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ABSTRACT

Alzheimer is a neurodegenerative type of dementia, that has progressive impairment
of cognitive and behavioral functions, most commonly presented above 65 years old
and it is divided in three stages. Wandering is the most frightening symptom for famili-
ars and caregivers in the mild stage (second stage of the disease) because it can cause
from a minor damage to death. Detecting and monitoring wandering is a complex task
and has become a strong research line for several research projects. This paper focu-
ses in proposing, developing and testing a support system for monitoring trajectories
to identify direction changes alterations and positioning. The proposed system is cal-
led Motion acquisition system + Global positioning system(SAM + GPS). The system
integrates an accelerometer, magnetometer, gyroscope and a GPS module. To address
this challenge, after the development of the device, a pilot test was conducted with 9
young adult healthy subjects instrumented with the SAM + GPS. Each subject needed
to route 2 specific trajectories to prove that the integrated device was able to measure
different direction changes and map an accurate trajectory for future wandering dete-
ction. It was found that the SAM + GPS had an acceptable error of 12.29% measuring
the direction changes in the first trajectory and a 27.44% critical error in the second
trajectory. In addition, the device was able to map most of the trajectories with high
similarities to an ideal pattern traced with the expected horizontal accuracy of 2.5m of
the GPS Neo 6m module. It is worth mentioning that the device had a better perfor-
mance in outdoor environments than in indoor environments, so in future work, more
tests are considered with a larger population sample with the integration of an indoor
positioning system and Humanitude methodology principles.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common type of dementia; it is a
neurodegenerative disease with a progressive impairment of cognitive and
behavioral functions. It is more commonly presented above 65 years old
and there is no cure for Alzheimer’s disease, although there are treatments
available that may improve some symptoms (Kumar et al., 2022).
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Figure 1: Percentage Changes in Selected Causes of Death (All ages) Between
2000 and 2017. (Alzheimer’s Association, 2019).

Alzheimer is becoming a more common cause of death. Deaths from AD
have increased significantly. Between 2000 and 2017, the number of deaths
from AD has increased 145 percent, while the number of deaths from the
number one cause of death (heart disease) decreased 9 percent (see Figure 1)
(Alzheimer’s Association, 2019).

The number of new cases of dementia anticipated each year all over the
world is almost 7.7 million. Revealing this by region, it means that there are
3.6 million (46%) new cases per year in Asia, 2.3 million (31%) in Europe,
1.2 million (16%) in the Americas, and 0.5 million (7%) in Africa (Brito-
Aguilar, 2019).

The Mexican Health and Aging Study (MHAS), used a sample of 7,166
subjects older than 60 years to estimate the prevalence and incidence of
dementia and cognitive impairment without dementia (CIND). Results sho-
wed a prevalence of 6.1% for dementia and 28.7% for CIND(Brito-Aguilar,
2019).

Alzheimer’s symptoms depend on the stage of the disease. It is classified in
three stages depending on the degree of cognitive impairment (Kumar et al.,
2022), such as PR symptomatic, mild, and dementia. Symptoms like apathy,
isolation, agitation, psychosis, and wandering are presented in mid to late
stages. Wandering is one of the most frightening symptoms for relatives and
careers. Wandering can be defined as “moving within an area with no logi-
cal movements”(Batista et al., 2016a). Consequences of wandering could be
fatal, starting from a minor injury to a severe one and ending in death (Rowe
& Bennett, 2003). It can lead to falls, fractures, and accidents in people with
dementia (Wick & Zanni, 2006). It was also found that patients who wander
often are unable to sit down for meals and can suffer malnutrition, weight
loss, and fatigue (Vellas et al., 1999).

Wandering goes hand to hand with “elopement.” It is described as “leaving
one’s dwelling unescorted” (Chung & Lai, 2011). The persistent wandering
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and elopement are linked to the high morbidity and mortality rates among
people with dementia (Ali et al., 2016). The common cause of death in people
who wander or elope because of some type of dementia, is fatal accidental
hypothermia, orthopedic injuries, soft tissue injuries, malnutrition, weight
loss, and accidents (Woolford et al., 2017). Other consequences of wandering
are the increase of caregiver burden and increase costs of care (Stevenson &
Studdert, 2017).

Studies points out that, people aged 65 and older survive an average of 4
to 8 years after a diagnosis of AD, however some people live up to 20 years
with AD.Of the total number of years that they live with AD, individuals will
spend an average of 40 percent of this time in dementia’s most severe stage
(Alzheimer’s Association, 2019).

Inside the field of AD attention, costs and economic consequences for every
country are involved. If treatment improves survival, but prolongs the time
spent with severe dementia, it might bring only partial health benefits for
patients, but increase care costs substantially, for the family and for the respe-
ctive government. However, if patients spend more time in less severe states,
thanks to the early detection, monitoring and possible treatment in this case
of wandering, cost savings could be substantial. Thus, the goal of therapy is
not merely to slow disease progression, but to minimize the time spent with
severe dementia and maximize the time with conserved cognitive resources,
autonomy in activities of daily living (ADL), and quality of life (Winblad
et al., 2016). Early intervention is the optimal strategy because the patient’s
level of function is preserved for longer.

BACKGROUND

In the initial steps of this research it was found that, sometimes, wandering
is detected by the caregiver’s interaction with the AD patient. This could lead
to imprecise detection, and a late diagnosis.

There have been different proposals for wandering detection and monito-
ring, based on video surveillance, fluorescent dye–based image processing,
GPS technology, wandering analysis with mobile phones, smartphone with
a speaking system, among other ideas, but there is currently no standardi-
zed approach to objectively measure and quantify the wandering behavior
itself.

This report focuses in the current needs identified, needs such as, the early
detection and wandering monitoring in AD patients, based on the previous
R&D work related to Alzheimer behaviors, the early detection of wandering
in Alzheimer patients, and the AD stages based on wandering. This, to maxi-
mize the time with conserved cognitive resources through cognitive therapy
on time, to maintain a quality and safe care for them, avoid fatal outcomes
and reduce fatigue and stress in caregivers.

To address those needs, two specific objectives are set for the first 5 mon-
ths of the project. To propose and develop a support system for monitoring
trajectories, to identify alterations and positioning and run a pilot test of the
support system proposed in this case, the integrated device “SAM + GPS”.
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STATE OF THE ART

Recent studies presented their proposals and results for wandering detection
and monitoring. For example, a wandering analysis with mobile phones on
the relation between randomness and wandering in Mild Cognitive Impair-
ment patients (MCI), which could be described as a precursor of early stages
of AD; the experimental results of this study show that there is a relation
between the amount of randomness and the presence of wandering, with
premature evidence of the idea that the percentage of short-cycles in a graph
might be a good indicator of the randomness of a trajectory (Solanas et al.,
2015).

Another study provided preliminary evidence that monitoring in patients
with some kind of dementia is feasible using a wearable inertial sensor Opal
(APDM, Portland, OR); noticing that participants who wandered had higher
number of turns in 30 min and, shorter mean turn duration (see Figure 2).
Even though this was a small study made with a small sample (12 parti-
cipants), it proves the feasibility of continuous monitoring in patients with
cognitive impairment and the potential of using inertial measurement units
(IMU) to define and quantify wandering behavior. Now assuming that, pati-
ents whowander appear to makemore frequent, shorter turns, in comparison
to patients who do not wander (Kamil et al., 2021).

Figure 2: Comparison of turning metrics between participants who wandered (W) and
who did not wander (nW). (Kamil et al., 2021).

Worth mentioning this work was written taking into consideration the
positive language form the Alzheimer’s Society guide to talking about demen-
tia (Alzheimer’s Society, 2018).

In the work by Batista et al. (Batista et al., 2016a), it is concluded that
the combination of the analysis of length cycles and the consecutive direction
changes, allows a more accurate wandering detection, letting the possibility
to label a trajectory as wandering when: a) there are several short cycles or,
b) there are few short cycles but many direction changes.

DEVELOPMENT AND EVALUATION OF THE TOOLS

The goal is to develop a wearable device able for monitoring trajecto-
ries, to identify alterations and positioning; integrating an inertial sensor
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Figure 3: Flowchart of the integrated device “SAM+GPS”: inertial sensor (accelerome-
ter, gyroscope, and magnetometer) with a GPS module for AD patients.

(accelerometer, gyroscope, and magnetometer) with a GPS module for AD
patients for future wandering detection (see Figure 3).

The ideal device intends to achieve an accurate wandering detection and
the possibility of labeling the type of trajectory like in the work by Batista
et al. (Batista et al., 2016b), mapping the users indoor and outdoor trajecto-
ries for the analysis of length cycles as in the study of Solanas et al. (Solanas
et al., 2015) but, with a GPS Neo 6m module and the analysis of the conse-
cutive direction changes as in the work of Kamil et al. (Kamil et al., 2021)
and Lin et al. (Lin et al., 2012), but instead of performing such analysis with
a vector angle calculation form the GPS location, the present work proposes
an inertial sensor called SAM.

To validate the first prototype of the device called SAM + GPS, a pilot test
was designed. It consisted in a delimited controlled area with a rectangular
territory zone (Batista et al., 2016a) of 21 × 20 meters, with at least three
locations (Solanas et al., 2015), at the terrace in front CEDETEC building in
Tecnologico deMonterrey-Mexico City Campus with 9 healthy young adults
ages from 18 to 30 years old (volunteers). The subjects were going to follow
two specific trajectories shown in Figure 4 left diagram.

The trajectories were designed to prove that the integrated device pro-
posed, is capable of measuring rotational body angles (β) when changing

Figure 4: Left diagram: Trajectory 1 (orange arrows) and Trajectory 2 (green arrows).
Right diagram: Instrumentation of the subjects: Position of two SAM and GPS module.
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directions and the trajectory lengths between one location and the other.
When β ≈ 0◦ the subject is walking straight (from the Start point to Point A
in Trajectory 1), when β ≈ 90◦ it is a determined change of direction (the turn
at Point A to the left in Trajectory 1), when β ≈ 180◦, it represents a pacing
movement (the user has reached a point and returned back using the same
way) (from Start point to Point D in trajectory 2). Finally β ≈ 133.6◦, β ≈
87.2◦, β ≈ 133.6◦, area measured from Point B to Point C, Point C To Point
D and Point D to the End point respectively, because if β > 90◦, consecutively,
this might indicate wandering behavior, pacing or lapping (repetitive travel
characterized by circling a large areas) travels (Batista et al., 2016a)(Lin et al.,
2012).

The subjects were instrumented with two sensors, the first sensor SAM in
the forehead and the second one in the torso between the 6th, 7th true ribs
or 8th false rib with the GPS module as well (see Figure 4 right diagram) and
the initial position of the sensors was 90◦ Pitch.

The GPS Neo 6M module was connected to an Arduino MEGA 2560 to
be able to visualize the latitude and longitude data received from satellite
communication in the Arduino’s serial port at first. Then, an SD card like
in the SAM sensors with a MicroSD card adapter was used to save the data
and have access to it, so that the data could be manipulated to elaborate the
efficient code in MATLAB.

Eventually, the pilot test was conducted with the 9 healthy young adults
routing the two trajectories, obtaining the direction changes and trajectory
mapping results of each trajectory of each subject. After that, a lower-pass
filter was implemented with a cut-off frequency of 12 Hz. This cut-off fre-
quency was chosen because it corresponds to a human movement frequency
top speed while running, meaning, that a person at his/her top speed gives
12 steps in a second. Because it was important to not over-filter and the tra-
jectories of the pilot test were expected to be performed in a slower speed,
the 12 Hz frequency was ultimate to ensure clean results and visualize the
desirable changes of direction which will be performed under 12Hz.

The 12 steps given in a second data was obtained thanks to the literature,
which reports different gait speeds in response to slow, preferred, and fast
walking prompts. In this case the speed range of interest is “slow”, because
the healthy young adults who performed the pilot test, where asked to walk
in a slow mode trying to imitate an average speed of older people (above 60
years old). Studies report slow gait speed in healthy young adults ranging
from 0.5 m/s to 0.90 m/s (Brinkerhoff et al., 2022). On the other hand, in
another study, the mechanics of 33 subjects of different sprinting abilities
running at their top speeds on a level treadmill where compared for other
purposes obtaining 6.2 to 11.1 m/s (Weyand et al., 1991). In addition, an
article reported that 837,000 km is equal to 1,156 million steps, to appraise
the potential physical activity benefits of making some short trips by foot
instead of by amotorizedmode. So, this means that, 1 km is equal to 1,381.12
steps and that the average top speed of running on a level treadmill is 8.65m/s
(31.14 km/h). Then, 31.14 km/h times 1,381.12 steps/h is equal to 43,008.08
steps/h (11.95 steps/s), which is the frequency of human movement at top
speed.
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The visual evaluation of the performance of the Neo 6m module in the
pilot test, is consistent with the GPS Neo 6m accuracy documented in its
data sheet, which is 2.5 meters horizontal accuracy. There is some variation
in the latitude and longitude data that produced a varied trajectory mapping
but it does not exceed even the 2 meters. Later, the inertial sensor error was
calculated with the percentage error formula obtaining 12.29% of error in
the results from trajectory 1 and 27.44% for trajectory 2.

Two types of results were obtained from the SAM +GPS device in the
pilot test. The first type is about the mapping of the trajectory shown in
Figure 5 and the direction changes results shown in figure 6. To show that
the trajectory one was similar to the ideal pattern traced from the trajectory
designs, the two images were placed together in Figure 7.

Figure 5: Mapping of the trajectory 1 and 2 of Subject 8.

Figure 6: Direction changes results of Subject 8 of Trajectory 1.
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Figure 7: GPS module mapping of Subject 8 trajectory 1 in comparison to the ideal
pattern traced from the trajectory designs.

ANALYSIS AND DISCUSSION OF THE RESULTS

After the performance of the first 5 subjects of the pilot test, it can be said that
the inertial sensor implemented was able to measure different direction chan-
ges with an acceptable 12.29% of error in the first trajectory and a critical
error of 27.44% in the second trajectory.

In further tests, a variation of the results was presented generating new
percentage error. For the first trajectory it was calculated and error of 11.75%
and for the second trajectory an error of 37.80%. This, could be because of
the variation in the dynamic route tracking of the subject, because people are
not robots and they do not perform an exact 180◦ turn when returning. In
fact, in the pilot test, it was discovered that human turns (changes of dire-
ction) can vary a lot. Sometimes, the turn can reflect a lower angle variation
because the person started turning before reaching point D, for example in
the second trajectory of the pilot test or for some other reasons. If the person
starts turning and gives an extra step forward or backwards, or turns around
with pauses, the direction changes data will vary, but this does not mean that
the device is measuring incorrectly, this means that some other aspects need
to be considered in future work, such as the turn dynamic analysis.

Talking about the GPS module selected, it was able to map 6 trajectories
out of 9 with high similarities to the two proposed trajectories with the expe-
cted horizontal accuracy of 2.5m according to the data sheet of the module.
The other 3 trajectories had a lot variation due to the fact that, that a few
subjects did some abrupt movements while performing the test or because
of some antenna interference. Besides, in the inspection of two data-sets of
different subjects, the research uncovered one atypical value of latitude and
longitude in each data-set. They were easy to identify while running the pro-
gram to map the trajectory, because the map routed a trajectory fromMexico
City to Africa continent. These values were removedmanually, and taken into
consideration to create a solution if the incident continuous happening.

Additionally, in the graphic results of the inertial sensor SAM in the x
graphic related to the roll movements, it is very easy to identify the changes
of direction of the subjects, noticing that, the left turns can be seen as negative
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variations of the angle and the right turns are the positive variations of the
angle, thanks to the filtration of 12 Hz of these results.

While performing the pilot test and analyzing the results, it was discovered
that, the device has a weak performance in indoor environments because of
its satellite communication, as consequence of some factors mentioned before
in this reports,

like the weather conditions or interferences in the building. The integra-
tion of Wi-Fi communication for indoor environments or any other indoor
positioning system is considered to overcome this problem.

CONCLUSION AND CONTRIBUTION

To conclude, the specific objectives were reached, the work proposed an deve-
loped a support system for monitoring trajectories, to identify alterations and
positioning, and to run a pilot test of the integrated device SAM + GPS with
the development of its appropriate protocol.

Moreover, the results from the pilot test were positive in matter of lear-
nings, obtaining 12.29% of error for the first trajectory with 27.44% of error
in the second trajectory, the first time the error was calculated, and 11.75%
of error in the first trajectory with 37.80% of error in the second trajectory,
the second time the error was calculated. Coming by with the idea that, other
aspects need to be considered in future work, like the turn dynamic analy-
sis, to have an specific explanation of how a human cannot change his/her
direction with exact degree variations.

The exploration of the GPS module selected helped to define that it had a
better performance in outdoor environments because of its satellite communi-
cation, that it created a consistent mapping in the majority of the trajectories,
with its expected horizontal accuracy of 2.5 meters and that it is useful for
tracking a person.

FUTURE WORK

Finally, more studies are required to completely validate that the SAM+GPS
device is an excellent candidate for analysis of length cycles and consecu-
tive direction changes as expected both in wandering and eloping behaviors.
Additionally, a comparison of the results with other studies is needed to say
for sure that, the combination of the outputs of both direction changes analy-
sis and cycle analysis increases the pattern analysis precision and for that, it
could increase the wandering detection rate. But up to now, it can be said
that this project is following a strong research line.

Besides, there is a plan to try the device on AD patients vs normal controls,
working hand to hand with Dementia Friends Mexico which is a Mexican
federation of Alzheimer initiative, in order to assess the developments.
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