planes are displayed above. (B) Multiple boxplots with group
comparisons of BPq in the left caudate between FOG+ and FOG- patients in left- respectively right-
lateralized individuals. * indicate significance at p< 0.05 in Welch'’s t-test. (C) Boxplot with group

comparison of BPgq in the left caudate between left and right lateralized FOG+ patients.

Figure 3 Connectogram with atlas based ROIS (AALv3) of mesocortical and mesolimbic dopamine
pathways with the bilateral ventral tegmental area as seed volume. Solely the significantly
reduced interregional correlations in FOG+ compared to FOG- are displayed (p-values after FDR-
correction for multiple testing). Differences in z-values after Fisher’s z-test are indicated by color
scale, lower values indicate higher impairment of connectivity in FOG+. Abbreviations: L/R:
left/right, ACC: anterior cingulate cortex, ACC: anterior cingulate cortex, MCC: mid cingulate
cortex, PCC; posterior cingulate cortex, HIP: hippocampus, PHG: parahippocampal gyrus, AMYG:
amygdala, NAcc: nucleus accumbens, SFG: dorsolateral superior frontal gyrus, SFGmed: medial
superior frontal gyrus, PFCventmed: ventromedial prefrontal gyrus, IFGorb: orbital inferior

frontal gyrus, OFC: orbitofrontal cortex.

Figure 4 Results of rs-fMRI analysis with the applied contrast FOG+<FOG- (prwe<0.05). (A)

Increased functional connectivity between left caudate nucleus and bilateral visual cortex, and (B)
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increased functional connectivity between bilateral VTA and bilateral precuneus, bilateral

superior lateral occipital cortex and right superior frontal gyrus was observed in freezers.
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Supplements:

Supplementary Figure: Results of voxel-wise two-sample t-test of DOPA PET with the contrast FOG+<FOG- (uncorr
p<0.001) with small volume correction for midbrain. The right cluster narrowly missed the FWE threshold and
overlapped with the VTA altas ROI from AAL (MNI 4/-20/-22, T= 3.83, k=18, prwe=0.085, puncorr<0.001). The smaller
left cluster was located more ventrally and was not unanimously assignable to a specific midbrain nucleus (MNI -8/-
16/-22, T=3.54, k=10, prwe=0.108, puncorr=0.001).



Supplementary Table 1: Demographic and Clinical Data FDOPA subgroup

FOG+ FOG- p-value Test statistic
n=21 n=23
Age [years] 68.4 66.2 0.388 t=0.87
Sexm/f 13/8 14/9 0.944 X2=0.01
Laterality (right/left/equal) 6/14/1 11/10/2 0.304 X2=2.38
Disease duration [years] 49+3.6 43+3.2 0.731 W=256.5
FOG-severity 10.6 £ 4.7 22+1.6 <0.001 W=479.5
UPDRS-III 27.6+9.2 224+74 0.130 W=306.0
PGS 2920 1.3+15 0.005 W=360.5
BDI-II 10.6 £ 4.7 8.7+70 0.087 W=314.5
PDQ39 23.8+11.1 20.5+19.7 0.060 W=322.0
Hoehn & Yahr 24+04 24+04 0.213 W=289.5
LEDD [mg] 485 + 289 422 +236 0.285 W=287.5
Levodopa response 03+0.1 03+0.1 0.552 t=-0.57

Neuropsychological Data FDOPA subgroup

MMST 288+1.1 28.0+2.3 0.535 W=267.5
PANDA 241+45 22.2+56 0.305 W=285.5
executive Z-score -0.06 0.6 -0.21+0.6 0.689 W=259.0
memory Z-score -0.22+£1.2 -0.52+1.2 0.246 W=291.0
attention Z-score -0.18£0.79 -0.29+£0.72 0.715 t=-0.49
language Z-score 0.41+0.67 0.15 +0.65 0.086 W=315.0
visuo-spatial Z-score 0.03+£0.9 -0.73£1.2 0.032 W=331.0
global cognition Z-score -0.02 £ 0.46 -0.34+0.5 0.026 W=337.0

Numeric variables are shown as mean # standard deviation. Group comparisons were calculated using Welch’s t-test or
Wilcoxon-test. Nominal variables were compared by Chi-squared test. Levodopa response is defined as ratio of UPDRS
in OFF and ON state. Abbreviations: LEDD: Levodopa equivalent daily dose, PDQ39: Parkinson’s Disease Questionnaire
39, PANDA: Parkinson’s Neuropsychometric Dementia Assessment, MMST: Mini-Mental Status Examination, UPDRS:

Unified Parkinson’s Disease Rating Scale, PGS: Postural-Gait-Score



Supplementary Table 2: Masks for small volume correction

Masks AAL v3 Regions
Striatum / Nigrostriatal Caudate_R, Caudate_L, Striatum_R, Striatum_L, Pallidum_L, Pallidum_R
Mesolimbic Hippocampus_R, Hippocampus_L, ParaHippocampal_R, ParaHippocampal_L,

Amygdala_R, Amygdala_L, Cingulum_Ant_R, Cingulum_Ant_L, Cingulum_Mid_R,
Cingulum_Mid_ L, Cingulum_Post_R,Cingulum_Post_L, NAcc_L, NAcc_R

Mesocortical Frontal_Sup_R, Frontal_Sup_L, Frontal_Sup_Medial_R, Frontal_Sup_Medial_L,
Frontal_Sup_Orb_R, Frontal_Sup_Orb_L, Frontal Mid_Orb_R, Frontal_Mid_Orb_R,
OFC_R, OFC_L (OFCmed, OFCant, OFCpost, OFClat)




