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RESUME 

Objectif 

La maladie de Parkinson pourrait s’accompagner d’un dysfonctionnement de la 
perfusion cérébrale partiellement compensé par l’administration de L-Dopa selon 
certaines études en écho-Doppler transcrânien. Or, il serait intéressant de pouvoir 
identifier et cartographier de telles anomalies pour mieux comprendre la 
physiopathologie de la maladie, mieux la diagnostiquer et corriger un éventuel biais 
de confusion en imagerie fonctionnelle cérébrale basée sur le couplage 
neurovasculaire, telle que l’IRM fonctionnelle. Nous avons identifié récemment de 
telles anomalies dans la maladie d’Alzheimer. 

L’objectif de ce travail est de cartographier d’éventuelles altérations fonctionnelles de 
la perfusion par une étude de la vasoréactivité cérébrale à l’hypercapnie en IRM 
fonctionnelle dans la maladie de Parkinson avant et après administration de L-DOPA. 

Méthode 

Etude prospective comparative sur 20 patients pris en charge pour une maladie de 
Parkinson idiopathique avant et après administration de L-Dopa (120% de la dose 
thérapeutique) et 10 sujets sains appariés, en IRM fonctionnelle BOLD à 3T lors d’un 
stimulus hypercapnique par inhalation de carbogène, un mélange gazeux de 7% de 
CO2 et 93% d’O2. 

Analyse des images par le logiciel SPM8 avec un régresseur dédié et un modèle à 
effets aléatoires avec correction pour comparaisons multiples.  

Résultats 

Le stimulus hypercapnique par inhalation de carbogène n’a pas eu d’effet indésirable. 
Parmi les sujets, 10 patients et 2 volontaires sains ont été exclus à cause d’un 
protocole incomplet, d’un stimulus inapproprié ou de mouvements excessifs, laissant 
10 patients et 8 volontaires sains à analyser. 

L’hypercapnie a augmenté le signal BOLD de l’ensemble du cerveau de (moyenne ± 
erreur standard) 1,48 ± 0,06% chez les sujets sains, 1,59 ± 0,05% chez les patients 
OFF et 1,62 % ± 0,09% chez les patients ON. Dans la substance grise, le signal a 
augmenté de 2,60 ± 0,16% chez les sujets sains, 2,89% ± 0,21% chez les patients 
OFF et 2,87 ± 0,12 % chez les patients ON. 

Aucune différence globale ou régionale significative n’a été détectée en comparant 
les patients OFF et ON ainsi qu’entre les patients et les sujets sains. 

Conclusion 

Nos résultats montrent l’absence d’altération de la vasoréactivité cérébrale à 
l’hypercapnie dans la maladie de Parkinson avant et après administration de L-DOPA.  

Ce résultat négatif montre l’absence d’anomalie fonctionnelle de la perfusion 
cérébrale susceptible de confondre l’interprétation des résultats en IRM fonctionnelle 
BOLD. Une vasoréactivité cérébrale normale pourrait constituer un élément du 
diagnostic de la maladie de Parkinson susceptible de la distinguer d’autres 
syndromes extra-pyramidaux tels que le parkinsonisme vasculaire. 
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ABSTRACT 

Purpose 

To study cerebral vasoreactivity to hypercapnia in Parkinson's disease before and 

after L-DOPA administration. 

Methods 

The prospective study was conducted in 20 patients presenting with Parkinson's 

disease, using 3T blood oxygenation level-dependent functional magnetic resonance 

imaging (fMRI) covering the whole brain. The hypercapnic stimulus was block-

designed using carbogen inhalation, a gas mixture of 7% CO2 and 93% O2, before 

(OFF) and 60 minutes after administration of a suprathreshold (120%) therapeutic L-

Dopa dose (ON). Ten age-matched controls were enrolled for between-group 

comparisons. Analyses were conducted with a random effects model and corrected 

for multiple comparisons.  

Results 

No adverse reaction to the hypercapnic stimulus was reported. However, 10 patients 

and 2 controls were excluded because of incomplete protocol realization, 

inappropriate hypercapnic stimulus, or excessive movements, leaving 10 patients 

and 8 controls for further analyses. The hypercapnic stimulus increased whole brain 

BOLD signal of 1.48±0.06% (mean ± standard error) in controls, 1.59±0.05% in 

patients OFF, and 1.62±0.09% in patients ON. Regions of interest analyses showed 

a signal increase in the grey matter of 2.60±0.16% in controls, 2.89±0.21% in 

patients OFF, and 2.87±0.12% in patients ON. No global or regional significant 

difference was detected when comparing patients OFF and ON L-Dopa, or between 

patients and controls. 

Conclusion 

Contrary to Alzheimer’s disease, the vasoreactivity to hypercapnia was normal in 

Parkinson’s disease before and after L-Dopa administration compared to controls. 

This negative result is an important finding, especially for neuroscientists using fMRI 

to investigate motricity and cognition, discarding a significant confounding effect. 
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INTRODUCTION 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder responsible 

for the second cause of motor disability in elderly after stroke. Rare before 50 years-

old, the prevalence increases with age from 1 to 4% over 801. The disease is 

responsible of motor disorders such as bradykinesia, rigidity, postural instability, rest 

tremor, as well as cognitive impairments. The loss of nigro-striatal dopaminergic 

neurons located in the substancia nigra pars compacta is a widely accepted 

connection with the motor symptom appearance2. Motor symptoms are initially 

responsive to levodopa (L-Dopa), that enables to increase dopamine levels in the 

basal ganglia. This drug is used for 40 years in PD therapy and is still the most 

efficient. However as neuronal loss progresses, the “honey moon” gets over and 

patients frequently develop drug-induced dyskinesias while treatment fluctuations 

alternate between ON and OFF motor phases3. 

 

Although PD pathophysiology has been investigated for years, much remains 

unclear. Several neurodegenerative diseases, previously considered to result from 

neuronal defects only, have been linked to structural and functional vascular 

disorders, such as in Alzheimer’s disease (AD)4,5 and PD6,7. In patients with PD, 

comorbid cerebrovascular disease has been advocated on clinical and radiological 

data6,7. A recent study showed a wide-spread hypoperfusion of the cortex and the 

caudate nucleus8. Animal studies have shown abnormal vessel growth and altered 

brain-blood barrier permeability in the basal ganglia vasculature9. Experimental 

studies have also shown the direct link between dopamine, cerebrovascular tone, 

and angiogenic response according to the dopamine receptor class10,11.  

In PD and besides basal perfusion changes, orthostatic hypotension and syncope 

are frequent, suggesting functional disorders of the brain perfusion12. To investigate 

vascular function, several stimuli may elicit vasomotricity via 3 main properties: 1) 

neural activity triggers the neurovascular coupling that increases brain perfusion; 2) 

perfusion pressure triggers autoregulation to maintain perfusion constant; 3), and 

circulating gases trigger cerebral vasoreactivity (CVR). In fact, arteriolar hypercapnia 

induced by apnea, CO2 inhalation or acetazolamide administration is a powerful 

cerebral vasodilator13. Thus, hypercapnic challenges have been used to estimate 

cerebrovascular function, although CVR was tested, only. In PD, potential functional 

cerebrovascular disorders have been recently investigated using transcranial Doppler 



15 
 

(TCD)14-16. Inconstant results emerged from these studies, although decreased 

vasomotor responses could be detected, partially improved after L-DOPA 

administration15. Such inconsistencies could be due to the methodological limitations 

of TCD, including a strong dependence on the operator expertise. Moreover, TCD 

estimates a global parameter and is not a brain imaging technique able to depict 

potential regional changes such as within the basal ganglia. Contrary to TCD which is 

restricted to proximal arteries, functional MRI (fMRI) to vasomotor challenges is used 

to investigate functional changes of parenchymal perfusion.  

Based on blood oxygenation level dependent (BOLD) contrast, fMRI has become a 

popular neuroimaging technique used to map oxygenation and perfusion changes 

related to neural activity via the neurovascular coupling17. A fast imaging sequence 

sensitive to deoxyhemoglobin concentration is performed to measure temporal signal 

changes while a controlled stimulus is applied. This approach has been further used 

to monitor BOLD signal changes, and indirectly perfusion, during other vasomotor 

stimuli such as hypercapnia to study CVR. Initially, this method was used to identify 

potential neurovascular coupling impairment in false negative results17-20. This 

technique has been further used to identify CVR abnormalities in steno-occlusive 

disease21,22 and in AD23,24. 

 

Therefore, we aimed at evaluating the cerebral vasoreactivity to hypercapnia before 

(OFF) and after (ON) L-Dopa administration using fMRI, in order to identify regional 

impairments of perfusion function in PD patients. Such information could be 

considered as a potential vasomotor confound in cognitive neuroscience when using 

fMRI and as a diagnosis marker that could be further tested in clinical practice. 
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SUBJECTS AND METHODS 

 

Subjects 

Twenty right-handed patients with PD were prospectively recruited in the 

Neurological wards of Grenoble (n = 14) and Lyon (n = 6) University Hospitals. All 

patients fulfilled the UK Parkinson’s disease Brain Bank Criteria25 for the diagnosis of 

idiopathic PD and presented with predominant akinetic-rigid symptoms, without 

invalidating motor fluctuations caused by the prolonged use of dopaminergic 

treatments. Right-handedness was assessed according to the Edinburgh 

Handedness Inventory26. The study was approved by the Grenoble University 

Hospital Ethics Committee, and according to the Declaration of Helsinki. Patients 

were included after providing a written informed consent. 

 

All patients were studied first without medication (OFF), and then with anti-

Parkinsonian drugs (ON), during two consecutive sessions of one hour duration each. 

For the OFF condition, patients were scanned after a whole overnight fast, i.e. at 

least 12 hours of PD treatment withdrawal. The ON medication fMRI session was 

carried out 60 minutes after administration of a suprathreshold dose of L-dopa (120% 

of the usual morning dose). The patients’ global motor disability was assessed before 

each fMRI session, using the motor section of the Unified Parkinson’s Disease Rating 

Scale (UPDRS, part III). Only patients with mild to moderate symptoms (without or 

with little tremor in the OFF state, and without any dyskinesia in the ON state) were 

included in this study, in order to make sure that their symptoms would not 

compromise image quality. All patients were free of stroke history.  

 

For the purpose of a comparison between PD patients and a normal state, 10 age-

and-sex matched right-handed healthy controls were also enrolled in the study.  
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MR imaging protocol 

Image acquisitions were performed on a 3T whole-body MR scanner (Bruker® 

Medspec S300) equipped with an emitting/receiving head coil. MR images were 

acquired parallel to the anterior commissure–posterior commissure (AC–PC) plane. 

Anatomical imaging 

T1-weighted 3D magnetization prepared rapid acquisition gradient echo (MP-RAGE) 

images of the whole brain were acquired (time of repetition (TR)/time of echo 

(TE)/time of inversion (TI)/flip angle (α): 2500ms/3.89ms/900ms/8°; field of view 

(FOV)=256x224x176mm3; voxel size=1.33x1.75x1.375 mm3). 

Functional imaging 

Data acquisition was performed using single-shot gradient-echo echo-planar-imaging 

(GE/EPI) T2* weighted-images (WI), covering the whole brain (TR/TE/α: 

3000ms/30ms/77°; FOV: 216x216 mm2; matrix size 72 x 72, voxel size=3x3x3,2 mm3; 

40 slices; no gap; number of dynamic scans: 240). 

Cerebral vasoreactivity was estimated using the BOLD response to carbogen 

inhalation, a gas mixture of CO2 (7%) and O2 (93%). This task was block-designed 

and consisted of 3 cycles of alternating inhalation of air (60s), carbogen (120s), and 

air (60 s) for a total duration of 12 min. Gas administration was achieved using a 

nasal canula at 6 l/min (Jiang et al., 2010).  

Functional data analysis 

The data was processed offline in MATLAB® with SPM8 software (Wellcome 

Department of Cognitive Neurology, UK). Preprocessing steps included in-plane 

motion correction, realignment, spatial normalization to the Montreal Neurologic 

Institute T1-weighted template, and spatial smoothing with a 12-mm Gaussian kernel. 

Gray and white matters were segmented and a gray matter mask was constructed by 

thresholding the individual smoothed gray matter maps.  

First level analyses were conducted on BOLD responses to hypercapnia using the 

general linear model with a dedicated regressor18. This stimulus increases the arterial 

PCO2 by 4.8 mm Hg, and arterial PO2 increased by 51.2 mm Hg, without significant 

change of heart pulse and respiratory frequency.  
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Contrasts between the air and carbogen conditions were then introduced within 

second-level analyses using t-tests. Only cerebral areas whose probabilities survived 

to the pFWE-corrected < 0.05 statistical threshold, at the voxel level, were retained. Only 

activation foci for which the number of voxels was equal or superior at k=10 were 

considered. The regional BOLD signal amplitudes were further analyzed using 

regions of interest (ROI) in the frontal, parietal, temporal and occipital lobes, the 

cingulum, the insula, the striatum and the thalamus. ROIs were chosen by combining 

the regions from the AAL package in SPM. 

 

Statistical analyses 

Statistical analyses were processed using SPSS 18.0®. Statistical significance was 

set at p<0.05. In patients, pairwise comparison between OFF and ON medication 

UPDRS scores was carried out using a paired t-test to evaluate the clinical impact of 

the treatment.  

ROIs analyses were conducted using ANOVAs with repeated measures. In controls, 

an ANOVA was carried out to test for main effects of the ROI location (factor “ROI”), 

the hemispheric side (factor “SIDE”), and the interaction “ROIxSIDE”. In patients, an 

ANOVA was conducted to test for the main effects of the L-DOPA administration 

(factor “DOPA”), ROI, and SIDE with all interactions. Intergroup comparisons 

between controls and patients OFF and ON conditions were conducted separately to 

identify a main effect of the pathological condition. Post-hoc tests corrected for 

multiple comparisons were conducted when a main effect or an interaction was 

detected. Correlations between ROI values and clinical parameters were studied by 

Pearson tests. 
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RESULTS 

Among the 20 enrolled patients, 10 patients were excluded because of: 1°) excessive 

movements (n=7), inappropriate hypercapnic stimulus (n=2), 2°) sleeping during 

examination (n=1), leaving 10 patients for further analyses (2 women, 8 men; age 

range: 44–67 years, mean: 58.27.0 years). Mean disease duration was 7.83.6 

years. L-Dopa administration improved the motor score of the UPDRS significantly 

(p<0.001) (Table 1).  

Among the 10 healthy controls recruited in the study, 2 subjects were excluded 

because of excessive movements or inappropriate hypercapnic stimulus, leaving 8 

controls for further analyses (2 women, 6 men; age range: 48–69 years, mean: 

61.96.4 years). No significant age difference was detected among the selected 

subjects. 

No side effect, including anxiety, was reported during and after hypercapnia.  

Seven patients out of 20 were excluded because of excessive head motion with a 

movement amplitude superior to half of the voxel dimension. Because patients were 

scanned twice (OFF and ON conditions), the exclusion rate was 17.5% (7 out of 40 

examinations). This rate was similar to controls’ rate of 20 % (2 out of 10 

examinations). Thus, the pathological condition did not increase the exclusion rate. 

BOLD response in healthy subjects 

Carbogen inhalation elicited a whole brain BOLD response, predominant in gray 

matter in all subjects. The mean amplitude of the BOLD signal detected in the brain 

and calculated by comparing steady states of air and hypercapnic inhalation during 

the last minute of the stimuli was mean±standard error=1.48±0.06% (Figure 1). In 

segmented gray matter, BOLD signal increase was 2.60±0.16%. The ANOVA 

detected a main effect of ROI (p<0.001), mostly due to significant increase of CVR in 

the thalamus and the occipital lobes compared to the striatum and the insula (Figures 

2,3). No main effect of SIDE and no interaction ROIxSIDE were detected. 

BOLD response in patients 

In patients, mean amplitudes of whole brain BOLD signal change were 1.59±0.05% 

and 1.62±0.09% before and after L-Dopa administration, respectively. Time courses 

of the whole brain BOLD signal were similar to the controls under OFF and ON 

conditions (Figure 1). In segmented gray matter, BOLD signal increases were 
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2.89±0.21% in patients OFF, and 2.87±0.12% in patients ON. The ANOVA detected 

a main effect of ROI (p<0.001) with similar regional differences to controls (Figures 2 

and 3). No main effect of SIDE or DOPA was detected. No interaction between ROI, 

SIDE, and DOPA was detected. 

No correlation between the BOLD signal amplitude and the UPDRS, the age, or the 

disease duration was detected OFF and ON medication. No correlation was found 

between the same previous parameters and the L-Dopa equivalent dose.  

Comparisons between controls and patients 

No main effect of the pathological condition could be identified, neither interaction 

between groups, SIDE or ROI. Although, CVR was higher in patients in the thalamus 

and the occipital lobes, no significant change between groups could be detected 

because of the interindividual variability (Figure 2). 
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DISCUSSION 

In order to identify functional impairment of cerebral vasoreactivity (CVR) in PD 

before and after L-Dopa administration, we conducted a BOLD fMRI study using a 

hypercapnic challenge. Although no adverse reaction to the stimulus was detected, 

excessive head movements or inappropriate stimulus led to exclude half of the 

patients and a quarter of the controls. No difference of CVR was detected between 

controls and patients before or after L-Dopa, even in the basal ganglia. Despite 

methodological limitations, this is the first study to our knowledge that used fMRI to 

investigate CVR in PD and the potential effect of L-Dopa on the BOLD signal. 

 

The negative results are in line with a previous study using transcranial Doppler 

(TCD) after acetazolamide in PD patients (3 hours OFF medication)14. In a TCD 

study, abnormal CVR to hypercapnia was detected in 34% of patients only (3h OFF 

medication), without any relationship with the occurrence of orthostatic 

hypotension16. However, a TCD study on cerebral autoregulation to perfusion 

pressure using a thigh cuff release test showed decrease responses in PD, without 

any difference between OFF and ON medications15. This discrepancy could be 

explained by a 9 years older population although no correlation neither with the age 

nor the disease duration could be detected and a weaker improvement of the UPDRS 

after medication. In our study, no patient had a stroke history, silent infarct, or severe 

microangiopathy on MRI. In fact, TCD and fMRI explore different vascular 

compartments with different parameters. Whereas TCD records the velocity of 

proximal portion of major intracranial arteries regulated by the extrinsic innervation 

under sympathetic/parasympathetic balance, fMRI measures changes of the 

parenchyma arterioles and the neurovascular units regulated by the intrinsic 

innervation, including dopaminergic innervation13. TCD provides quantitative 

measures and remains operator dependent whereas fMRI to hypercapnia provides a 

semi-quantitative measure correlated to the cerebral blood flow27 and remains mostly 

dependent of the subject cooperation. Thus, fMRI may allow testing parenchymal 

vasomotor properties more directly than TCD, and especially potential dopamine 

effects. 
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Because dopamine modulates the vascular tone, perfusion changes have been 

detected in animals experimentally. Dopamine receptors have opposite effects. In 

rats, the activation of D1/D5 receptors located in the frontoparietal cortex, striatum, 

and thalamus elicits vasodilation and hyperperfusion. In contrast, the activation of 

D2/D3 receptors located in the striatum elicits vasoconstriction and hypoperfusion10. 

In patients, dopamine depletion might explain wide-spread cortical hypoperfusion in 

prefrontal areas, dorsal premotor cortex, pre-SMA, posterior parietal cortex, and 

occipitoparietal areas although no change was detected in the basal ganglia nuclei 

and the thalamus8. After L-Dopa administration, CBF increases in the 

putamen/globus pallidus, dorsal midbrain/pons, subthalamic nucleus and ventral 

thalamus, revealing the vasodilator effect of treatment in these regions28. 

 

The basal perfusion influences the magnitude and the dynamics of the BOLD signal. 

In the case of basal hypoperfusion, the amplitude of the BOLD response increases 

and the slope is steep. In case of basal hyperperfusion, the amplitude of the BOLD 

response decreases and the slope dampened29. Thus, we might have expected 

increased BOLD response in most cortical area in patients OFF medication, and then 

normalization after L-Dopa administration. In such case, regional disorders could 

have been a potential imaging biomarker for PD diagnosis. This negative result may 

suggest the little effect of small basal perfusion changes of the BOLD response to 

hypercapnia. Indeed, global vasodilatation may account for a decrease of 0.15% of a 

neural-related BOLD response30. Although the neurovascular coupling is a different 

functional property of the arterioles that relies on different biomolecular interactions, 

the amplitude of both BOLD responses is roughly similar30. This similarity has been 

previously used to identify hemodynamics confounds in stroke fMRI19,20 and 

presurgical mapping in neurooncology17,18. The main difference between these two 

stimuli is the dynamics of the BOLD response with a plateau reached after 5-10 

seconds after a neural stimulus, and after 30-60 seconds after hypercapnia18,23.  

 

Although we could not measure cerebral perfusion simultaneously in this experiment, 

the potential basal perfusion modulation might have not significantly change the 

results, mainly because of the important variability of the CVR measure using fMRI. 

Considering the physiological differences between neurovascular coupling and 
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vasoreactivity, this negative result would argue for the absence of major 

hemodynamic confounds in fMRI studies conducted in patients with PD, before and 

after L-Dopa administration31-33. However, one may not exclude that our negative 

results might be due to a potential long duration response to L-Dopa of the vascular 

system. Then, the reproducibility of our findings should advantageously be estimated 

using an additional group of truly unmedicated patients after a washout delay of 

several days instead of an overnight to avoid long duration response to L-Dopa34. 

This approach has been previously used in cognitive fMRI study to better estimate 

BOLD signal changes to the ON and OFF conditions35. 

 

Despite pathophysiological and clinical differences, Alzheimer’s and Parkinson’s 

diseases are both considered as neurodegenerative disorders. Using a similar 

method to estimate CVR with BOLD fMRI to hypercapnia, we identified a broad 

impaired CVR in AD and in patients with mild cognitive impairment23. In AD, the CVR 

was correlated with the cognitive status and the hippocampal atrophy. The effect of 

the Alzheimer’s disease was so significant, that individual maps of patients were 

easily distinguishable from matched controls. Here, no difference could help to 

identify the effect of the Parkinson’s disease or of the L-Dopa administration. Thus, a 

normal parenchymal CVR could be a radiological marker of idiopathic PD when 

compared to other parkinsonisms, such as vascular parkinsonism (VP). Indeed, VP is 

an ill-defined disease without generally accepted diagnostic criteria. Besides gait 

disturbance and less responsiveness to L-Dopa, vascular lesions of the brain were 

almost constant12. However, such microangiopathy is so common in elderly, AD and 

even in PD, that it could hardly be used as a diagnosis marker without further 

specification. In VP, the severity and the location of the vascular lesions may suggest 

a causal relationship with basal ganglia disorders and clinical symptoms. Then, 

impaired perfusion function or basal perfusion might affect the metabolism and the 

anatomical integrity of particular neuronal populations. It could be interesting for 

diagnostic and pathophysiological purposes to investigate regional difference of 

basal brain perfusion and CVR in patients with PD, patients with VP, and patients 

with similar micrangiopathy without parkinsonism. 
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These negative results suggest the absence of significant functional vascular 

disorder that may confound BOLD fMRI results in PD, even after L-Dopa 

administration contrary to stroke, brain tumor, and Alzheimer’s disease. Indeed, 

these results emphasize the importance of the cerebrovascular dysfunction in 

Alzheimer’s disease as previously reported. It could also be suggested that CVR 

fMRI may provide imaging information to distinguish Parkinson’s disease from 

vascular parkinsonism. 
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TABLE 

Table 1 Patients characteristics  

Patient 

number 

Gender 

M/F 

Age 

(years) 

Disease 

duration 

(years) 

UPDRS 

OFF/ON 

(score/108) 

L-DOPA 

equivalent 

dose (mg) 

1 F 44 2 13/5 550 

2 M 61 4 43/14 2000 

3 M 58 8 28/11 910 

4 F 58 14 28/10 600 

5 M 66 8 25/7 500 

6 M 67 5 36/7 300 

7 M 55 8 32/5 400 

8 M 51 8 37/3 350 

9 M 58 9 40/8 200 

10 M 64 12 36/10 350 

mean  58.2 7.8 31.8/8.0 616 
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FIGURES 

Figure 1 

 

Mean whole-brain BOLD signal changes (bold lines) ± standard error (thin lines) 

during carbogen inhalation in controls (red line), patients before (green line) and after 

L-Dopa administration (blue line). The three-block paradigm was averaged over one-

block. No significant difference in signal amplitude and dynamics could be detected 

across groups. 
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Figure 2 

 

Mean regional amplitude of the BOLD signal changes in the grey matter ± standard 

deviation during carbogen inhalation in controls (red bar), patients before (green bar) 

and after L-Dopa administration (blue bar). Despite CVR was higher in patients in the 

thalamus and the occipital lobes, no significant change could be detected because of 

the interindividual variability. 
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Figure 3 

 

Maps of mean amplitude of the BOLD signal increase during hypercapnia (% color 

bar) across groups show similar regional changes. 

 

 

 

Ce travail a été soumis à publication sous le titre : “Cerebral vasoreactivity is normal 
in Parkinson’s disease before and after L-Dopa” par A. Krainik, A. Maillet, V. Fleury, 
M. Sahin, I. Tropres, L. Lamalle, S. Thobois, V. Fraix, M. Villien, J. Warnking, P. 
Pollak, S. Pinto, P. Krack 

Il est actuellement en cours de révision dans la revue Movement Disorders. 
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