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� Prolonged P300 latency during walking is pronounced in aging and Parkinson’s disease (PD).
� Prolonged P300 latency is correlated with reduced cognitive and motor function.
� Reduced P300 amplitude during walking is found only in patients with PD.

a b s t r a c t

Objective: To investigate EEG changes during an auditory odd-ball task while walking (dual-task) in
young adults, older adults, and patients with Parkinson’s disease.
Methods: 11 young adults, 10 older adults, and 10 patients with Parkinson’s disease (PD) performed an
auditory oddball task during standing and walking on a treadmill, while wearing a wireless EEG cap.
The amplitude and latency of P300 were compared between groups and within conditions using linear
mix model analysis. Gait was evaluated using wearable sensors and cognition was assessed using the
Color Trail Test.
Results: P300 latency became longer during walking in all groups (p = 0.005). During walking, older
adults (p = 0.005) and patients with PD (p = 0.001) showed prolonged P300 latency compared to young
adults. Significant task by group interaction was found in P300 amplitude (p = 0.008). Patients with PD
demonstrated reduced P300 amplitude during walking compared to standing (p = 0.023). Among all sub-
jects, better motor and cognitive performance correlated with shorter P300 latency (r = 0.457, p = 0.014
and r = 0.431, p = 0.040, respectively).
Conclusions: These findings provide direct evidence of the physiological recruitment of attentional net-
works during walking and their impact by ageing and disease.
Significance: This study is the first to report on changes in P300 latency and amplitude during dual-task
oddball walking in older adults and patients with PD.

� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

It has been theorized that walking in everyday life conditions
requires higher cognitive processes that utilizes a complex neural
network that incorporates cognitive and motor information
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(Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al.,
2008). Most evidence supporting this notion relies on behavioral
studies stemming from dual-task paradigms during walking to
increase cognitive demands. These studies show that adding a
simultaneous task to walking taxes executive function and atten-
tion and leads to changes in gait performance (Hausdorff et al.,
2008; Yogev-Seligmann et al., 2008). This effect is exacerbated
with ageing and neurodegenerative diseases such as Parkinson’s
disease (PD) (Segev-Jacubovski et al., 2011; Woollacott and
Shumway-Cook, 2002; Yogev-Seligmann et al., 2008) and is related
to falls (Segev-Jacubovski et al., 2011) providing indirect evidence
of the importance of the interconnection between motor and cog-
nitive functions during walking. In recent years, various neu-
roimaging techniques were used to study the role of cognitive
resources during walking. fMRI studies used motor imagery
(Maidan et al., 2016b; Peterson et al., 2014) and alternating move-
ments of feet (Nieuwhof et al., 2017; Shine et al., 2013) to mimic
gait in the scanner. These studies reported increased activation in
various frontal regions related to the attentional networks
(Maidan et al., 2016b; Peterson et al., 2014; Shine et al., 2013),
however these findings are limited as they do not directly capture
actual gait.

Recent studies using functional Near Infrared Spectroscopy
(fNIRS), a neuroimaging technique measuring blood oxygenation
levels from the brain convexity during actual walking, showed
increased activation of the prefrontal cortex (PFC) in healthy young
and older adults during dual task walking, as compared to usual
walking (Holtzer et al., 2015; Metzger et al., 2017; Mirelman
et al., 2017). Patients with PD presented similar findings but also
showed increased activation already during usual walking
(Maidan et al., 2016a) suggesting a reliance on cognitive resources
already during simple tasks. However, similar to fMRI, the tempo-
ral resolution of the fNIRS is low and it measures hemodynamic
responses only in specific superficial areas of interest, unable to
distinguish isolated effects from network function (Ferrari and
Quaresima, 2012).

Spontaneous electroencephalographic (EEG) recording as well
as event-related potentials (ERPs) are direct measurements of neu-
ronal activity, with high temporal resolution, that can be applied
during walking. Variations in ERP responses including amplitude,
polarity, distribution, and latency have been associated with vari-
ous cognitive measures (Duncan et al., 2009; Picton et al., 2000;
Woodman, 2010). Changes were mainly observed in P300, the
most studied ERP related to attention and cognitive decline, eli-
cited using the ‘‘oddball” task. Task in which a random sequence
of stimuli is presented and subjects are required to mentally count
the rare target events (Polich, 2004). Accumulating evidence from
EEG and fMRI studies show that P300 generation stems from the
connection between frontal lobe and hippocampal/temporal-
parietal function (Huang et al., 2015; Kiehl et al., 2001; Knight,
1996). It has been suggested that frontal areas account for the
attention mechanism that directs neural responsivity to a new
stimulus (Daffner et al., 2000a; Daffner et al., 2000b), whereas
the tempo-parietal regions correspond to the attentional resources
used to maintain memory entries (Berti et al., 2004; Huang et al.,
2015). Patients with PD have decreased P300 amplitude and
increased peak latency during sitting tasks as compared to healthy
older adults and as the severity of cognitive dysfunction increases
(Yilmaz et al., 2017). Although these changes in P300 were highly
sensitive to cognitive decline and attentional impairments
(Batterink et al., 2012), they were also observed in other patholo-
gies such as Alzheimer’s disease (Benz et al., 2014) showing low
specificity.

As demonstrated previously (Yogev-Seligmann et al., 2008), PD
involves deficits in motor and cognitive functions that are often
exacerbated during dual-task in which motor and cognitive tasks
are performed simultaneously. In this study, we combined the odd-
ball task with walking to evaluate the dual-task effect of an atten-
tional demanding task while walking in healthy young adults,
healthy older adults and patients with PD. Using this approach,
we aimed to reveal specific changes in P300 while walking and
dual-tasking in older adults and patients with PD. We hypothe-
sized that P300 latency will increase and amplitude will decrease
during dual-task walking because of the additional attentional
load, and that these changes will be more pronounced with aging
and disease.
2. Methods

2.1. Participants

Thirty-one subjects, i.e., 11 healthy young adults, 10 healthy
older adults, and 10 patients with PD, participated in this study.
Recruitment was performed by reaching out to the geriatric and
neurology outpatient clinics in Tel Aviv Medical Center. Partici-
pants were excluded if they had: MOCA � 21, a history of neuro-
logical disorder other than PD that could affect their
performance, inability to walk at least 5 minutes, unstable medical
condition including cardio-vascular instability, hearing problems
or significant psychiatric co-morbidity. The study was approved
by local ethical committee and was performed according to the
principles of the Declaration of Helsinki. All participants gave their
informed written consent prior to participation.

2.2. Protocol

All participants performed the auditory oddball tasks during
standing and walking on a treadmill (TM), while wireless EEG
was recorded via a 20-channel EEG cap (Enobio 20 Neuroelectrics,
Barcelona). Subjects were secured by a harness attached to the
ceiling. The auditory stimuli consisted of 600 Hz pure tone bursts
as standard stimuli and 1200 Hz pure tone bursts as target stimuli.
The tones were presented in a randomized order, with a stimulus
interval raging between 2.8 and 3.2 seconds. Each of the oddball
tasks lasted 2 minutes consisting of 40 stimuli tones; 30 standard
tones and 10 odd high tones considered the target stimuli (25% of
total tones). The subjects were instructed to count the target tones
silently, reporting the total odd tones at the end of the session.
Three oddball tasks were performed during quite standing on the
TM and three oddball tasks while walking on TM at the subjects’
comfortable speed (a total of 90 standard tones and 30 odd tones
in each position). The order of the conditions was randomized.
After completing the oddball tasks participants performed the
Montreal cognitive assessment (MOCA) to assess global cognitive
function and the color trail test (CTT) (D’Elia et al., 1996) for a more
refined measure of attention and executive function. Patients with
PD also underwent the Unified Parkinson’s Disease Rating Scale
(UPDRS) to assess disease severity (Goetz et al., 2008).
2.3. Gait assessment

Two 3D-accelerometers attached to the right and left ankles
(OpalTM, APDM) were used to determine spatiotemporal gait char-
acteristics while walking on the TM. Gait measurements included
gait speed and stride and step regularity, a measure of the consis-
tency of the stride-to-stride or step-to-step pattern. These mea-
sures were calculated by an unbiased autocorrelation procedure
that analyzed the pattern of acceleration in the vertical, mediolat-
eral and anteroposterior directions (Barden et al., 2016). Dual task
(DT) cost, a measure that reflects the effect of the second task on
gait ability, as compared with baseline single task walking was cal-
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culated as, DT cost = 100 � (single-task step/stride regularity � DT
step/stride regularity)/single-task step/stride regularity.
2.4. EEG analysis

Data processing was performed to clean artifacts. This was done
for both conditions; standing and walking, and included: (1) band
pass FIR filter 1–40 Hz to reduce motion artifacts (2) rejection of
channels with prominent artifact based on visual inspection, (3)
adaptive independent component analysis mixture model algo-
rithm (AMICA) using the default extended-mode training parame-
ters, (4) rejection of artifactual components based on manually
inspection and SASICA toolbox (Gramann et al., 2010). Matlab
EEGLAB toolbox was used for the analysis. The analyzed signals
were divided into 3 seconds epochs, 1 second pre-stimulus and 2
seconds post-stimulus. Epochs with probability of occurrence >3
SD from the mean across all epochs were rejected from further
analysis to reduce noise (Gwin et al., 2010). For ERP analysis, we
randomly chose the same number of standard trials as the odd
trails and averaged 20 different combinations to represent the
ERP of standard trials. This was performed due to the different fre-
quency of odd and standard trials (ratio of 1:4). P300 was identi-
fied from the maximum positive deflection peak between 250
and 650 ms from the stimulus. Amplitude and latency of the signal
were evaluated at a 100 ms time window (50 ms before and after
the P300 detected event) and compered to pre-stimulus (at
200 ms). P300 was measured from channel Pz as P300 scalp distri-
bution is defined as the amplitude change over the midline elec-
trodes (Fz, Cz, Pz), which typically increases in magnitude from
the frontal to parietal electrode sites (Polich, 2007).
2.5. Statistical analyses

Means and standard errors were calculated for all dependent
variables. In order to account for variability and gain symmetry
we transformed P300 latency into Log latency and P300 amplitude
into square amplitude based on Box cox variance stability methods
(Sakia, 1992). Liner mixed model analysis was used to examine the
effect of condition (standing vs. walking), group (healthy young,
healthy older adults, and patients with PD), and condition � group
interaction on P300 amplitude and latency, while controlling for
age, gender, and gait speed. Univariate ANOVA was performed to
compare between groups during each one of the condition (stand-
ing and walking) including measures of gait and cognition. The
associations between P300 measurements and motor and cogni-
tive performance were explored using Pearson correlation coeffi-
cients. Statistical significance was set to p = 0.05. Statistical
analysis was performed using SPSS for Windows version 22.
Table 1
Participants characteristics.

Parameter Healthy young N = 11

Age (years) 32.3 ± 1.8
Gender (M/F) 7/6
TM Gait speed (m/s) 0.8 ± 0.02
MOCA 28.2 ± 0.4
CTT (s) 32.2 ± 4.2
Disease duration (years) na
UPDRS motor na
LEDD (mg) na

PD = Parkinson’s disease, M = Male, F = Female, MOCA = Montreal cognitive assessme
D = Levodopa equivalent daily dose.

* Significant difference between healthy older adults and young.
** Significant difference between PD and young.
# Significant difference between PD and older adults.
3. Results

3.1. Participants

Participant characteristics are presented in Table 1. Healthy
older adults and patients with PD were similar in age (p = 0.227).
MOCA, gait speed, and CTT scores were significantly lower in
patients with PD, compared to healthy young (Table 1).

3.2. Oddball task performance and P300 evaluation

All participants were engaged in the oddball task and demon-
strated high accuracy of performance during standing (healthy
young 100 ± 0.0%, healthy older adults 98 ± 1.7%, and patients with
PD 97.4 ± 1.1%) and during walking (healthy young 99.2 ± 0.4%,
healthy older adults 99.4 ± 0.4%, and patients with PD
99.4 ± 0.4%). The P300 potentials of 1 healthy older adult and
two patients with PD could not be achieved. Therefore, the data
of these three subjects were not included in the analysis. Table 2
summarizes the P300 latency and amplitude during standing and
walking.

3.3. P300 latencies and amplitudes

Analysis of differences between conditions (i.e., standing and
walking) showed prolonged P300 latency during walking com-
pared to standing in all groups (p = 0.005, Fig. 1A), while P300
amplitude was similar between conditions (p = 0.528). Similar
results were observed after controlling for LEDD (latency:
p = 0.014, amplitude: p = 0.687) or MOCA (latency: p = 0.012,
amplitude: p = 0.687).

P300 latency during walking was significantly shorter in the
healthy young subjects compared to the healthy older adults
(p = 0.032) and to the patients with PD (p = 0.005). No differences
were observed between the healthy older adults and the patients
with PD in this condition (p = 0.976). Between group differences
in P300 latency during standing were only observed between
healthy young and patients with PD (p = 0.041).

A significant condition � group interaction was found for P300
amplitude (p = 0.008) (Fig. 1B). Similar amplitude between stand-
ing and walking was shown in healthy individuals (both healthy
young and healthy older adults) and a smaller P300 amplitude dur-
ing walking (compared to standing) was demonstrated in patients
with PD (p = 0.023, Fig. 2).

3.4. Gait performance

Young healthy adults showed higher stride (p = 0.037) and step
regularity (p = 0.050) compared to patients with PD during oddball
Older adults N = 10 PD N = 10 p-values

67.1 ± 1.7* 60.5 ± 3.6** <0.001
4/6 6/4 0.853
0.6 ± 0.03 0.6 ± 0.02** 0.015
27.7 ± 0.5 25.2 ± 0.8** # 0.003
51.8 ± 3.4 67.9 ± 14.7** 0.014
na 2.9 ± 0.5 na
na 20.2 ± 3.4 na
na 303 ± 114 na

nt, CTT = Color trail test, UPDRS = Unified Parkinson Disease Rating Scale, LED-



Table 2
P300 latency and amplitude during each condition in each group.

Condition Standing Walking

Variable Subject (n) Latency (ms) Amplitude (mamp) Achieved P300 (%) Subjects (n) Latency (ms) Amplitude (mamp) Achieved P300 (%)

Young 11 396 ± 29 7.1 ± 1.6 91.7 11 415 ± 23 7.7 ± 1.0 75
Older adults 9 456 ± 32 6.9 ± 0.9 80 9 526 ± 27 7.3 ± 0.7 70
PD 8 478 ± 13 6.2 ± 0.9 70 8 558 ± 33 3.8 ± 0.6 50

Fig. 1. Changes in P300 (A) log latency and (B) square root amplitude between standing oddball and walking oddball in young adults, older adults, and patients with PD. P300
latency during walking is significantly longer than during standing in all groups (p = 0.005), while P300 amplitude during walking is significantly lower than during standing
only in patients with PD (p = 0.008).

Fig. 2. P300 during (A) standing and (B) walking in young adults, older adults, and patients with PD. No differences in P300 latency and amplitude are observed between the
groups during standing. In contrast, P300 amplitude is significantly lower in patients with PD (dash line) compared to young and older adults during walking (p = 0.023).

I. Maidan et al. / Clinical Neurophysiology 130 (2019) 224–230 227
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walking. Trend toward significant was observed during usual walk-
ing (stride regularity p = 0.072, step regularity (p = 0.071). No dif-
ferences in dual task cost between the groups were observed
(dual task cost stride time p = 0.616, DT-cost stride regularity
p = 0.971, DT-cost step regularity p = 0.295). Gait speed was signif-
icantly lower in patients with PD (p = 0.018) (Table 1).

3.5. Correlations between P300 and gait

P300 latency was inversely correlated to gait speed (r = �0.457,
p = 0.014) in all participants indicating that lower gait speed
(worse motor ability) was associated with prolongation of P300
(Fig. 3A). In addition, a significant correlation was found between
CTT and P300 latency (Fig. 3B). P300 amplitude was not associated
with cognitive or gait measures.

4. Discussion

P300 is an index of stimulus processing which has been consid-
ered a motor free measure of cognitive function (Magliero et al.,
1984; Polich, 2004). In this study, we aimed to elucidate specific
changes in P300 associated with dual tasking in older adults and
patients with PD using EEG. Our findings demonstrate (1) pro-
longed P300 latency during walking is more pronounced in aging
and PD, (2) there is an association between P300 latency and
reduced cognitive function as measured by CTT and motor function
as measured by gait speed, and (3) reduced P300 amplitude during
walking was found only in patients with PD. These findings provide
direct evidence of specific changes in electrical brain activity dur-
ing dual task walking.

The correlation between better performances in CTT, a cognitive
processing speed test, and shorter P300 latency suggests that P300
latency reflects a stimulus process and not solely response gener-
ation. In line with the literature, we found shorter latencies in
young adults compared to older adults and patients with PD
(Polich, 2004; Yilmaz et al., 2017). These results suggest an ageing
or neurodegeneration effect corresponding to slower speed pro-
cessing, exacerbated during a more demanding task such as walk-
ing. No changes in the findings of P300 latency after controlling for
LEDD suggest a minimal effect of dopaminergic drugs on cognitive
Fig. 3. Correlation between P300 latency during walking and (A) gait speed, (B) color tria
the color trial test faster.
processing speed (Rektorova et al., 2005). Moreover, the basal gan-
glia, specifically the striatum, have been shown to play an integra-
tive role in cognitive information processing, in motor and non-
motor tasks (Rektor et al., 2005). Providing an additional explana-
tion to the prolonged latency we found in patients with PD.

P300 amplitude is a sum of all the extracelluar currents that are
time-locked to the task. Therefore, it has been related to the
amount of attention resources engaged during task (Katsarou
et al., 2004; Yilmaz et al., 2017) and considered an indicator of
the amount of neurons, that were activated during the processing
of incoming information (Johnson, 1993). One explanation is that
detection of odd stimuli invokes additional attentional processes
to update the neural representation of the stimulus, therefore
higher P300 amplitude reflects a better recruitment of additional
attention resources (Polich, 2007). Alternatively, it has been pro-
posed that higher P300 amplitude reflects long-lasting global acti-
vation of workspace neurons, found throughout a distributed
attention network of cortical association areas, indicating a better
attention (Dehaene et al., 2003; Sergent et al., 2005).

The similar P300 amplitude in young, older adults, and patients
with PD during oddball while standing indicates that the recruit-
ment of attentional resources during relatively simple tasks is pre-
served throughout life. In contrast, when greater attentional
demands are present, such as during walking, then changes related
to ageing and disease are revealed. The lack of differences in the
performance accuracy of the oddball task indicates that it was a
simple task and the lack of differences in dual task cost may be
due to the constant external pace of the TM alleviating the effects
of dual task and improving gait performance (Thumm et al., 2018).
Altogether, the similar performance of the groups suggests good
utilization of attention. However the lower P300 amplitude seen
in patients with PD suggests that less neurons were active reflect-
ing impaired neuronal recruitment in terms of timing and
coordination.

Recent studies using fNIRS to measure prefrontal cortex activa-
tion (PFC) showed increased PFC activation during usual walking in
patients with PD compared to older adults. These results suggest a
potential compensatory mechanism that involves recruitment of
attentional networks in PD (Holtzer et al., 2011; Maidan et al.,
2016a; Mirelman et al., 2017). This activation was further
l test in all subjects. Subjects with shorter P300 latency walked faster and completed
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increased with dual task but performance did not improve suggest-
ing inefficient activation (Maidan et al., 2016a). While fNIRS stud-
ies were focused on the PFC, higher activation measured by the
BOLD signal reflected higher recruitment of specific attentional
resources and cognitive networks, suggesting a possible compen-
satory mechanism. At first glance, the previously reported fNIRS
results are in contradiction to our EEG findings which are consis-
tent with lower neuronal recruitment during dual task. However,
it is important to note that fNIRS and fMRI have lower temporal
resolution. Therefore it is hard to conclude whether the increased
activations are the cause or the effect or if they are a result of com-
pensatory activation stemming from network function. In contrast,
EEG signals have low spatial resolution and higher temporal reso-
lution. This may imply that the lower P300 amplitude reflects
unsynchronized activation of various resources (lower timing and
coordination between different brain regions) that led to activation
of less neurons during dual task walking in patients with PD. To
this end, perhaps, fNIRS and EEG methods represent complimen-
tary aspects of brain recruitment during task performance. In the
future, simultaneous study of both modalities could help to further
study this question.

The study has several limitations that need to be acknowledged.
It included a small sample size limiting generalizability of the
results. Patients with PD had lower cognitive function than our
older adults as measured by the MoCA test. In addition, the walk-
ing test was conducted while walking on a treadmill which pro-
vides an external cue that directly affects walking patterns and
perhaps brain responses. Thus, forthcoming studies should also
explore changes in P300 during over ground walking to minimize
the effects of the external cueing on gait. Future studies should also
include a larger cohort of patients with PD, in different stages of
the disease including naïve patients that are cognitively intact, to
investigate whether these findings can be used as a marker of pro-
dromal cognitive decline in PD. Additional groups of patients with
neurodegenerative diseases should be included to investigate the
specificity of our findings. Moreover, future studies should include
differentiation of P300 to its components P300a and P300b to bet-
ter specify the attentional and memory deficits associated with PD.
5. Conclusions

To our knowledge, this study is the first to report on alterations
in neuronal activity using EEG during dual task oddball walking in
patients with PD. These high temporal resolution EEG findings pro-
vide an additional layer to our knowledge regarding executive
function deficits in aging and PD demonstrating new direct evi-
dence of the physiological recruitment of attentional networks
during walking and their impact by ageing and disease.
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