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Background: Walking becomes more and more degraded as Parkinson's Disese (PD)
progresses. Previous research examined factors contribirig to this deterioration. Among
them, changes in brain cortical activity during walking hav been less studied in this
clinical population.

Objectives: This study aimed to: (1) investigate changes in dorsolatelrprefrontal cortex
(DLPFC) activation during usual walking and dual-task watlg conditions in patients
with PD; (2) examine the association between cortical acity and behavioral/cognitive
outcomes; and (3) explore which factors best predict incresed activation of the DLPFC
during usual walking.

Methods:  Eighteen patients with early stage PD and 18 controls perfared 4
conditions: (1) standing while subtracting, (2) usual wailkg, (3) walking while counting
forward, and (4) walking while subtracting. Cortical actity in DLPFC, assessed by
changes in oxy-hemoglobin { HbO,) and deoxy-hemoglobin { HbR), was measured
using functional near infrared spectroscopy (fNIRS). Gafierformance was recorded
using wearables sensors. Cognition was also assessed usingeuropsychological tests,
including the Trail Making Test (TMT).

Results: DLPFC activity was higher in patients compared to controls aring both
usual walking and walking while subtracting conditions. Piéents had impaired walking
performance compared to controls only during walking whilesubtracting task.
Moderate-to-strong correlations betweenl HbO, and coef cients of variation of all gait
parameters were found for usual walking and during walking kile counting forward
conditions. Part-B of TMT predicted 21% of the variance ol HbO, during usual walking
after adjustment for group status.
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Conclusions: The increased DLPFC activity in patients during usual wallg suggests a
potential compensation for executive de cits. Understanéhg changes in DLPFC activity
during walking may have implications for rehabilitation @fait in patients with PD.

Keywords: Parkinson's disease, fNIRS, walking, cognition, dual-task walking, gait

INTRODUCTION To date, few studies have explored cortical activity during
walking in patients with PD, using fNIRS5,(11-18). Some
Walking in everyday life may be a complex task for individualsstudies reported both Hb® and HbR (L2 and only one
with Parkinson's Disease (PD). Patients with PD have gaiétudy used reference channels to correct for super cial
problems, such as reduced gait speed and step lerigthhat  hemodynamic interferenced ). Furthermore, the associations
worsen as the disease progresses. These gait problems rBa¥veen neurophysiological and behavioral outcomes during
be exacerbated during dual-task (DT) Walklng Combining botmsua| and DT Wa|k|ng tasks were p00r|y understod(g)(in
motor and cognitive activities. This may lead to a highekieé  patients with PD 20, 21). Under challenging tasks [e.g., obstacle
falls ), reduced mobility and quality of life3). negotiation 0) or DT walking while subtracting 12, 14)],
Previous studies have investigated behavioral (e.g.jto@®n patients showed an increased activation of prefrontal cortex
motor) and neurophysiological measures [e.g., functiona}pFC) that may a ect walking performance. An explanation to
magnetic resonance imagery (fMRI), electroencephalographyiis increased activation in the PFC could be that basal gang|
(EEG)] that could predict impaired walking or falls risk in dysfunction leads to reduced movement automaticity, which
patients with PD g, 4-6). Among neurophysiological measures, increases reliance on executive resources to control memesn
changes in brain cortical activity during walking have beessl The PFC, speci cally the DLPFC plays a major role in executive
studied in patients with PD 7). Dierent neurophysiological functions, essential for the management of cognitive fiomst
techniques have been proposed to better examine changesiitluding planning, working memory and cognitive exibijit
brain activation during walking in PD. (22). Compared to healthy older adults, patients with PD
Evidence from functional magnetic resonance imagerghowed a higher activation in the PFC compared to controls,
(fMRI) suggest that patients with PD had higher activation ineven during usual walking1@, 20). This may reduce the
frontal, parietal, temporal, and occipital lobes than heaftlder  functional reserve needed during more demanding tasks fwhic
adults during imagined usual walking) The increased cortical may contribute to high prevalence of falls and DT di culties
activation in patients with PD may re ect a compensatoryamong patients with PD6). The role of DLPFC activity during
mechanism to overcome ine cient neural activation. Althgh  ysuyal walking should therefore better be explored in indiwitiu
fMRI has adequate spatial resolution, changes in brain aa@tivat ith PD.
during real walking conditions in patients with PD are  The objectives of this study were (1) to investigate changes
unfeasible to capture in such neuroimaging studies. Pogtablin DLPFC activation during usual walking and DT walking
electroencephalography (EEG) or functional near-infrarectonditions in patients with PD compared to controls, (2)
spectroscopy (fNIRS) techniques have allowed investigation @ examine the association between cortical activity and
cortical activity during real-time walking3. Using EEG, speci ¢ pehavioral/cognitive outcomes, and (3) to explore which

changes in electrical brain activity during DT walking werefactors best predict increased activation of the DLPFC during
found in patients with PD §). Patients with PD showed reduced ysual walking.

P300 amplitude during DT walking compared to standing. This

reduced P300 amplitude re ects unsynchronized activation

of various resources (lower timing and coordination betwee \JATERIALS AND METHODS

di erent brain regions), suggesting less neural recruitinen

during DT walking. EEG has a good temporal resolutionParticipants

compared to other neuroimaging techniques. However, théatients were recruited from the Henry-Gabrielle Hospital,
spatial resolution of EEG is relatively low compared to fNIRS.yon and healthy older adults (controls) were recruited
and neck muscles as well as artifacts such as eye movemethi©ugh advertisements between September 1, 2018 to Decembe
can aect the quality of the recordings. With recent advanced7, 2019.

in technology, fNIRS allows an indirect evaluation of brain General inclusion criteria were: 50 years old and above and
activation by measuring changes in brain blood oxygen tevelable to walk unassisted for at least 20 mins. All participants
The fNIRS technique emits light with di erent wavelengthstha had normal-to-corrected vision. All participants had no
is partly absorbed by the chromophores such as oxygenatedher visual, neurological (other than PD for the PD group),
and deoxygenated hemoglobin (Hb@nd HbR, respectively). internal or psychiatric conditions that may interfere with
Increased brain activation induces an intensi ed blood aw  walking. Patients with PD were excluded if they had Montreal
the active brain regions leading to an increase in Hb&hd Cognitive Assessment (MOCA) scoresl5, other parkinsonian
decrease of HbRL(). syndromes, severe dyskinesia, deep brain stimulation,
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FIGURE 1 | (A) Walking path con guration. (B) Optodes con guration. The right panels show the optodes withrespect to the Fz locations of the international 10-10
system. Red circles represent the sources and blue circlesepresent the detectors. The numbers in gray represent the cmnels. Channels 9 and 10 represent the
short separation channels.

unpredictable motor uctuations, or ocular diseases cagsinare displayed inFigure 1A In order to assist participants to
signi cant visual impairment. walk on the path, there were markings on the oor. Participants
Fear of falling was assessed by the Falls E cacy Scaleere allowed to take breaks between conditions. Furtheemor
International (FES-1) and symptoms of depression werall experiments took place in the morning, the fatigue beirsgle
measured by the Beck Depression Inventory scale. Total daipronounced than in the afternoon.
levodopa-equivalent dose was calculated for each PD patient Gait was assessed using two wearable sensors placed on
(29. All patients were medicated and tested in the “on”the shoes (Physioldth, Gait Up, Switzerland). Walking
medication state. The “on” state was de ned by a doctor (MCperformance parameters included mean gait speed (m/s),
or TD) during the medical examination that preceded thecadence (step/min), stride length (m), gait cycle time (s)d a
experiment. Patients were tested between 1 and 3 h aftergakitheir coe cient of variation (CV) calculated as (standard
their medication. deviation/mean)100. For each condition, gait outcome
The study was approved by the French biomedical ethicemeasures were averaged over the 5 trials.
committee on March, 9 2018 (Comité de Protection des Relative concentration changes of Hp@nd HbR (L HbO;
Personnes Nord Ouest Il Réf. CPP: 2018-01 D RCB: and 1HbR in nmol/L, respectively) in the DLPFC were
2017-A03187-46). Informed written consent was obtainednfr measured using a wireless continuous waves fNIRS device
all participants. (NIRSport, NIRx Medical Technologies) with 16 optodes (8
sources and 8 detectors).
Protocol
Participants performed in a single session 4 conditions: (1frunctional Near Infrared Spectroscopy
standing while subtracting, (2) usual walking, (3) walkingilw  Anincrease ol HbO; associated with a slight decreasé ¢fbR
counting forward, and (4) walking while subtracting. In the re ects afunctional activation for the task4). Fourteen optodes,
standing while subtracting condition, participants wereui#zgd  corresponding to the 8 sources and 6 detectors separated by
to stand still while subtracting 7 to a 3-digit number out kbu 30 mm, were placed on the DLPFC according to the modi ed
In the usual walking condition, participants were asked to walknternational EEG 10-10 system. Two short separation chisnne
at their “normal pace.” In the walking condition while coung  (channels 9 and 10, sé&gure 1B) with an interoptode distance
forward, they were instructed to walk while counting fondaout ~ of 15mm were used in order to account for peripheral tissue
loud from a random 3-digit number. In the walking condition signals. The near infrared light was emitted by sources with
while subtracting, they were asked to subtract 7 from a rando wavelengths of 760 and 850 nm at a sampling rate of 7.81 Hz.
3-digit number out loud. No instructions about priorizatiomere ~ Textile EEG caps in 3 di erent sizes (i.e., circumference 0564,
given for the DT walking conditions. Each condition inclutlé 58 cm) were used in order to x the sources and detectors on the
trials of 30 s. The duration of rest periods between trialsgeoh  participants head. An overcap was used to prevent ambient-ligh
from 25 to 35s in order to avoid anticipation of block onset.contamination. Raw intensities were recorded using theixsi
During rest periods, participants were instructed to stand sti provided by the manufacturer (NIRStar, version 15.1 and 15.2)
quietly. During the standing while subtracting and the twd@ D
walking conditions, cognitive performance was measured anData Processing
de ned as the number of correct operations. The order of eacfThe data were analyzed using the open-access software Homer 2
condition was randomized between participants. Each coonditi within MATLAB (R2019b, Mathworks). The rst processing step
started with 45 s of standing quietly (resting state periadjh  was to convert raw data into optical density. Then, a low pass
the instruction to refrain from talking and moving the heathe  lter with a cut-o of 0.1 Hz was applied to attenuate respiration
walking path con guration was an oval shape whose dimensionand cardiac activity and high frequency nois&s) The next
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step was a motion artifact correction using wavelet-badegts  TABLE 1 | Demographic and clinical characteristics for all particmnts.
(igr D 1.5) (26, 27). After motion correction, optical density was

converted into relative concentration changes of Hedd HbR Variables PD,\? aé'ir;ts C,\? ';"il; Pvalue
using the modi ed Beer-Lambert law with constant di erentia

path length factors (DPF) values of 8. Finally, contribution  age, years 68 8 66 7 0.48

of short separation channels was removed from the signalgusinsender (v/F) 117 11/7 1.00

a Kalman Iter dynamic estimator49). Using the block average Eeducation, years 145 3 145 2 0.85

method, mean amplitude di erence df HbOz and 1 HbR for  yoca score (0-30) 27.5 (26-29) 27 (26-29) 0.82
each channel was obtained using the last 5s of the restitg Stap) score 21 items 6 4 2 2 0.001
before each trial and 30s after the “start” instruction.rmalg res.j score (maximum score, 64) 25 8 19 3 0.02

quality of each channel was visually checked to ensure@iv@e  pisease duration, years 5 (2-8) NA

between the Hb@ and HbR traces 1(5) and extreme values enn and vahr stage (on) (2-2) NA

were detected using the box-plot method. When the numbe(pprs motor (on) 17 (12-26) NA

of extreme values were inferior or equal to 310%) for a | gp 1o/4ay 604 NA

channel, values were replaced by mean values of the group (310-898)

in the speci ¢ condition. Otherwise, the channel was removed | p : T
for all participants. For the subtraction task, C5 and C12 werggh 2 Soee S0 00 S0 S e . e Femae.
therefore removed for all part|C|pants. S'Qnals from ChaﬂneIFES-l, Falls Ef cacy Scale International; MOCA, Montreal Cognitive Assement; NA, not
were averaged over the PFC (channels 1-8; 11-18), in lithe wigpplicable; UPDRS, Uni ed Parkinson Disease Rating Scale.

previous research2(). Recommendations and good practices

were followed according to a recent consensus pap@r (

(39). Bonferroni correction for multiple comparisons was applied

Neuropsychological Tasks during thepost-ho@nalyses.

Participants compl_et_e_daseries oftests ‘?‘Ss.e??ing globeticog In all participants, Pearson or Spearman rank correlations
(MOﬁA) (31), |nh|t(>j|t|on (Etroop test; |nh|bglon co§t) :1'2)’ hi were analyzed to investigate associations between cortical
psy(_:l om(gor speed, working memo(;y, and attentional s Iﬁactivity (1 HbOy) and behavioral performance (gait and
[Trai _Ma ing Test (T.MT) part A an B, TMT (B"A_‘)] 63) neuropsychological outcomes) within condition. Pearson
attention and processmg_speed [Digit S_ymbol SUbSt't_Ut'OBtTe correlations (r) were used when data was distributed nornnall
(DSST)] 64)’ mentgl eX|.b.|!|ty (Plus Minus Task; shift cosf) whereas Spearman rank correlations) (were used when
(39 and wsuospatlal abilities (Bells 'I_'esGGI. The order_ (.)f data was not distributed normally. Correlations ¢r r) were
neuropsychological tasks was randomized between parti@pant,gigered weak below 0.10, moderate between 0.10 and 0.49

They were administered before or after the walking task. and strong between 0.50 and 1.08%( To determine which
Statistical | factors (age, gender, years of education, BDI, FES-I or/and
tatistica An.a YSES . . heuropsychological factors) were the best predictors of HbO
KoImo_gorov-SmwnovtestsW(_ere u_sgd to determine the nqrmah levels during usual walking, stepwise linear regression ode
of \{arlables. For demographlg, clinical, and neurops.ychoaig. was employed with group as a covariate. Only variables that
vgrlablles, between-group di erences were examllned USIn§%gni cantly correlated withl HbO, during usual walking and
Fishers Exact tests, |ndependent studerests or W|Icoxon did not show strong intercorrelations (< 0.80) were selected
rank-sum tests, as appropriate. For neuropsychological tests, for entry in the modelP < 0.05 were considered signi cant. All

va!ues were corrected for m“'t.'p'e comparisons using Bom"arr statistical analyses were conducted using SPSS, version 26.0.
adjustment. A score is signi cant only if the corresponding

p-valueis 0.05/5¢ 0.01).
Repeated measures univariate analyses of variance (ANOVQESU LTS
with group (patients vs. controls) as between subject faatmt
condition (standing while subtracting, usual walking aneé tiwo Participants
DT walking) as within subject factor, and group by conditiaa Eighteen patients with early stage PD and 18 controls matched
interaction e ect, were applied on fNIRS data, as recommendetbr age, sex and education level were includeb(e 1. Patients
in a previous study 7). Dependent variables wereHbO,  were categorized into 3 clinical subtypes: 3 patients wersidds
andl HbR. as postural instability and gait di culty-predominant diseas
Repeated measures multivariate ANOVA with group as & patients were classi ed as tremor-dominant disease, and 7
between subject factor and condition as within subjectdact patients were rigidity-dominant disease. Scores on BDI arfs-FE
and group by condition, were applied on gait parameterd scale were signi cantly higher in patients with PD, compared
(gait speed, cadence, stride length and gait cycle timefo controls. Patients were in early stages of the diseased luas
Dependent variables were mean gait parameters and CV of galisease duration, the Hoehn and Yahr scale and the motoisect
parameters, respectively. of the Uni ed Parkinson's Disease Rating Scale (UPDRS). Three
For each ANOVA, e ect sizes! €) were reported and were patients had a Hoehn and Yahr rating at stage 1, 13 were at stage
interpreted as small (0.02), medium (0.13), and large (0.26), and 2 were at stage 3.
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FIGURE 2 | Mean (SD) changes ) in HbO, and HbR during the 4 conditions in both groups. p < 0.05, **p < 0.01. P-values adjusted for Bonferroni correction. Red
bars represent1 HbO, and blue bars representl HbR. Red lines represent signi cant within-group differenes in 1 HbO, between 2 conditions.

Changes in Dorsolateral Prefrontal Cortex the case for the patientg @ 1.00). Only in patients] HbO,
Activation was signi cantly higher during the 2 DT walking conditions
1 HbO, and 1 HbR compared to the standing while subtracting condition. No
Group E ect signi cant interaction between condition and group was fal

2 .
Patients had highet HbO, than controls F(, 34D 7.11,pD 9N 1 HPR [F(3, 102D 1.65,p D 0. 18,! = D 0.05]. TheFigure 3
0.01,! 2 D 0.17]. No between-group di erences were found for Shows the averaged time courses of Hia@d HbR in the DLPFC

1 HbR [F(1, 34D 0.54pD 0.47,) 2D 0.02]. for the 4 conditions in both groups. For all conditions, the eage
' ' ’ relative concentration changes of Hb@creased after starting
Condition E ect the task. The average relative concentration changes of HbR

Furthermore, signi cant di erences inl HbO, and in 1 HbR  showed slight reductions or remained relatively stableiryr
between conditions H, 102) D 7.71,p < 0.001,!'2 D 0.19; thetask.

F@, 102D 8.91,p < 0.001} © D 0.21, respectively] were found.

1 HbO; signi cantly increased during walking while counting Behavioral Performance

forward compared to usual walkingg© 0.02).1 HbO; tended 5 5it Performance

toincrease dL_Jring walking while subtracFing condition (_:paned Group E ect

to usual _walklng|_()_D 0.06).1 HbO; also mc_reased_ during bOt_h Patients had reduced stride length compared to contrpls (
DT walking conditions compared to standing while subtragtin 0.05) [able 2.

condition (p < 0.01). 1 HbR signi cantly decreased during

walking while subtracting compared to usual walkipg(0.001)

and walking while counting{< 0.001) Figure 2). Condition E ect
Speed, cadence, stride length, as well as gait cycle time were
Group Condition Interaction altered as the walking task di culty increased (s&able 2. CV

In addition, the interaction between condition and group on of cadence, speed and gait cycle time were greater during the 2
1 HbO, was signi cant F3, 102D 3.34,p D 0.02,! 2D 0.09]. DT walking conditions than during the usual walking (CV of
Patients had highet HbO, than controls during usual walking cadence, speed, and gait cycle tirpe, 0.001). CV of stride

(p D 0.001) and in DT-walking while subtractingp © 0.02) length was greater during walking while subtracting coratiti
(Figure 2). In controls, 1 HbO, increased during both DT than during walking while countingg D 0.04) or during usual
walking conditions compared to usual walking, which was nowalking (p< 0.001).
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FIGURE 3 | Averaged time courses of HbQ and HbR in the DLPFC for each condition in both groups. Vertal dashed lines indicate start of the task. Rel.
concentrations, Relative concentrations.

Group Condition Interaction (Figure 4). In patients, CV of gait cycle time increased as walking
No interaction between group and condition was found in anytask di culty increased whereas in controls, CV of gait aytime

of the mean gait parameterp ¢ 0.12) {Table 2. However, two increased during DT walking while counting forward compared
interactions between group and condition on CV of spegd ( to usual walking D 0.03). Patients also had a greater CV of gait
D 0.04) and CV of gait cycle timg© 0.007) were signi cant. cycle time than controls during the DT walking while subtriact

In patients, CV of speed increased during both DT walking(p D 0.04).

conditions compared to usual walking whereas no pairwise

comparisons for the CV of speed were found for the controlsCognitive Performance

Furthermore, patients had greater CV of speed than controlslo signi cant between-group dierences in cognitive
during the walking while subtracting conditionp(D 0.02) performance were found during the standing while subtracting
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TABLE 2 | Repeated analyses of variance for gait parameters.

Gait parameters Condition Group Condition*Group Pairwise
comparisons 1-2; 1-3; 2-3 2 p-value b

Speed Mean Fe.es D 50.08, p < 0.001,!2 D 0.60 Fa.34D 3.51pD 0.07) 2 D 0.09 FesD 1.98,p D 0.15,12 D 0.06

cv Fe8 D 15.74, p < 0.001,!2 D 0.32 F134 D 4.28,p D 0.046,!2 D 0.11 Fees) D 3.32,p D 0.04,!2 D 0.09
For patients:0.002; <0.001; NS
For controls: NS; NS; NS

Cadence Mean Fle8) D 45.18, p < 0.001,12 D 0.57 Fas4D 0.83,p D 0.37,12D 0.02 Fes) D 1.43,p D 0.25,12 D 0.04
cv Fees D 20.84, p < 0.001,12 D 0.38 Fas4D 1.06,p D 031,12 D 0.03 FesD 2.87,p D 0.06,!2 D 0.08

Stride length Mean Fees D 29.27, p < 0.001, 12 D 0.46 Fiiaa D 4.35,p D 0.045,12D 0.11 Fes D 2.20,p D 0.12,12 D 0.06
cv Fees D 12.25,p < 0.001,12 D 0.27 Faa4D 2.00,p D 0.17,12 D 0.06 Fes) D 2.35,p D 0.10,!2 D 0.07

Gait cycle time Mean Fies) D 36.31, p < 0.001,12 D 0.52 Faa4D 1.06,p D 031,12 D 0.03 FeesD 1.72,p D 0.19,12 D 0.048
cv Fles) D 16.93, p < 0.001,12 D 0.33 FaasD 1.20,p D 0.28,12 D 0.03 F(268 D 5.38,p D 0.007,12 D 0.14

For patients:0.001; <0.001; 0.001
For controls: 0.03; NS; NS

Values in bold are signi cant.2(1) Usual walking; (2) Walking while counting forward; (3) Walgiwhile subtracting.?Adjusted for multiple comparisons using Bonferroni correction. NS,
Not Signi cant; CV, Coef cient of variation.

FIGURE 4 | Gait performance in patients and controls. 1D Usual walking; 2D Walking while counting forward; 3D Walking while subtracting. p < 0.05, **p < 0.01;
P-values adjusted for Bonferroni correction. Only signi canbetween-group differences are presented in the gure.

and walking while subtracting conditions (standing while Correlations Between 1 HbO, and

subtracting: Controls: 5.61 3.19; patients: 5.91 3.22,p D  Behavioral Measures

0.83; walking while subtracting: Controls: 4.852.74; patients: Strong correlations betweed HbO, during usual walking

5.28 3.11,p D 0.67). Patients were signi cantly better than gnd Cv of cadence, stride length and gait cycle time were

controls in the walking while counting forward condition731  found (Table 4. Moderate correlations were also found between
5.60vs.22.42 7.17p D 0.02). 1 HbO> during walking while counting forward and CV of all
Patients were signi cantly slower than controls 10 gajt parameters. No signi cant correlations betwegiHbO,

perform the Stroop test (word reading conditions), theqyring walking while subtracting condition and gait outcome

TMT (part A and B), and the PMT (the addition list) \yere found. A higher number of signi cant correlations be@n

(see Table3. They performed worse than controls on 1 HpO, and cognitive performance was found for the usual

the DSST. walking condition than for the other conditions. Increased
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1 HbO, during usual walking was negatively correlated withl HbO, and behavioral measures were found when conducting
worse performance on TMT, DSST, and Stroop test (color andorrelation analyses in each group (data available upon stjjue
word conditions). Note that no signi cant correlations lve¢en

Linear Regression Analysis

TABLE 3 | Comparison of performance on neuropsychological tests bateen PD Among demographic variables, age and years of education were
patients and controls. also signi cantly correlated witll HbO» during usual walking
(ager D 0.37,pD 0.03; level of educationD 0.39,pD 0.02).

PD patients N D 18 Controls ND 18  P-value® . . .
Age, years of education, time to complete the color condition

Stroop color, s (1) 68.00 (62.0075.00) 58.50 (54.00-72.00)  0.03 of the Stroop test, times to complete part A and B of the TMT,
Stroop word, s 48.00 (45.00-53.00)  42.00 (38.00-46.00)  0.002 CV of cadence, CV of stride length were included in the model,
Stroop C/W, s (2) 13250 (108.00-140.00)  102.50 (89.00-13H0) ~ 0.06 with the group as a covariate. Stepwise linear regressi@ated
Inhibition cost, s (2)—(1) 55.50 (47.00—74.00) 45.00 (33.008500) 0.24 that part B of TMT was the most signi cant predictor afHbO,
TMTAs (3) 53.50(44.00-72.00) 40.50/(35.00-45.00) - 0.009 during usual walking. This test explained 21% of the variance.
TMT B, s (4) 119.00 (94.00-157.00)  67.50 (60.00-88.00)  0.002 . . . ..
TMT @A), 5 (41-(3) 67.50 (50.00-83.00) 20.50 (25.00-4450 0,004 Years of edu_catlon Was_ _then introduced |n_add|t|on to part B of
DSST. score 5041 14.00 6678  16.32 0.002 TMT, explaining an additional 6% of the varianceaple 5. Note
PMT—addition list, s (5) 68.00 (54.00-78.00)  50.50 (43.00-580)  0.006 that part B of TMT was the most signi cant predictor, explaining
PMT—subtraction list, s () ~ 102.50 (74.00-117.00)  74.00 (54®-100.00)  0.04 27% of the variance when the stepwise linear regression was
PMT—alternance list, s (7) ~ 109.50 (87.00-133.00) ~ 78.00 (72.601.00)  0.05 performed in PD patients only.
PMT—shift cost, 18.25 (9.00-28.50) 18.75 (10.50-29.00) 0.85
Bells, score 34.00 (33.00-35.00) 34.00 (33.00-35.00) 0.48
Bells, time 15313 38.11 137.89 5152 0.31 DISCUSSION

Values are expressed in mean SD or median (Q1-Q3). Values in bold are signi canf . . . . . .
(7) - [(6YC(5))/2 ad]usted for Bonferroni correction. In this study, we aimed to investigate changes in cortical

DSST, Digit Symbol Substitution Test; PMT, Plus-Minus Task; Stroop CMColor-Word activity of the DLPFC during usual walking and DT walking
condition of the Stroop Test; TMT, Trail Making Test. conditions in patients with PD in comparison with controls.

TABLE 4 | Associations between1 HbO, and behavioral performance.

HbO,
Standing while subtracting Usual walking Walking while cou nting forward Walking while subtracting

Speed Mean NA 0.23 0.04 0.09

CV (%) 0.008 0.45%** 0.25
Cadence Mean 0.05 0.01 0.006

CV (%) 0.12 0.39* 0.11
Stride length Mean 0.28 0.05 0.14

CV (%) 0.18 0.50** 0.14
Gait cycle time Mean 0.06 0.08 0.06

CV (%) 0.11 0.42** 0.18
MOCA score 0.01 0.17 0.04 0.04
Stroop color 0.26 0.40* 0.27 0.33
Stroop word 0.36* 0.35* 0.24 0.33
Stroop C/W 0.22 0.24 0.12 0.16
Inhibition cost 0.09 0.18 0.06 0.08
TMT A 0.31 0.55%*** 0.33* 0.46**
TMT B 0.11 0.64*** 0.29 0.39*
TMT (B-A) 0.08 0.62*** 0.25 0.33
DSST 0.04 0.40* 0.11 0.33*
PMT—addition list 0.11 0.16 0.07 0.17
PMT—subtraction list 0.19 0.10 0.24 0.03
PMT—alternance 0.21 0.20 0.07 0.22
PMT—shift cost 0.14 0.18 0.06 0.09
Bells score 0.15 0.10 0.08 0.27
Bells time 0.30 0.30 0.12 0.18

The values correspond to Pearson correlations except for the ones iitalics which represent Spearman correlations. Values in bold areggii cant. *p < 0.05; **p < 0.01; **p < 0.001.
DSST, Digit Symbol Substitution Test; NA, Not Applicable; PMT, Plus-Mis Task; TMT, Trail Making Test.
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TABLE 5 | Predictors of 1 HbO, during usual walking. con guration with markings on the oor helped patients to walk
Other measures, such as measures of arm swing while walking

U::ieﬁggie:ctm ded in R? R? change B ! P -value could be used in future studies, to better discriminate p#te

the model with PD from controls. Indeed, this measure has been shoven as
new prodomal marker of PDAQ5).

Step 1 Finally, this increased cortical activity in the DLPFC in

Group? 0.29 0.29 021 366 <0001 absence of gait impairments during usual walking may re ect

Step 2 a compensatory mechanism to overcome executive de cits,

Group 0.49 0.21 013 229 0.03 processing speed slowness and de cits in movement autoratici

TMT-B 0.001  3.60 0.001 in early stage PDA©).

Step 3

Group 0.56 0.06 0.14 267 0.01 DT Walking

TMT-B 0.001 291  0.007 No signicant increase of DLPFC activity in patients was

Years of education 0.02 2.08 0.04 found from usual walking to DT walking conditions whereas

in controls, signi cant increase appeared from usual walkiag t
DT walking conditions. Findings on patients are consistent with
previous studies that used the same type of DT walkin@. (
These results suggest that patients are unable to furtheease

HbO2 was the dependent variable. Values in bold are signi canfIncluded in the model
as a covariate.

Associations between cortical activity in the DLPFC durin S . : "
- . o LPFC activity, due to a reduction of their cognitive resces
usual and DT walking and behavioral/cognitive outcomesewer S o . )
- . L . nd their limited cognitive capacity. Results in controls are
also examined. A third objective was to determine the beSconsistent with previous studies reporting a signi cant iaase
predictors of an increased activation in the DLPFC duringalsu P P g 9

walking. The novelty of this research is that we further exgdo n PFC’ as a cqmpensatory mechamsm n healthy oldgr adults
. . . - . during DT walking (e.g., walking while serially subtracting 3s)
the determinants of an increased cortical activity duringual

walking. This may help to better understand falls risk ortgai (47_5(.))' Thls.ls also in line with the cc_)gnmvg resource theories
. of aging which postulated that brain activity will be more
de cits before they emerge.

pronounced with increasing task demands in older aduft$).(
Increased prefrontal activity in older adults may also be due t

Increased Brain Activity in DLPFC in the fact that most of healthy older adults in the present stweye
Patients With PD During Walking younger than 70s. A recent study suggested that healthy olde
Usual Walking adults in the 70s were unable to further increase prefrorieix

Moderate to strong associations were found during usual wglki activity, leading to a decrease of walking performaric. (
between increased cortical activity and poorer performamce i  During walking while counting forward, no signi cant
neuropsychological tests assessing executive functipesdof between-group di erences were observed for DLPFC activity
processing and psychomotor speed (i.e., TMT, DSST, and coland gait measures. Furthermore, patients performed better in
and word conditions of the Stroop test). These ndings sugge the counting forward condition while walking than controls.
that normal walking is already a complex process that requirel is possible that patients prioritize the counting task at the
input from executive functions40), that is carried out by DLPFC expense of the walking task. Patients are globally slower,avith
with other projections to various cortical and subcorticagions reduced cadence and shorter stride length than controlsndur
(41). As expected, patients had executive de cits and processirigis condition although no signi cant between-group di enees
speed slowness compared to controls. in gait performance were found. Another explanation could
Patients with PD had also higher levels of DLPFC activatioe that patients had su cient cognitive resources to perform
in comparison with controls, even during usual walking, whish both the counting forward condition and the walking task.
consistent with previous studie6, (L1, 13, 21, 42, 43). However, Association between cortical activity in the DLPFC and ctigai
patients did not show decreased walking performance comparadeasures revealed that increased DLPFC activity duringimgalk
to controls during usual walking. These results are not ggsirst ~ while counting forward condition is rather associated with
with previous studies reporting decreased walking performancesychomotor slowness than executive functions. This ressidt a
in patients already during the usual walking conditioB0( highlights the major role of this cortical area on psychonroto
44). An explanation could be due to clinical and demographicfunctioning (53). The lack of signi cant di erences between
characteristics of our group of patients. Our patients were agroups in cortical activity and gait measures may also be dae to
the earliest stages of PD, based on disease duration andr motugh heterogeneity in the performance.
score of UPDRS. They were also younger than those recruited in Patients with PD had higher levels of DLPFC activation
previous studies20, 44). Furthermore, they were all volunteers than controls during walking while subtracting condition.
to participate in this study and physically active. As in mostAs expected, increased DLPFC activity during walking while
research, there is a recruitment bias: it is often the tfeatients subtracting condition was found to be associated with ekeeu
who agree to participate. It is therefore not excluded thasthe de cits and psychomotor slowness. Furthermore, patients
patients represent a special category, not quite represeatatiperformed as well as controls the subtraction task while walki
of PD patients' population. It is also possible that our pathHowever, they walked slower and had shorter stride length tha
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controls. Patients were also more irregular than contrals, prove useful to determine di culties in activities of dailyving
re ected by a greater variability of speed and gait cycle timan patients with PD, as previously reported in a driving context
Based on the concept that attentional capacity is limitedsit i (56). Yet, caution with the interpretation is warranted as the
possible that patients allocated their available cognigs®urces sample of the study was relatively small. Finally, a lowerl leve
to the subtraction task at the expense of the walking taslof education also contributed to increased cortical attivi
Increased DLPFC activation in patients during this complexhe DLPFC which is in accordance with the evidence that
DT condition is therefore insu cient to compensate for motor better executive functions are related to an increased rermb
and executive decits and may lead to decreased walkingducation yearsy). Further studies should therefore consider
performance {2). the level of education of patients with PD when exploring chesg
Lo . L. in brain activity in the DLPFC.
Associations Between Cortical Activity and
Gait Parameters
Associations between increased activation in the DLPFC anlethodological Considerations
higher gait variability in all participants were already faln Methodological considerations of this study included the use
during usual walking. Similar ndings were found in previous of short-separation reference channels (1.5cm apart) to k@mo
studies in older adults during obstacle negotiatiei8)( These for peripheral hemodynamic response (i.e., artifact caused by
authors discussed the fact that increased activation iblheFC  breathing, cardiac cycle or other error related to movement
may re ect a compensatory attempt to overcome ine cient which has been used only once in patients with PDB)(
neural activation in the face of demanding tasks. The inewecy Furthermore, both Hb species were report@ddibO, was found
was unable to cope with the motor needs. During the walkingo be the most sensitive indicator of regional cerebral dlaaw
while counting forward condition, increased cortical &y in NIRS measurements5f whereasl HbR better re ects the
was associated with lower variability of their cadence andhatch between oxygen supply and demas@)( In this study,
stride length as well as a greater variability of speed and gdNIRS processing was the same for patients with PD and healthy
cycle time. A possible explanation of the lower variability ofolder individuals. Although a recent study showed few e edts o
cadence and stride length is that counting forward may ireluc di erent processing methods on fNIRS signals assessed during
a rhythm on which participants paced their walking. However,active walking tasks in older adult§(@), future studies applying
higher variability in their speed and gait cycle time seems tepeci c fNIRS processing (e.g., age-dependent DPF values) are
be moderately associated with increased cortical actimithe  warranted. Furthermore, it would have been interesting to
DLPFC during walking while counting forward. The lack of include a standing while counting forward condition in ond®
signi cant correlations between Hbf£and gait parameters in the determine di erent patterns of task prioritization betweerogips
DT walking while subtracting condition could be explained by(61). However, as the duration of the experiment was already
the fact that patients with PD are unable to further incredssit  long, we preferred to limit the number of conditions. The sinal
cortical activity in the DLPFC. sample size including volunteers with well-preserved cogmitiv
In the literature, measures of gait variability were foundabilities among PD participants limits the generalizabitfythe
to be closely related to instability and fall risk4j. Strong results. One limitation of the present study is that only tle&ty
relationships between high gait variability and increaseddical of DLPFC cortex is recorded. Further studies should assess
activity during usual walking supports the notion that subtlemultiple cognitive regions while walking to provide a greater
variations in the gait during usual walking, particularlyahider  understanding of the contribution of brain areas to walkiagd
individuals with PD, may precede disturbances in DT walkingdual tasking €2). Finally, except the fear-of-falling inventory, no
leading to a higher risk of falls. To our knowledge, few stsdi direct measures on the number of falls in patients with PD was
explored associations between cortical activity and behali reported in this study. Further studies should include a deth
measures in walking tasks in older individuals with or withou questionnaire reporting the number of falls.
PD (52, 55). Further studies with larger sample size are needed to
better understand the relationships between cortical &gtand

gait parameters in this population. Clinical Implications

. . These ndings may have important clinical implications for
Best Predictors of Increased Cortical training program: it is possible that cognitive intervention
Activity During Usual Walking decreases DLPFC activity and therefore improve the abitity t

Poorer performances on part B of TMT, and a low level ofwalk in usual and complex situations. However, the increased
education signi cantly contributed to explain increasedtizal  cortical activity in the DLPFC is also due to de cits in
activity in the DLPFC during usual walking. Particularly, automaticity @6€). Multimodal intervention that targets both
the TMT-B explained 21% of the variance after adjustingnotor and cognitive aspects should therefore be developed to
for group status. These ndings highlight the major role of improve cognition and movement automaticity and promote
TMT-B in predicting cortical activity of the DLPFC during mobility in individuals with PD. As a consequence, a reduction
usual walking. This complex test requires executive fumstio inthe DLPFC activity while walking after the interventiomauld
(updating information in working memory, shifting attentio  be expected. Further studies investigating the e ect of trgn
between letters and number as well as inhibit non-relevanprograms on cortical activity in DLPFC in patients with PD are
information), which is a ected by PD. This test in clinic may therefore warranted.
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