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Abstract— Dementia and other cognitive disorders will affect 

more than 35 million people worldwide. Over the last years, 

cognitive training tools were used to improve the brain 

functioning, thus to slow down the cognitive decline. Recently, 

research studies have demonstrated that aerobic exercise could 

play an important restorative role toward cognitive 

impairments. Therefore, the aim of this work is to present an 

innovative sensorized approach which combine aerobic exercise 

and traditional cognitive tools for daily training. 

This feasibility study consists of two parts, the first part aims 

to design, and develop the ICT device and the experimental 

protocol, whereas the latter one aims to demonstrate that the 

output of the sensorized system could be correlated with 

traditional test in measuring the same cognitive domains.  

The proposed system was tested with fifteen subjects (11 

healthy controls and 4 subjects affected by Mild Cognitive 

Impairments) in a controlled environment. The results suggest 

a good correlation between the two approaches. 

I. INTRODUCTION 

Worldwide, in the past decades, the human lifespan has 
been lengthened; the cause of this phenomenon could be 
recovered in a combination of decreasing fertility and 
increasing life expectations [1]. The life lengthening is 
increasing the impact of typical aging diseases that nowadays 
are involving a significant part of the population. One of the 
most significant diseases among the senior citizens is 
dementia, which affects more than 35 million people 
worldwide [2]. Indeed, dementia is the prominent chronic 
disease in the older age, and one of the most remarkable 
cause of disability [3]. According to the World Health 
Organization (WHO), in 2010, the global societal cost of 
dementia was assessed to be US$ 604 billion. For this 
reasons, the importance of successful aging, intended as a 
“low probability of disease and disease-related disability, 
high cognitive and physical functional capacity, and active 
engagement with life” [4] has been deeply intensified during 
recent years.  
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Cognitive training (CT) involves of a variety of exercises 
aimed to help improve brain functioning. Even if results are 
not definitive, cognitive trainings have been demonstrated to 
be successful in reducing mental declines in elderly with 
cognitive impairment and dementia, especially at an early 
stage [5],[6]. Moreover, CT has been used to improve 
cognitive performances and to delaying daily functions 
difficulties in healthy elderly too [7],[8]. Typically, cognitive 
training is performed by classic pen-and-paper exercises, by 
neuropsychological software or by video-games [9]. 
Nevertheless, recently, cognitive functioning has been proved 
to be improved by physical training too, even if the role of 
exercise on brain is still unclear [10-13].  

As state from literature, the protective and restorative role 
of physical activity toward cognitive impairment and 
dementia has been particularly highlight for aerobic exercise 
[14],[15]. According to this results, the cognitive training 
protocols involving a mixed paradigm (cognitive and 
physical exercise) has begun to been developed, reporting 
encouraging results [16].  

Therefore, in line with such research-line, this study aims 
at developing a tool able to combine the possibility to 
perform a cognitive and an aerobic physical training at the 
same time, in order to verify the effect of its utilization on 
cognitive performances. To fulfil this goal, a reproduction of 
a standardized neuropsychological subtest, taken from the 
TAP battery [17], was developed and enriched, creating 
SmartWalk system. The cognitive training involves the 
attention domain, while the exercise training is an aerobic 
one (walking activity).  

In this paper, we describe the SmartWalk system and then 
we present a feasibility study aims at demonstrate that 
SmartWalk can be used in substitution of the TAP subtest. To 
achieve this goal, firstly, we compare the scores in order to 
verify if the SmartWalk system could be correlated with a 
parallel version of the traditional TAP subtest. Then, we aim 
at investigating whether the SmartWalk system is able to 
cluster the performance of healthy and Mild Cognitive 
Impairment (MCI) subjects in order to reflect the clinical 
assessment.  

II. METHODOLOGY 

This section mainly describes the two cognitive tools 
(TAP and SmartWalk), the experimental protocol, the 
participants, and the analysis performed to accomplish the 
desired outcomes. 
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A. Cognitive tools 

Traditional test: TAP test - The “Test for Attentional 

Performances” (TAP) was originally developed for the 

evaluation of attentional deficits in patients with cerebral 

lesions by Zimmerman et al. [17]. The test battery is a 

computerized technique. The battery is composed by various 

subtests able to assess various aspects of the attentional 

domain, such as alertness, divided attention, vigilance, 

neglect, visual search, working memory, inhibitory process, 

focused attention. 
In the vigilance subtest, four tasks with different stimuli 

are presented in order to assess sustained attention. The tasks 
are unimodal (an acoustic task and two visual tasks) and 
bimodal (visuo-acustic task) in order to evaluate if one or 
both the sensorial channels result impaired.  

The output measures that neuropsychology use to assess 
the TAP subtest for auditory sustained attention are listed in 
Table. I.  

In the acoustic task, reproduced in this study with a 
parallel version, a sequence of alternated high and low tone 
was presented to the subject. The subject had to detect an 
irregularity in the sequence (same tone repeated twofold). As 
soon as he/she detected it, he/she had to click the mouse. A 
software collected the response. 

SmartWalk test – one of the goals of this study is to 
combine aerobic activity with traditional cognitive tolls. 
SmartWalk test has been designed to fuse walking activity ad 
TAP test for auditory sustained attention. 

SmartWalk system is composed of a wearable inertial 
sensor placed on the dominant foot (SensorFoot) and a 
software which collect the data (Fig.1.). SensorFoot V2 
(Fig.1.a) is able to collect a 9-axis inertial system (3-axis 
accelerometer, a 3-axis gyroscope and a 3-axis 
magnetometer) at a frequency of 50Hz. The data is filtered 
on-board with a fourth-order low-pass digital Butterworth 
filter with a 5 Hz cut-off frequency. The core of this device is 
represented by the iNEMO-M1 system on board 
(STMicroelectronics, Italy) with a Cortex-M3 family 
microcontroller [18]. SensorFoot V2 has a small battery that 
supplies the system. Data are collected and transmitted via 
Bluetooth protocol to the software module installed on a 
computer. The software module is developed with Visual 

Studio 2013 (c# language) and it is able (i) to collect and 
store SensorFoot V2 data, (ii) to autonomously administrate 
the exercise and (iii) to reproduce the audio track for testing 
the sustained attention (the same of TAP subtest).  

During this test, the participant was asked to wear the 
SmartFoot on the dominant foot. After the initial guidelines 
administrated by SmartWalk software, the user was asked to 
walk at their own “natural velocity” for the entire test. Every 
time he/she observed a variation in the auditory sequence, 
he/she had to kick (Fig.1.b).  

B. Protocol 

The main goal of this work is to investigate whether the 
two cognitive tools are correlated in measuring the same 
cognitive domains. For this reason,  participants were asked 
to perform both tests in two separate sessions in order to 
compare correspondent output measures. The two tests were 
assessed in a random order. Each test lasts 30 minutes. A 
psychologist and a technician assisted the tests in order to 
intervene in case of necessity. The data were acquired and 
stored by a computer. 

C. Participants 

Fifteen voluntary subjects (7 male, 8 female) participated 
on purpose in this study. Particularly, 11 participants were 
cognitive healthy and they aged from 16 to 65 years old. 

TABLE I.  OUTPUT MEASURES OF TRADITIONAL AUDITORY 

SUSTAINED ATTENTION TEST. 

Scores Description 

Correct 

Number of changes in the audio track correctly 

identified. The user properly react clicking the 
mouse by a time-window of 1500 ms. 

Delay 

Number of changes in the audio track correctly 

identified. The user properly react clicking the 
mouse by a time-window of 2500 ms. 

Omitted 
Number of changes in the audio track not 

identified 

False allarms 
Number of changes identified in absence of 

changes in the audio track 

Mean Mean “reaction” time of correct answers 

Median Median “reaction” time of correct answers 

Standard Deviation 
Standard deviation of “reaction” time of correct 

answers 

 

 
Figure 1. (a) SensorFoot, (b) a participant is performing SmartWalk test, the participantis walking at constant speed, as soon as he identified a change in 

the audio track he kicks and then he continues to walk. 
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Whereas, a sample cohort of 4 participants were over 65 
years old and they suffer from MCI. The diagnosis was made 
by expert clinicians according to Petersen criteria  [19] for 
MCI. In particular: (i) the subjects suffered from a cognitive 
impairment not normal for their age; (ii) the subjects were not 
demented; (iii) the change in cognition did not cause a 
significant impairment in functional activities. An additional 
inclusion criterion was the possibility to walk continuously 
for a total of 30 min.  

Among tested subjects, all participants were right hand 
and the right foot was the dominant one. Participants 
completed the experimental session at the BioRobotics 
Institute of Scuola Superiore Sant'Anna (Pontedera, Italy). 
The protocol of the study was approved by the Ethics 
Committee of the Scuola Superiore Sant’Anna, Pisa. Written 
informed consent was obtained from all the participants 
before starting the tests. For young adults (< 18 years old) the 
informed consent was signed by one parent. 

D. Data analysis 

The SmartWalk data were off-line analysed with Matlab 
2015 software (MathWorks Inc., Natick, MA, USA). Firstly, 
data was processed in order to recognize the events “kick” 
and the output measures. Then, they were compared with the 
measures obtained with the traditional TAP subtest.   

a) SmartWalk Data Pre-processing 

Data from 3-axial accelerometer (ax, ay, az) was 

aggregate to compute the module as: 

M(t) = √a(t)x
2

+ a(t)y
2

+ a(t)z
2

    ∀ 𝑡 𝜖 𝑇     (1) 

Where T is the total time series and t is a specific instant 
of time. The event “kick” had been revealed as soon as M 
(Eq.1) was major of a threshold which was tuned on the 
personal gait. Then, the temporal “kick” sequence was 
synchronized with the auditory track by means of timestamp. 

Same as in the traditional subtest, we computed the 
subtest scores in order to adequately compare the two 
approaches. In this feasibility study, we adapted the threshold 
“correct/delay/false alarms” scores according to the walking 
exercise. Summarizing, the final scores were assigned 
considering the ∆t between the “kick” event and the sound 
variation as (i) ∆t < 2500 ms the “kick” was considered 
“Correct”. (ii) 2501< ∆t < 5000 ms the “kick” was 
considered “Delay”. (𝑖𝑖𝑖)∆t > 5001 ms the kick was 
considered “false alarms”. 

At the end of the analysis, all the “correct/delay/false 
alarms” events were counted and the statistic on the correct 
answer were computed. At the end of this process, for each 
participant, we had two sets of scores, one for the TAP 
subtest and one for the SmartWalk test. 

b) Comparison of the two methods 

In order to achieve the first goal, the two sets of output 
measures were statistically analyzed in order to verify the 
correlation between the two tests. Particularly, Pearson 
coefficient (r) was computed for correspondent scores to 
verify whether they were correlated or not. Additionally, t-

test was performed to verify if each couple of scores came 
from the same population. 

As regard the second goal, in order to investigate whether 
the system is able to cluster the participants’ performance 
according with the clinical cohort, the SmartWalk scores 
were normalized and reduced by Principal Components 
Analysis (PCA). Then, according with Kaiser rule, we 
considered only components with eigenvalues greater than 1. 
Then K-Means (Euclidian distance, 2 replicates) was applied 
to group the participants according with SmartWalk results. 
Silhouette value [20] was computed to assess the cluster 
validity and to quantitatively analyse the clustering process. 
A higher value indicates that the clusters were compact and 
well separated. 

III. RESULT AND DISCUSSION 

The aim of this research is twofold. Firstly we aim to 
compare the results of the two approaches and then we 
investigate whether the SmartWalk performance could reflect 
the clinical assessment. In this section the results are reported 
and discussed.   

As regard the comparison between the two tests, the 
results show a high significant (p<0.05) correlation for the 
“correct” and “omitted” scores (r=0.73 and r=0.59 
respectively). Also the “mean” and the “median” time are 
significant correlated (r=0.59 and r=0.70 respectively). These 
results are in line with the scatter plots depicted in Fig. 3. 
From a visual inspection, “correct” score shows the same 
outputs: if a participant obtained low score in the traditional 
test, he/she obtained low score also in the SmartWalk test. In 
is worth to mention that “Omitted” and “Correct” scores are 
considered by neuropsychologist to be the most significant 
measures in the traditional subtest. Because of that, the 
results of our comparison underline that the SmartWalk 
approaches could be used to assess auditory sustained 
attention. Additionally, Fig. 3 reports the output measures 
according with the clinical cohorts (healthy or MCI subject), 
it is also important to notice that, these measures could group 
the two cohorts according with the performance. 

 
Figure 3.  Scatter plot of output measure in TAP subtest and 
Smartwalk system for Correct, Delay, Omitted and False Alarms. The 

red circle are the MCI subjects and the blue stars are the healthy 

subjects 
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Additionally, the t-test underlines that SmartWalk scores 
and the parallel version of traditional TAP subtest scores, 
concerning “correct”, “delay”, “omitted” and “false alarms” 
categories, belongs to the same populations (p > 0.05), which 
also means that the results were independent from the 
typology of tests. On the contrary, the “mean”, “median” and 
“standard deviation” scores belong to different populations 
(p < 0.05). These measures describe the “Reaction Time” 
which is mainly correlated with the typology of the tests. 
“Click a mouse” or “Kick” are two very different motor 
tasks, so the results are correlated but different.  

As regard the cluster analysis, we select only the first two 
Principal Components (PCs) according with Kaiser rule. As 
reported in Fig.4, the blue stars represent the healthy 
population, whereas the red stars represent the MCI 
populations. From a visual inspection, the two cohorts seem 
to be grouped in the PCA space. K-means method was thus 
applied to confirm the evidence of clusters. The silhouette 
index was equal to 0.8086, this high values confirms that the 
clusters were compacted and well-separated. Additionally, as 
depicted in Fig. 4, the participants seem to be correctly 
grouped according with the clinical group, except for 
participant 38PF which is on the edge between the two 
clusters (black and green circle).  

IV. CONCLUSION 

The primary goal of this feasibility study is to compare 
the traditional subtest with our SmartWalk system that 
includes walking activity. The results suggest a good 
correlation between the two approaches. Future research 
should be focused to increase the number of participants to 
corroborate the study. Furthermore, usability study should be 
planned to estimate whether SmartWalk system could be 
used in a daily cognitive training at users’ home. 
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Figure 4. SmartWalk performance in the PCA space. The red and blue 

stars represent the clinical group, whereas the green and the black circle 

represent the K-Means results. 

 

 
Figure XX.  SmartWalk performance in the PCA space. The red and 

blue stars represent the clinical group, whereas the green and the black 
circle represent the K-Means results. 
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