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Mobile devices have increasingly become an essential part of the healthcare system worldwide.
This is particularly evident during the current COVID-19 pandemic, as telemedicine is playing an
important role in enabling remote interaction between physicians and patients, to support patient care
and disease management, while maintaining social distancing. In addition to telemedicine, mobile
devices have played a key part in evaluating and guiding the pandemic response, by facilitating contact
tracing, as well as helping with mapping the transmission [1]. There has also been a significant effort
towards the development of mobile diagnostic devices for point-of-care (POC) testing of COVID-19 in
order to curb the pandemic. A few different POC devices for the rapid detection of the SARS-CoV-2
have been developed, including the Accula system (Mesa Biotech), Sofia 2 (Quidel), Talis One (Talis
Biomedical) and Cue (Cue Health), which are expected to enable rapid testing and significantly increase
the rate of screening. Thus, the use of POC diagnostic devices will play a key role during such pandemics,
especially where vaccines are yet to be developed, by preventing the spread of the disease and reducing
the mortality rates. Although promising, there are several challenges associated with the deployment of
such devices. These include filing regulatory approvals in different countries worldwide, negotiating
the terms of cost reimbursement from insurance companies, maintaining data privacy and the protection
of data, among others. Despite the challenges, mobile devices offer several advantages that make them
attractive to clinicians, patients, and even educators. One of the main advantages of mobile devices
is their ability to provide healthcare access to patients in low-resource settings, such as rural areas
or poor communities, at an affordable cost. Mobile devices can be used for on-site testing and data
collection using their in-built cameras and sensors, as well as external lab-on-chip platforms, paper-based
assays, and other formats of POC tests [2]. Advancement in processor technology has also facilitated
complicated calculations and analysis, on the spot, using these mobile devices and simple user interfaces
(e.g., mobile applications). Furthermore, the data acquired from on-site testing can also be uploaded
to different servers worldwide, which would facilitate data analysis using computationally intense
approaches, such as machine learning, deep learning, or even crowdsourcing. Another advantage of
remote diagnostics and telemedicine is the reduction in patients’ exposure to nosocomial infections,
which can be life-threatening (e.g., methicillin-resistant Staphylococcus aureus (MRSA)). The utilization
of mobile devices such as smartphones, smartwatches, implantable sensors, and portable readers in
healthcare has several benefits to public health strategies as well, especially for monitoring chronic
medical conditions. For example, smartwatches can measure blood pressure in patients suffering from
hypertension. Standalone medical devices, such as the glucometer, which is a standard tool for diabetes
management, have become quite popular as well. Another important area is the detection of bacterial
and viral pathogens, which was reviewed by Nath et al. [3] The pathogen detection devices are typically
based on portable lab-on-chip platforms, such as microfluidics or plasmonics, and integrated with
optical or electrochemical readers. This review focuses on the point-of-care optical readers, such as
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smartphone and holographic microscopes, with in vitro diagnostic assays that are easy to perform in
resource-limited settings.

Dieng et al. [4] developed a mobile set-up, composed of a sample inactivation extraction station,
sample preparation station, and detection station, for the detection of the causative agent of non-malaria
febrile illnesses by screening for dengue virus (DENV), Zika virus (ZIKV), yellow fever virus (YFV),
chikungunya virus (CHIKV), and rift valley fever virus (RVFV). They evaluated the performance of
this mobile laboratory by screening the blood samples of 104 children in Senegal and confirmed their
test results to gold standard molecular methods such as real-time polymerase chain reaction (RT-PCR)
and enzyme-linked immunosorbent assay (ELISA). Another optical platform for virus detection, i.e.,
Zika virus, for which effective vaccines are not yet available, was demonstrated by Kabir et al. [5]. This
mobile in vitro diagnostic platform is based on a smartphone-based video reader for a colorimetric
assay. This device has a high throughput with a 9 min turnaround time, including sample preparation.

Smartphones can also be used in combination with smart wearable sensors and implants to collect
patient data, which can then be used to predict different health problems, as well as monitor the
dynamics of a particular illness [6]. Rodriguez-Riuz et al. [7] analyzed the night, day, and 24 h motor
activity data of 55 patients, of which 23 were diagnosed with depressive episodes, to find the best dataset
for the accurate classification of depressive episodes using machine learning and a smart wearable. They
demonstrated that the night motor activity data were the best dataset for this classification with >99%
specificity and sensitivity. Similarly, smartphones were also used to study neurological disorders and
disabilities. Carmono-Perez et al. [8] studied the craniocervical range of motion in subjects between the
ages of 4 and 14 with cerebral palsy, which is a neurological disorder that affects movement and motor
skills. An inertial measurement unit (IMU) device and a cervical range of motion (CROM) device were
used to perform the measurements of movement in different spatial planes. Both IMU and CROM had a
high level of correlation between them for the assessment of craniocervical motion. In another example,
Shichkina et al. [9] evaluated the effectiveness of the use of the mobile phone and neural networks
for the determination of the status of patients with Parkinson’s disease. In this study, a smartphone
was used to collect patient data, such as speech, hand tremors, tapping of fingers, speed, balance, and
reaction time, which was used to train a deep recurrent neural network, that can help determine the
condition of the patient. In a separate study, Rodriguez-Almagro [10] used a new virtual reality system,
consisting of a mobile device and a headset, to perform subjective visual vertical (SVV) test, on subjects
suffering from disabilities such as migraine and tension-type headache. However, this test did not
yield any significant differences between the control group and the group with a disability, thereby
highlighting the need to perform additional visual and somatosensory tests.

In conclusion, a number of interesting applications ranging from pathogen detection to neurological
disorders and mental health problems were presented in this Special Issue, which highlights the
capabilities of mobile diagnostic devices and their importance in personalized healthcare.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Infectious diseases caused by bacteria and viruses are highly contagious and can easily
be transmitted via air, water, body fluids, etc. Throughout human civilization, there have been
several pandemic outbreaks, such as the Plague, Spanish Flu, Swine-Flu, and, recently, COVID-19,
amongst many others. Early diagnosis not only increases the chance of quick recovery but also
helps prevent the spread of infections. Conventional diagnostic techniques can provide reliable
results but have several drawbacks, including costly devices, lengthy wait time, and requirement of
trained professionals to operate the devices, making them inaccessible in low-resource settings. Thus,
a significant effort has been directed towards point-of-care (POC) devices that enable rapid diagnosis
of bacterial and viral infections. A majority of the POC devices are based on plasmonics and/or
microfluidics-based platforms integrated with mobile readers and imaging systems. These techniques
have been shown to provide rapid, sensitive detection of pathogens. The advantages of POC devices
include low-cost, rapid results, and portability, which enables on-site testing anywhere across the
globe. Here we aim to review the recent advances in novel POC technologies in detecting bacteria
and viruses that led to a breakthrough in the modern healthcare industry.

Keywords: infectious diseases; diagnostics; point-of-care devices; microfluidics; plasmonics;
smartphone; lensless imaging

1. Introduction

Throughout human history, there have been several epidemics and pandemics, worldwide, due to
the emergence and re-emergence of disease causing microorganisms, such as bacteria and viruses [1-4].
These pathogens cause diseases that are contagious and can be transmitted easily via aerosols,
food, physical contact, body fluids of the infected person in a short period of time [5]. Infectious
diseases like HIV (Human immunodeficiency virus), SARS (Severe acute respiratory syndrome),
COVID-19 (coronavirus disease 2019 caused by SARS-CoV-2), influenza flu, Ebola, Herpes, Hepatitis,
and tuberculosis are some of the top global health challenges at present [6,7]. For example, acquired
immunodeficiency syndrome (AIDS) caused by HIV, had affected nearly 37 million people (including
1.8 million new infections) across the globe by the end of 2017 [8]. Currently, there is no cure for AIDS;
early detection and prevention of transmission is the only way to defeat this disease. Some of the other
pandemics include the 2009 swine flu, caused by the HIN1 Influenza virus that affected approximately
61 million people in the US alone; the 1918 Spanish flu, which resulted in the loss of almost 50 million
lives worldwide [9,10]; and, more recently, COVID-19, which has infected more than 25 million people
to date, with nearly ~0.8 million deaths worldwide [11,12]. The rapid spread of this infection across
the continents brought life to a complete standstill. Additionally, these epidemics and pandemics
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have a severe impact on the economy. The COVID-19 pandemic also resulted in a severe decline of
the world economy, including a 5% reduction in the GDP of the US [13]. Among bacterial infections,
tuberculosis (TB) is one of the deadliest diseases caused by a bacteria Mycobacterium tuberculosis, which
has resulted in over 1.2 million deaths in 2018 alone. It is more prevalent in countries like India, Nigeria,
Indonesia, and Philippines, which account for half of the ~10 million global cases [14]. According to
WHO, the estimated treatment coverage rate in 2018 was 69%, and the major challenge lies in its rapid
diagnosis [14-18]. Foodborne pathogens, such as some virulent strains of Escherichia coli, are known to
cause many diseases like colitis, urinary tract infections, meningitis, sepsis, and many more [19-21].
Every year, more than five million deaths occur worldwide due to these diseases especially in low- and
middle-income countries [22]. The elderly population and children with underdeveloped immunity
are particularly vulnerable to these infections.

Thus, there has been a constant focus on early detection of these pathogens with high sensitivity
and specificity, in order to prevent the spread of these infections. Some of the commonly used techniques
for detection of bacteria and viruses include blood culture, high-throughput immunoassays, e.g.,
enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), mass spectrometry
(MS), etc. [23-25]. Although the conventional diagnostic methods provide accurate results, they
often lack sensitivity, are-time consuming, expensive, require intensive labor for sample preparation,
and need trained laboratory personnel to carry out the tests. Availability of these diagnostic tests to
the general population is a major issue, which has been highlighted during the COVID-19 pandemic.
At present due to lack of resources, there is a strong preference to mainly test people with COVID-19
symptoms, thereby bypassing a majority of the asymptomatic population [26]. Additionally, it takes
several days to get the results back from the clinic. This problem is particularly severe in developing
countries, where patients usually need to travel to diagnostic centers and wait long hours in hospitals
to get the test done. It has been previously reported that in developing nations over 95% deaths occur
due to lack of proper diagnosis and treatment [27].

In order to address the aforementioned shortcomings, a herculean effort has been directed towards
developing point-of-care (POC) devices. These devices are able to provide diagnosis at the point of care,
without the need to go to a clinical laboratory [28-30]. An ideal POC device, such as the glucometer,
can be used for testing patients at the comfort of their home, with minimal or no supervision, and
should be able to provide results rapidly. These devices are designed to be low in cost, portable,
and easy to use [28]. A simple POC device relies on a (i) biological recognition element (enzyme,
proteins, antibody, and aptamer) that selectively interacts with the target molecules (antigen), and (ii) a
transducer that monitors the interaction and provide information both qualitatively and quantitatively.
Typically, the POC devices or biosensors are developed by integrating plasmonic or microfluidic
devices, and an electrochemical or optical readout system into a single miniaturized platform for
real-time detection of pathogens, as shown in Figure 1 [31-34]. In resource-limited settings, a POC
device promises (ASSURED) Affordable, Specific, Sensitive, User-friendly, Rapid, Equipment-free
analysis of immunoassays (antigen and antibody reaction) and Delivery to remote areas for ‘on-site’
analysis of samples, according to the guidelines set by WHO for developing diagnostic tools for
economically underdeveloped nations, to enhance global healthcare quality [35].

In this review, we focus on some of the commonly used technologies utilized for developing
POC devices for the detection of bacteria and viruses. These include microfluidics, plasmonics,
smartphone-based imagers and lensless microscopes (Figure 1). We focus mainly on photonics-based
technologies as they are capable of extremely sensitive measurement at a very high resolution and the
ability to operate in multiple different modalities, e.g., colorimetric, transmission, scattering, reflection,
fluorescence, interferometry, etc. Diagnosis of the diseases involves either direct detection of the
pathogen or indirect detection of the antibodies produced in the body in response to a particular
microorganism. We discuss some of the specific examples in detail and highlight the current state of
various POC devices developed over the past decade.



Diagnostics 2020, 10, 841

Multiplexed detection platform Optical readers for point-of-care testing

Microfluidic Lensless microscope | Cloud data
ﬁ Machine learning

Data 1
/ Analysis Crowd sourcing
g adont) S 0 14 T 1
[Rescos ; .

N 'l I

I
! 1

1

Sample Plasmonic Smartphone reader
_A;arvsi_s -
+  Early diagnosis at the point of care
*  Quicktest result
¢+ Costreduction
@ Gold nanoparticle +  Preventspread of infection
+ Earlyt & low mortality

Figure 1. Flow diagram showing the process of sample testing using point-of care devices.
2. Microfluidics-Based Platforms

Ever since the development of the first commercial devices (1-TAS in 1990, microfluidic technologies
have evolved significantly and has been used for a large number of medical diagnostic applications [34].
Microfluidics is a field of research that deals with the manipulation of fluids at the microscale inside
channels of dimension less than 1000 micron [36]. It provides the advantage of setting up experiments
that require rapid diffusion, laminar flow, small sample volume, and large surface-area-to-volume
ratio. The miniature size of the devices and the requirement of small sample volume makes it ideal for
point of care applications. Additionally, these platforms can be used to support many different assays
including immunoassays, nucleic acid amplification assays, and biochemical reactions. Therefore,
microfluidics is frequently incorporated in point-of-care diagnostic devices [37,38].

A microfluidic (MF) platform is usually developed by using materials that are lightweight,
inexpensive, portable, and disposable, such as polymers, glass, paper, and textiles, among others.
Each of the materials has its own unique advantages [39-42]. For example, paper microfluidics is one
of the most extensively used platforms that has been used for a variety of bio-analyte detection, due to
its easy availability, low cost, biodegradability, portability, lightweight nature, and self-capillary action
that eliminates the need for an external pump. The paper-based MF device is a common candidate for
lateral flow immunoassays (LFIA)/test strip/rapid test/dipstick device for the detection of pathogens,
antigens, and antibodies [43—45]. LFIAs generally consists of a sample loading pad, absorbent pad,
conjugate pad, a test line, and a control line on a membrane (commonly used nitrocellulose membrane).
One example of the LFIA is the recently developed tuberculosis detection, where the sample is
deposited on the loading pad and flows laterally to meet the conjugate pad that contains immobilized
gold nanoparticles (AuNDPs) tagged with antibody (Ab) that specifically captures the CFP10-ESAT6
antigen of M. tuberculosis in the sample [46]. The AuNP-Ab-Antigen complex then flows along the
membrane laterally due to the self-capillary action of the membrane and meets the test line, which has a
second antibody that captures the AuNP-Ab-Antigen complex, resulting in a colored line. Vertical flow
immunoassays (VFIA) are alternate paper-based assays that are based on the vertical flow of sample
due to gravity and capillary action, and they tend to have a faster detection time [45]. In addition to
papers, glass-based MF devices are also quite common due to their excellent optical properties, chemical
inertness, surface stability, and solvent compatibility; thus, glass is used for fabricating devices for the
detection of enzymes, antibodies, and whole cell [47]. Polymer-based MF devices fabricated by using
polydimethylsiloxane (PDMS), polyethylene, polypropylene, etc., are extensively used in commercial
devices due to their low cost, compared to glass and silicon, high transparency, and chemical/electrical
resistance which is particularly desirable for electrochemical immunosensors [42]. Other polymers
such as thermoplastics (polystyrene, cyclin olefin copolymer (COC), polyethylene terephthalate (PET),
poly (methyl methacrylate) (PMMA), and polycarbonate) are also used for large scale microfluidic
chip fabrication. These polymers are rigid, have good mechanical strength with no deformation
issues, low water absorption, high chemical resistivity, and excellent optical properties with high
UV transparency [48]. Microfluidic devices can be fabricated by using several different techniques,
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depending on the material. Photolithography is the common method for fabricating microfluidic
devices; other methods include micromachining, plasma etching, hot embossing, injection molding,
3D printing, laser ablation, and, recently, nanofabrication [47,49]. The type of fabrication depends on
the material, as well as the specific application. PDMS-based microfluidic devices are fabricated by
using a soft lithography technique where liquid PDMS is poured in a micro-mold (SU-8), followed by
curing at high temperature (60-80 °C) for 2 h. Meanwhile, thermoplastic polymer-based chips are
fabricated in two ways: rapid prototyping and replication methods. In rapid prototyping, computer
numerical controlled (CNC) machine and laser ablation techniques are employed. For large-scale
production of microchannels with thermoplastic substrate, replication methods such as hot embossing,
imprinting, and injection molding are commonly used. Unlike PDMS, the bonding step in thermoplastic
microfluidic devices is critical. Typically, direct bonding includes thermal fusion bonding, ultrasonic
bonding, and surface modification, whereas indirect bonding involves the use of chemical reagents,
such as epoxy, and adhesive tape, to assist the bonding. Recent advancement in microfluidic technology
includes the development of ‘hybrid devices’, i.e., integrating PDMS or paper with thermoplastic such
as PDMS-PET/PDMS-PMMA [49].

Microfluidic platforms have been used for the detection of a variety of different pathogens that
causes some of the deadliest bacterial and viral diseases such as influenza, human immunodeficiency
virus (HIV), tuberculosis, Hepatitis B, Ebola, Hepatitis C, and food poisoning [50-57]. The use of
microfluidic technologies is heavily featured in the newly developed POC devices for COVID-19.
These include the Accula system (Mesa Biotech), which utilized the RT-PCR process; Talis One
(Talis Biomedical), which is based on the loop-mediated isothermal amplification (LAMP) technology;
and the Sofia 2 (Quidel), which is based on the detection of viral proteins using fluorescence [58]. Another
lateral flow test for POC detection of SARS-CoV-2 was developed by combining isothermal amplification
and CRISPR mediated detection method (SHERLOCK: Specific High-Sensitivity Enzymatic Reporter
UnLocking) [59]. The SHERLOCK technology involves the detection of DNA or RNA by amplification
of viral genome by an isothermal amplification assay and detection of the amplicon by CRISPR
mediated reporter unlocking. This test called STOP (SHERLOCK Testing in One Pot) was developed
to eliminate the need for sample extraction and complex reagent handling, and it can be operated
at a single temperature. The best LAMP primers are designed for optimal amplification targeting N
(nucleoprotein) gene. Cas12b enzyme from Alicyclobacillus acidiphilus (AapCas12b) was explored and
operated at an optimum temperature of 55 °C for the one-pot reaction. As AapCas12b did not contain
CRISPR array; 18sgRNA AacCas12b which has 97% identical sequence was combined with AapCas12b.
The one-pot reaction generated faster results with higher collateral activity. The test results were
generated within one hour and comparable to the standard RT-PCR technique with a limit of detection
(LOD) of 100 copies of the viral genome and have been validated, using COVID-19 patient samples.

A different microfluidic platform was developed for the detection of the influenza A (H1IN1)
virus by using an electrochemical approach, involving an electrochemical immunosensor coated with
reduced graphene oxide (RGO) [60]. A PDMS microfluidic channel was fabricated with a thickness of
200 pm and height of 100 pm and has three electrode settings with Au-WE (gold working electrode),
where the immunobinding takes place; Pt-RE (platinum reference electrode) as a stable potential
reference; and Au-CE (gold counter electrode), which collects the current between WE and itself.
Glass coverslips were used as a support for the three electrodes. The electrodes were coated with RGO,
using dip-coating method, and, subsequently, a monoclonal Ab (mAb) specific to HIN1 virus was
attached to the carboxyl group (COOH) of RGO via EDC/NHS (1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide) coupling. The binding of the HIN1 virus with the mAb attached
on the electrode resulted in a voltage change, which was monitored by using cyclic voltammetry.
The limit of detection (LOD) of this approach was 0.5 PFU/mL, with a linear concentration range of
1-10* plaque forming unit/mL (PFU/mL), which is better than most other immunosensors developed
so far.
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The detection of the Zika virus (ZIKV), which became a major global health concern in the year
2015/2016, was another challenge that was addressed using a smartphone-based fluorescent lateral
flow immunoassay POC device for the detection of the non-structural protein (NS1) of ZIKV [61].
Fluorescent quantum dots (QDs) conjugated with the ZIKV NS1 antibody were used as the detection
antibody in the absorption pad, mouse monoclonal ZIKV NS1 antibody in the test line as the capture
antibody, and polyclonal goat anti-mouse IgG antibody in the control line of the LFIA. In presence
of NS1 antigen, fluorescent QDs-ZIKV NS1 antibody captured the antigen and then flowed laterally
along the nitrocellulose membrane and form QD-Ab-NS1-Ab sandwich complex on the test line.
The luorescence signal was recorded using a smartphone, under a hand-held UV lamp at 365 nm,
and analyzed for quantitative detection of ZIKV NS1 antigen. The assay could detect up to 0.15 ng/mL
NS1 in serum in under 20 min. Another type of automated POC microfluidic device was developed
based on the colorimetric detection of ZIKV NS1 protein using ELISA assay as shown in Figure 2 [62].
A 3-layer disposable POC microfluidic chip was fabricated using polymethylmethacrylate (PMMA)
and double-sided adhesive tape. The 750 um thick top layer have inlets and outlets for sample
loading. The 1.5 mm thick middle layer contained all the reagents and aqueous solution followed by
the solid bottom layer which acted as the base support for the microfluidic chip. The microfluidic
chip was loaded with all the reagents (Phosphate buffer, washing buffer, blocking buffer, and 3,3’,5,5
tetramethylene blue (TMB) solution) in different chambers. The magnetic microfluidic ELISA (M-ELISA)
assay involved the use of magnetic particles which were coated with biotinylated ZIKV NS1 capture
antibody via neutravidin, present on the particles. The ZIKV NS1 antigen was captured using the
antibody conjugated magnetic beads and transferred onto the chip. The chip was placed in a magnetic
actuator platform to automatically perform washing, binding to horseradish peroxidase (HRP) tagged
anti-ZIKV NS1 antibody, which completed the sandwich structure. TMB was used to generate a blue
colored product and quantify the viral concentration. The magnetic actuator platform consisted of
an Arduino controlling unit and a 3D printed platform that accommodated the microfluidic chip as
shown in Figure 2. An iPhone X was used to capture the video, which was used for analysis based on
color intensity. The limit of detection, when using this M-ELISA on-chip technique, was found to be
62.5 ng/mL in whole plasma, which is better than any other reported ELISA-based POC devices for
ZIKV NSI1 detection.
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Figure 2. (A) Schematic of the enzyme-linked immunosorbent assay (M-ELISA) inside the microfluidic
chip; (B) Magnetic actuation platform holding the microfluidic chip controlled by Arduino controller
allowing bi-directional movement of the magnets; (C) Colorimetric changes in the chip were recorded
using a smartphone; (D) Histogram plot of the saturation maximum pixel intensity (MPI) of the color
following the M-ELISA assay on chip [62].
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Recently, loop-mediated isothermal amplification technique has been used for simple, rapid and
accurate detection of positive sense single-stranded RNA virus ZIKV [63,64]. Kaarj et al. demonstrated
the RT-LAMP technique on a simple disposable platform that included “paper microfluidics” coupled
with pH-indicator-based colorimetric assays integrated with a smartphone reader [55]. Cellulose paper,
owing to its negative polarity, can be used for separating target RNA fragments from other proteins
present in blood plasma of infected samples, based on their size and charge, thereby minimizing the
need for pretreatment of the samples. The paper microfluidic chip was developed by using various
types of material with different pore sizes, e.g., nitrocellulose (NC) paper, and grade 4 (G4) and grade
1 (G1) cellulose paper. The sample loading area (5 X 5 mm) was connected to the main channel
(3 X 30 mm), where filtration occurred, and was followed by the detection zone (5 mm diameter), where
the target RNA fragments were collected. After collecting the target RNA fragments the detection
zone was cut out, loaded with RT-LAMP reagent mixture, sandwiched between two glass slides,
and sealed with parafilm, to prevent sample evaporation. The RT-LAMP mixer had the primer and
colorimetric dye, a pH indicator phenol red. The primer was designed to bind specifically to only the
NS5 gene of ZIKV. The detection zone was then placed on a hot plate (68 °C) for 30 min, resulting
in the amplification of the RNA, which led to a change in color from yellowish red to yellow (in the
presence of the ZIKV). A smartphone-based reader was used to monitor the color change and analyze
the images by using the ratio of red to green pixels. This RT-LAMP assay, using a paper microfluidic
chip, can detect ZIKV with limit of detection (LOD) as low as 1 copy/uL.

HIV, which is one of the most severe global healthcare challenges over the past few decades,
has attracted a lot of attention, and several commercially available rapid diagnostic tests have been
developed. One of the first commercially available FDA-approved rapid diagnostics test for HIV was
the Murex single-use diagnostic system (Abbott Laboratories). However, the test generated too many
false results when compared to the conventional ELISA technique [65]. A similar study was conducted
using five commercially available fourth and fifth generation ELISA kits for HIV detection, using
different batches of confirmed number of positive and negative samples (100 in total) to evaluate the
testing quality. None of the evaluated ELISA kits were able to identify all the samples correctly with
100% efficiency across all the batches, but showed high sensitivity; however, they have low specificity,
particularly in the initial phases of the infection [66]. There are portable LFIA-based POC devices
available in the market, such as Ora Quick Rapid in home HIV1/2 Antibody test, which can detect HIV
antigen, even at low concentrations, from oral fluid, and suitable is for on-site analysis. Despite having
high specificity, the test has a sensitivity of only ~92%, thereby generating few false-negative results [67].
The gold standard method for detecting HIV antigen is RT-PCR, but it can only be performed in a
laboratory [68]. Recently, Phillips et al. developed a fully microfluidic rapid and autonomous analysis
device (micro-RAAD) for the detection of HIV from whole-blood sample, based on loop-mediated
isothermal amplification (LAMP) of HIV RNA [69]. The microfluidic device consisted of two different
paper membranes: The first was the blood-separation membrane, and the second was an amplification
membrane that isolated the HIV viral proteins present in blood. RNA from the isolated viral particle
was amplified by using RT-LAMP reagents coated on the paper membrane which target the gag gene
of the HIV-1 and presented the amplicons to the attached LFIA for visualization. The device was
connected to a reusable temperature circuit and could be operated using a laptop or smartphone.
The sensitivity of this integrated prototype was 3 x 10° virus copies per reaction, or 2.3 x 107 virus
copies per mL of whole blood, which is comparable to clinically reported HIV-1 concentration at the
peak of infection [70].

A different microfluidic diagnostic assay platform containing multiple detection modalities was
developed by Shafiee et al., for the detection of different bio-analytes (both viruses and bacteria) from
whole blood, serum, and other bodily fluids, with high specificity and sensitivity [71]. For HIV-1
detection, a microfluidic channel was fabricated by using a flexible substrate polyester film with two
silver electrodes, using silver ink for detection of the virus, using viral lysate impedance spectroscopy,
as shown in Figure 3A. The platform has three layers: top and bottom transparent substrate (polyester)
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layers and double-sided adhesive (DSA) film between the channel layer. The inlets and outlets were
cut on the polyester film, with a diameter of 0.6 mm, and channels were cut on the DSA, using a
laser cutter. The ink was poured through the polyester inlets, to fill the openings evenly on the DSA,
using a glass coverslip. After the ink dried, the DSA was removed, leaving the electrodes on the
polyester film substrate. The dimension of the electrodes was 2 mm x 1 mm. For the assay, polyclonal
anti-gp120 antibody-conjugated magnetic beads were used. The HIV-1 virus was first isolated and
captured by using the Ab-coated magnetic beads and detected by using the impedance magnitude
measurement of the viral lysate samples. Viral lysis increased the electrical conductivity and decreases
the bulk impedance magnitude of the solution. Impedance magnitude and signals were measured at
1V with pre-evaluated frequencies between 100 Hz and 1 MHz. An electronic circuit was developed
that generated an electrical response of the viral lysate in the microfluidic channel. The viral load
of different subtypes was predetermined. The test samples were prepared by spiking whole blood
with a cocktail of HIV-1 subtypes (A, B, C, D, E, and G). The control samples were prepared with
HIV-free phosphate buffer and magnetic beads. The system could effectively detect HIV-1 virus at
concentrations upwards of ~10° copies/mL.

Flexible Microchip for Virus (HIV) Detection Paper-based Nanoparticle Aggregation Concept
for Bacteria Detection
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Figure 3. (A) Schematic of the flexible polyester film-based electrical sensing platform for HIV detection,
including the capture of HIV through the use of anti-gp120 antibody coated magnetic beads, washing
and lysis steps, and measurement of electrical impedance; (B) Detection of bacteria on cellulose paper,
using a smartphone, based on nanoparticle aggregation assay. The following schematics depict the
gold nanoparticle surface modification steps and the resultant aggregation assay which is detected by
using a smartphone [71].

In addition to the HIV-1, they also fabricated a paper-based nanoparticle aggregation assay
system incorporated with a smartphone reader platform for detection of E. coli in whole blood, serum,
and other bodily fluids with high specificity and sensitivity [71].

The device for E. coli detection involves the use of cellulose paper modified with nanoparticle
and subsequent imaging with a smartphone as shown in Figure 3B. For E. coli detection, gold
nanoparticle (AuNP) was modified with 11-mercaptoundecanoic acid (MUA), and succinimide groups
were generated by using EDC/NHS mixture for attachment of the amine-terminated proteins on the
MUA-AuNP surface. For effective binding of E. coli to AuNP, liposaccharide binding protein (LBP)
was added to the AuNP-MUA solution. The E. coli spiked samples along with AuNP solution was then
added to the cellulose paper, using the drop method and dried. The dried paper was then placed in a
black box and illuminated with LED light. This test was based on the nanoparticle aggregation assay.
The presence of E. coli resulted in the aggregation of the AuNPs, causing a visual color change of AuNP
from red to blue. Images were captured, using a smartphone, and the individual RGB values were used
for analysis. The limit of detection of this assay was reported to be 8 colony forming unit/mL (CFU/mL).
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Tuberculosis (TB) is another deadly bacterial disease that has attracted a lot of attention.
Commercially available ELISA systems for the detection of tuberculosis are based on the interferon
gamma release assay (IGRA). The T cells in TB infected patients produces a pro-inflammatory cytokine,
interferon-gamma (IFNYy) in response to TB specific antigens, which is used for diagnosis purpose.
These IFNYy producing T cells are quantified by using ELISA spot [72,73]. However, the process (IGRA)
is time-consuming and requires pre-incubation of blood with TB antigens before sample preparation.
Modifying this technology, Evans et al. fabricated a low-cost ELISA amperometric detection unit,
using commercially available lab-on-a-chip printed circuit board (PCB) integrated with a microfluidic
channel and electrodes attached to the PCB surface for the detection of cytokine IFNYy, with high
sensitivity [74]. The device consists of a gold (Au) electrode sensor chip surface in the microfluidic
channel that was immobilized with capture antibody anti-IFNy Fab’(Cys)3. Samples with IFNy was
then flowed (flow rate 25 pul,/min, 4 min) across the channel over the sensor chip and plasmon resonance
unit (RU) spectra were recorded. The assay involves the use of 3,3",5,5” tetra-methylene blue (TMB) as
the chromogenic substrate as it is both electrochemically and optically active molecule. TMB acts as a
hydrogen donor by enzymatic reduction of hydrogen peroxide by the horseradish-peroxidase-enzyme
(HRP) and hydrogen-peroxide-producing free hydroxyl ions and a blue-colored product. TMB is a
colorless substrate, but the resulting product (di-imine) is bright blue in color and as the pH is lowered,
a change in color from blue to yellow was observed. The absorbance, measured at 450 nm by using a
nanodrop spectrophotometer, was used to quantify the change. For the electrochemical assay, fluid
wells (50 pL volume) were fabricated by using polymethyl methacrylate (PMMA) over the two Au
electrodes fixed to the PCB surface, and reference electrode Ag/AgCl was introduced. The change in
current flow due to the electrochemical reactions at the electrode surface was measured by the in-house
electronic unit. This assay was able to detect IFNy with just 30 uL samples at concentrations ranging
from 10 to 2000 pg/mL.

All the aforementioned studies demonstrated the capability of microfluidics as a powerful tool to
design affordable and disposable POC devices for the detection of a broad range of bacterial and viral
pathogens, with high sensitivity and specificity.

3. Surface-Plasmon-Resonance-Based Platforms

Surface plasmon resonance is another diagnostic platform that has been extensively used
for the detection of viruses and bacteria [75,76]. Surface plasmons are oscillating electrons on
the metallic surfaces that can be excited by shining specific wavelengths of light under certain
configurations. Typically, surface plasmon resonance (SPR) is achieved by exciting electrons using
evanescent waves, via total internal reflection using prisms. The propagation of evanescent waves is
highly dependent on the refractive index of the material (dielectric medium) surrounding the metal
surface. SPR biosensors [77,78] typically employ a thin metal film usually gold, silver or aluminum,
where biorecognition elements (e.g., antibody, aptamers, etc.) are attached, and plasmons are excited
on its surface by the light wave. The binding of the pathogens to the recognition element on the
metallic surface leads to an increase in the refractive index of the medium, thereby changing the
propagation constant of the surface plasmons. This change of refractive index is measured either
by monitoring the change in the resonance angle or the shift in excitation wavelength (Figure 4).
This also enables the study of binding affinity and kinetics in real time. Materials with negative real
permittivity, such as gold and silver, support surface plasmon polariton (photon strongly coupled
to an electric dipole) and thus show the plasmonic activity. The most commonly used material for
SPR-based biosensors is gold, as it can be easily functionalized with thiol (-SH) group for surface
modification and immobilize of antibodies [78]. The materials used can be of different shapes and
sizes, e.g., nanoparticles (spheres, rods, and pyramids), thin films, etc. For localized surface plasmon
resonance (LSPR) (Figure 4), nanoparticles smaller than the wavelength of light is typically used [79].
The use of nanoparticles effectively localizes the surface plasmons, and the evanescent wave can extend
up to a few tens of nanometer into the sensing medium. In planner surface plasmon resonance (PSPR),
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a thin film of metal (sheet) is used instead of nanoparticles [33]. The damping of the evanescent
wave is less; thus, the penetration depth becomes quite large. Therefore, a living organism can also
be studied by using PSPR with a high figure of merit (FOM). However, compared to SPR, LSPR
is more sensitive near the surface because of the localized field. These SPR-based techniques can
be used for label-free real-time detection of analyte without external labeling (e.g., fluorescent dye,
enzymes, etc.) and thus hold extreme potential in POC biosensing [80]. Another approach of utilizing
SPR is by exploiting the surface-enhanced Raman scattering (SERS) signal from the target analytes.
In SERS-based sensors, the analytes are adsorbed on to corrugated metallic surfaces which results
in several orders of magnitude (~routinely 10°) enhancement of the Raman signatures from the
analytes [81,82]. The enhancement of SERS signal results from the strong localization and amplification
of the electromagnetic field at the hot-spots on the metallic surface [83-87]. These SERS-based platforms
provide an alternate label-free modality for fingerprinting a range of analytes [87].
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Figure 4. Representation of plasmon-based sensors and the different detection methods:
(A) planar metallic thin-film-based biosensors and (B) localized surface plasmon resonance
(LSPR)-based biosensors.

The SPR-based sensors are either stand-alone on-chip platforms, with glass or flexible polymer
substrates coated with metallic films/nanoparticle, or they can be integrated with microfluidic platforms
containing nanoparticles. Each has its own advantages. Combining the SPR-based sensors with
microfluidics facilitates automated testing in small sample volumes [88-90]. Among different types of
SPR-based microfluidic devices, flow through SPR sensors are quite popular, particularly in proteomics
and drug discovery [90]. In this platform, an SPR sensor is integrated with continuous flow-through
channels that enable the detection of multiple analytes as they flow through.

Most of the commercialized flow cell systems use a single inlet and outlet, thus only one sample
can be tested at a given time. However, this can be easily addressed by using multiple microchambers
for testing of several different analytes in parallel. However, the requirement of multiple valves to
prevent cross flow makes it a bit complex. This platform can also be miniaturized by using portable
waveguide based SPR sensors where the microfluidic channels are etched on top of the waveguide
cladding. LSPR-based biosensing can also be easily performed using lateral flow test strips (discussed
in Section 2), by coating nanostructures decorated with target antibodies on self-capillary flow sensor
materials, like paper or membrane [33,85,86,91-94]. Digital microfluidics using electrowetting on
dielectric (EWOD) is an alternate for continuous flow system where the surface property is controlled
by applying a voltage and the contact angle of the droplet can be easily manipulated on the SPR sensor.
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This method can be easily employed for automated testing, which includes dispensing, mixing, and
separating with enhanced sensitivity [90].

Another promising SPR biosensor for POC applications is based on optical fibers made of silica
or polymers [89,91,94-96]. Light propagates inside optical fibers via total internal reflection and
the evanescent field on the surface is used to excite the plasmons on the outer metallic coating.
Both multi-mode and single-mode fibers can be used, but the latter has a higher sensitivity [97].
Antibodies or aptamers specific to the target antigen is conjugated to the noble metal coated on
the fiber surface. The advantage of using optical fibers are manifold. Firstly, due to their flexible
nature, they can be used for remote sensing applications and can be designed to operate on a small
sample volume. Secondly, utilizing optical fibers reduces the complexity of the devices, by eliminating
conventional optical components, thus facilitating miniaturization of the biosensors and improving its
portability [97].

Plasmonic platforms have been extensively used for the detection of many pathogens [89,98-105].
The first clinically relevant nano-plasmonic POC platform for the detection and quantification
of intact human immunodeficiency viruses (HIV) from unprocessed whole blood cell, with high
sensitivity and specificity, was fabricated by Inci et al. [106]. The sensor was prepared by using gold
nanoparticles coupled to the anti-gp120 antibody for binding the HIV. Prior to antibody conjugation,
the gold nanoparticles were adsorbed onto a polystyrene surface coated with poly-L-lysine. The gold
nanoparticles were coated with NeutrAvidin and the biotinylated antibody was conjugated to the
particles via the biotin—avidin bond. The presence of the virus in patient blood was detected based
on the shift in LSPR wavelength. This sensor can capture and quantify ~98 + 39 copies/mL in
around 1 h and could detect several subtypes of HIV in unprocessed whole blood, making it ideal for
POC application.

A bio-plasmonic paper-based device (BPD) was developed for the detection of the ZIKA virus,
by quantifying the amount of anti-ZIKV-nonstructural protein 1(NS1) IgG and IgM antibodies in
serum [107]. The ZIKV-NSI protein-coated gold nanorod (AuNR of length ~63 nm and diameter
~25 nm) was used to capture the antibodies. Gold nanorod was used as transducer due to its high
refractive index tunability and sensitivity. ZIKV-NS1 was conjugated to the gold nanorod, using a
carbodiimide crosslinker and thiol-terminated bifunctional polyethylene glycol (SH-PEG). The BPD
was prepared by soaking laboratory filter paper in ZIKV-NS1 functionalized AuNRs solution. The SPR
wavelength shift for the ZIKA negative serum (control, n = 5) was observed to be 2 nm due to
nonspecific binding, whereas a shift of 7.3-8.0 nm was observed for ZIKA positive serum samples
(n = 4). The metal-organic framework (MOF)-based preservation method rendered the device stable
for a month, even at room temperature.

A different type of intensity-modulated surface plasmon resonance (IM-SPR) biosensor was
developed by Chang et al. for rapid detection of avian influenza A H7N9 virus [104]. A reaction
spot containing the antibody H7-mAb was used to capture the virus. The antibodies were bound
to the substrate via amine coupling with the self-assembled monolayer of 11-mercaptoundecanoic
acid (MUA) and 6-Mercapto-1-hexanol (MCH) (molar ratio MUA: MCH = 1:9). A reference signal
from a second spot was used to quantify the test signal. A polarized light source (laser), at 635 nm,
was used to illuminate the two spots and the reflected light was measured, using a data-acquisition
device (DAQ). The binding of the antibody-antigen was quantified by using the change in intensity of
the reflected light. This simple system was able to detect ~144 viral copies/mL in less than 10 min.

A different approach of measuring the change in intensity due to antibody-antigen binding was
demonstrated for the detection of bacteria E. coli [108]. In this approach the binding of the bacteria to the
E. coli O157:H7 antibodies on the gold surface was detected by monitoring the change in photoelectric
signal, associated with the SPR shift, using a linear charged coupled devices (CCD). Based on the
calibration curve prepared using known quantities of bacteria, the theoretical detection limit was
calculated to be 1.87 x 10° CFU/mL. This sensitivity is ~4 times greater than the standard ELISA assays
used to detect E. coli bacteria.
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The change of SPR angle due to antigen-antibody binding is another approach which has been
used for the detection of tuberculosis [109]. A portable SPR device was fabricated by Trzaskowski
et al. by surface modification of a miniature SPR sensor Spreeta 2000 (52k) chip with Mycobacterium
tuberculosis (MTB) antibodies (MPT64 anti-Ag85). The SPR angle was recorded before and after
adding the sample. The change in the SPR angle after the binding of MTB was used to quantify the
concentration of the bacteria. The detection limit was found to be 1 x 10* CFU/mL for cultured cells
but in the sputum sample, it could detect secretory protein at concentration down of ~10 ng/mL.
Other approaches, such as the detection of DNA fragment IS6110 using SPR, have also been used for
the detection of MTB.

Recently, an SPR-based biosensor was used to detect the SARS-CoV-2 virus. Qiu et al.
developed a dual functional plasmonic biosensor combining plasmonic photothermal (PPT) effect
and LSPR. The system consisted of two-dimensional gold nano-islands (AuNIs) functionalized with
complementary DNA receptors for the detection of the selected sequence of the SARS-CoV-2 virus using
nucleic acid hybridization technique. When the system is illuminated, a localized thermo-plasmonic
heatis generated, further facilitating the nucleic acid hybridization process and enhancing the selectivity
of the assay. The limit of detection of this LSPR-based detection platform was found to be ~0.22 pM [110].
Although this is a benchtop system, this technology can be translated for point-of-care application
as well.

Thus, the SPR technique is a very sensitive technique that can be used to detect any bacteria or
virus, with very high sensitivity, and can be integrated into any miniaturized POC device.

4. Smartphone-Based Detection System

Modern smartphones with high-quality cameras and excellent computational power have the
ability to perform complex analyses, making them ideal candidates for use in point-of-care (POC)
devices [111]. Their ease of use and growing popularity in the modern world give smartphone credence
to be used anywhere worldwide. In fact, the emerging field of smartphone-based clinical diagnostic
devices has the potential to decentralize laboratory and clinical testing, as it offers practical features,
such as cost-effectiveness, portability, and building connectivity between patients and healthcare
providers. Modern-day smartphones are capable of detecting minute changes in optical signal resulting
from any assay including immunoassays, colorimetric assays, and nucleic acid amplification.

Advancements in different fields, such as molecular analysis, biosensors, mathematical algorithms,
microfabrication, 3D-printing, and microfluidics, which occur simultaneously with the progress of
cellphones and cameras, make it possible to convert a smartphone to a portable diagnostic device.
Most smartphone-based diagnostic devices are designed to reduce costs and increase portability, e.g.,
smartphone-based microscopes and readers. The addition of an external lens, such as ball lenses,
to the smartphone camera, can convert the smartphone to a brightfield microscope [112,113]. However,
the curved nature of the ball-type lens can cause a distortion around the edge of the image, which
can be corrected by using an objective lens and eyepiece [114]. The construction of the brightfield
microscopes can be further simplified and made cost-effective by inkjet printing of lenses, using
polydimethylsiloxane (PDMS) [115].

Smartphones can be also used as a fluorescent microscope which is an essential tool for modern
biomedical diagnostics. A typical smartphone fluorescence microscope consists of an excitation light
source (LED or laser diode), lenses and an emission filter. The wavelength of the exciting light is shorter
than the emitted light and is filtered out before the detection of the fluorescent photon. Smartphones
have also been used for phase-contrast imaging [116-118]. Similarly, spectroscopic measurements
were performed by integrating dispersive elements, e.g., diffraction gratings, and pinholes or optical
fibers [119].

Over the past decade, these smartphone-based technologies have been widely used for the
detection of different pathogens [57,120-130]. A unique fluorescence-based approach of combining
quantum dot barcode technology with smartphones was used to detect HIV and Hepatitis-B virus [131].
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A schematic of the assay is shown in Figure 5. The patient’s sample was first added to a chip, after
amplifying the genetic target via an isothermal amplification process. The chip was composed of
microbeads barcoded by different colored quantum dots. These quantum dots in turn were coated with
specific recognition molecules (capture DNA). The target DNA in the sample binds to their respective
capture DNA present on the microbeads. A fluorescently labeled secondary targeting agent (detection
DNA) was then introduced, which specifically binds to the other end of the target DNA, thus forming
a sandwich structure. The color of the fluorescence label of the detection DNA was different from
the quantum dots and thus their co-localization confirmed the presence of the target viral DNA. One
of the major advantages of this barcode technology is the ability to simultaneously detect multiple
different viruses. A specially designed smartphone (Apple iPhone 4S) attachment containing two
diode lasers (for chip illumination), a set of excitation and emission (bandpass) filters along with an
objective and an eyepiece, were used as the barcode readout. The limit of detection of this assay was

~1000 viral copies/mL.
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Figure 5. (A) Schematic of the fluorescence assay for detecting multiple pathogens, using a smartphone:
The sample was added to a chip coated with microbeads, which are optically barcoded by quantum
dots and are coated with bio-recognition element to capture a specific target molecule; (B) Photograph
of the microwell chip containing different barcodes in each well; (C) Fluorescence image of the different
quantum dot barcode array (Scale bar—20 pm); (D) Schematic of the smartphone device. Two excitation
sources were used to excite the quantum dot barcoded chip independently. The optical emission is
collected by a set of objective and eyepiece lenses and filtered using a long-pass filter and then imaged,
using a smartphone camera; (E) Photograph of the smartphone device incorporated with the microwell
chip. Used with permission, from Reference [131].

Another smartphone-based technology capable of detecting multiple mosquito-borne viruses,
i.e,, Zika (ZIKV), chikungunya (CHIKV), and dengue (DENV), was developed using a loop-mediated
isothermal amplification (LAMP) box [132]. The box consisted of a heating module, a housing module
for the assay, a detector, and an analyzer unit to interpret the data. A heating module was used to
warm the sample to about 70 °C. A dry shelf-stable assay was used containing a primer and dyes,
that can be rehydrated with water and amplification buffer, prior to the assay. Furthermore, one primer
was used to test three strains of ZIKV, and different primers were used for both CHIKV and DENV.
Different human samples, such as urine, saliva, and blood, were spiked with the virus and then tested
at various concentrations. The change in fluorescence signal due to the presence of the target virus was
detected by irradiating the sample, using a 3-watt RGB LED coupled to an RGB multiband pass filter.
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The fluorescence images were captured by using a smartphone, and the data were analyzed, using a
custom-built application (app). Furthermore, the app was also used to control the laser and heating
module via a Bluetooth microcontroller.

Recently, a smartphone-based device coupled to a microfluidic chip was used for the detection
of human Kaposi’s sarcoma herpesvirus 8 (KSHV) [133]. The microfluidic chip containing gold
nanoparticles was coated with oligonucleotides (specific to KSHV), that aggregates in the presence of
the target virus. The level of nanoparticle aggregation is proportional to the viral load and results in a
change in its optical (plasmonic) properties. This change was detected by irradiating the microfluidic
channel with a 520 nm LED (peak SPR wavelength) and monitoring the change in voltage across an
optical sensor (photocell) placed opposite to the chip. A direct correlation was observed between the
voltage drop and the optical density of the sample. The data were collected and analyzed, using a
smartphone. The operating range of this device was between 500 pM and 1 uM.

In another approach, Mycobacterium tuberculosis (MTBC), known to cause tuberculosis in human,
was detected by using a paper-based assay and smartphone camera [134]. An array of wells was
fabricated, using wax-based ink and impregnated with magnesium chloride (MgCl,). A solution
containing gold nanoparticles functionalized with thiol-modified ssDNA oligonucleotides [135],
complementary to the RNA polymerase 3-subunit gene of (MTBC), was used for the detection of the
MTBC. The presence of MTBC would prevent the aggregation of the gold nanoparticles due to the
presence of MgCly, thus preserving the red color. This change in color due to the absence of the bacteria
was quantified by imaging the wells, using a mobile camera, and performing a simple RGB analysis on
the images. The limit of detection of this device was reported to be 10 pg/mL MTBC sample DNA [134].
In another study, a smartphone-based fluorescence imaging platform was developed for the detection
of E. coli in liquid samples using a sandwich immunoassay [136]. For this purpose, glass capillaries
coated with anti-E. coli O157:H7 antibody were used to capture the E. coli particles in a contaminated
sample. A secondary anti-E. coli antibody conjugated to biotin was then added in order to make a
sandwich structure. The final step involved introducing streptavidin-conjugated quantum dots, which
would bind to the biotin, tagged with the secondary antibodies, thereby labeling them. The capillary
tubes were used to deliver the liquid into the imaging volume and served as a waveguide for the
excitation light. The fluorescence emission from the quantum dots, attached to E. coli particles, were
imaged and quantified using a cost-effective and lightweight smart-phone microscope. The detection
limit of this platform was measured to be ~5 to 10 CFU/mL.

5. Lensless Digital Holographic Imaging

Lensless holographic imaging is another portable imaging modality that has gained prominence
in the last decade due to its low cost, compactness, and wide field-of-view, which increases the
throughput [93,137-144]. A lensless imaging platform is relatively simple and can be built using
inexpensive light sources, e.g., LED, and a complementary metal-oxide semiconductor (CMOS) imaging
sensor. A partially coherent light source is used to illuminate the sample and the resulting in-line
holograms are recorded in the imaging sensor. The holograms are formed on the imaging chip due to
the interference between the scattered wave from the semi-transparent sample and the transmitted
wave. These holograms are digitally backpropagated to the object plane in order to reconstruct the
image of the sample. Holography, being an interferometric technique, enables the extraction of both
the amplitude and phase information following reconstruction. There are several approaches to
reconstruct the images. One of the most commonly used technique is the angular spectrum approach,
which involves multiplying the Fourier transform of the captured hologram with a transfer function
H, (fx, fy), and taking the inverse fourier transform of the product to recover the image [128]. This is
expressed as follows [145]:

E, = F_l{F{Ei(x, ]/)}sz(fx'fy)} @
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where E, is the reconstructed optical field of the object, E;(x, y) is the captured hologram and H, (fx, fy)
is the transfer function of the free space (1 = 1). The transfer function is defined as [145]:
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Here, A is the wavelength of the light, k = ZT"' ; f, and f, are spatial frequencies; and z; is the
sample to sensor distance. The sample to sensor distance is kept small (<1 mm), thereby leading to unit
magnification. Thus, the field of view of this imaging system is quite large, compared to a conventional
lens-based imaging system. The resolution of this type of imaging system is typically limited by the
degree of coherence and pixel size of the CMOS sensor, but using different super-resolution techniques
it was possible to achieve resolution sub-diffraction limited resolution (~250 nm) [146].

The small size and low cost of these devices make them ideal for POC applications and several
holographic imaging devices have been used for the detection of different types of viruses and
bacteria [147-150]. In one such example, a digital lensless microscope was used to detect the Herpes
Simplex Virus (HSV-1), using a microparticle clustering assay [151]. In this assay, silica microparticles
(~2 um) coated with HSV-1 antibodies were mixed with the viral particles in solution and imaged
by using a holographic microscope, as shown in Figure 6. The presence of the virus caused the
microparticles to aggregate, and the level of aggregation was used as the metric to infer the presence
and concentration of the virus in the sample solution. Deep learning approaches were used for
image reconstruction and analysis, which yielded a limit of detection as low as ~5 viral copies/uL
(i.e., ~25 copies/test).

tP Athogens ona
"3Nsmissjye chip

Figure 6. Schematic of a lensless digital holographic imaging system. A simple imaging system
consists of a light source, complementary metal-oxide semiconductor (CMOS) sensor array, and a
semi-transparent chip/substrate containing the sample.

In another example, a chip for the capture of HSV-1 virus was prepared by first functionalizing the
glass with silane-PEG-biotin and then adding streptavidin to it, as shown in Figure 7 [152]. Non-specific
binding was eliminated by coating the glass coverslip with m-PEG-silane. The virus sample was then
incubated with biotinylated antibodies specific to HSV-1. The virus-antibody-biotin was then added to
the chip, in order to capture them to the surface via the biotin—avidin bond. This chip was then imaged
using a lensless microscope, with pixel super-resolution capability. This was achieved by illuminating
the sample sequentially with 20 different LEDs, in order to record holograms with sub-pixel shifts.
These sub-pixels shifted holograms were then used to synthesize a high-resolution hologram, which
was reconstructed to obtain the phase and amplitude images of the virus. Another salient feature
is the use of nanolens in order to amplify the optical signature of the viral particles. Poly-ethylene
glycol (PEG-400) vapor was condensed onto the chip, resulting in the formation of drop-like structures
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selectively around the viral particles that act as lenses. The peak phase value of the reconstructed
images of the virus and nanolens was used to estimate the size of the particles and thus confirm the
presence of the HSV-1 virus, which has a size of ~150-200 nm. An automated program was used to
count the number of viral particles by digitally filtering out the particles with sizes outside 150-200 nm.
A limit of detection of 120 viral particles per test over a field of view of ~30 mm? was reported. Another
approach of detecting pathogens was demonstrated by using an acoustically actuated holographic
microscope, which facilitated the detection of virus (HSV-1) and bacteria (Staphylococcus aureus) in
solution. In this approach, an acoustic transducer was coupled to a chip containing the pathogens [153].
The interdigitated transducer was used to generate surface acoustic waves which interacted with
the chip to generate dispersive Lamb-type guided waves. This energy was coupled onto the liquid
layer containing the pathogen and led to the formation of standing waves. The formation of the
standing waves resulted in the displacement of the fluid from the antinode region, thereby exposing
the pathogens and creating localized lens like liquid menisci around it. These lens-like structures
(menisci) enabled the detection of Staphylococcus aureus bacteria and HSV-1 virus, by imaging them,
using a low-cost portable holographic microscope.

Virus Sample with
the CMOS
imaging chip
placed above it

Heater and
thermostat
PEG reservoir

e, )
[]
“ v =S

Optical band

0 v W-PEG O Streptavidin pass filter

]

o BiotinAutibody PEG + Biotin
Micro-controller
controlled LED’s
coupled to fibers

(A) (B)

Figure 7. (A) Schematic of the HSV-1 capture assay on a specially prepared chip. (B) Schematic of the
portable lensless microscope with pixel super-resolution capability. The device weighs less than 500 gm
and is about 25 cm in height [152]. Lensless microscopy was also used to detect Staphylococcus aureus
directly in a contact lens [154]. The contact lenses were coated with multiple layers polyelectrolytes
that enables the immobilization of antibody specific to the S. aureus onto them. Simulated experiments
were performed by incubating the antibody-coated contact lens with artificial tear fluid containing the
bacteria. This was followed by the addition of a secondary antibody-coated polystyrene microparticle
(5 pm), which resulted in the formation of a sandwich structure. A portable lensless microscope was
used to directly image and quantify the number of microparticles present on the curved surface of the
contact lens. Up to 16 bacteria/uL could be detected by using this method.

6. Conclusions

In this review, we described some recent point-of-care technologies incorporating plasmonics,
microfluidics, smartphone imagers, and lensless microscopes for simple, sensitive, rapid ‘on-site’
detection of pathogens (summarized in Table 1). Several examples covering a wide range of techniques
such as immunoassays (ELISA, fluorescence, etc.) and nucleic acid amplification were discussed.
Although the POC devices have been able to overcome some of the major drawbacks associated
with conventional diagnostic technologies, particularly in terms of cost, throughput, and portability,
there are still ways to go. A huge amount of effort needs to be dedicated in order to improve
their sensitivity, specificity, ease of use, and storage, which will facilitate the use of these diagnostic
techniques everywhere around the globe daily. These advanced POC devices hold the potential to
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revolutionize the diagnosis of the viral and bacterial pathogens, especially in resource-limited settings,
thereby saving countless more lives.

Table 1. A list of commonly used point-of-care (POC) technologies for the detection of some of the
highly infectious bacterial and viral pathogens.

Detection . . Type of
Pathogens Platform Detection Device Assay Used References
. RT-LAMP and
SARS-CoV-2 LFIA Visual read CRISPR [59]
HIN1 Microfluidics Amperometry Electrochemical [60]
Zika virus LFIA Smartphone Fluorescent [61]
Immunoassay
Microfluidics Smartphone ELISA [62]
Microfluidics
(Paper) Smartphone RT-LAMP [55]
Plasmonics Spectral shift Immunoassay [107]
Zlkaﬂ Dengue and Reaction tubes Smartphone LAMP [132]
Chikungunya
RT-LAMP
HIV LFIA Smartphone [69]
Microfluidics . . Tmmunoassay [71]
Electric sensing
Plasmonic Spectral shift Immunoassay [106]
HIV and Hep. B Barcoded chip Smartphone Isot}}elrm'al [131]
amplification
H7N9 Plasmonics Immunoassay [104]
Kaposi sarcoma Microfluidics Smartphone Nanopart_lcle [133]
herpesvirus 8 aggregation
Glass Chip Lensless . Microparticle [151]
Holographic .
. clustering
microscope
HSV1
Surface Lensless .
. . . Size-based
functionalized Holographic
X . Immunoassay [152]
glass Chip microscope
S. aureus Contact Lens quographlc Immunoassay [154]
microscope
. 5 Nanoparticle
Paper microfluidic Smartphone . [71]
aggregation
E. coli Plasmonics cCcD Immunoassay [108]
Glass capillaries Smartphone Sandwich [136]
Immunoassay
Microfluidic Amperometry Electrochemical [74]
ELISA
M. tuberculosis Plasmonics Optical Sensor Immunoassay [109]
Array
Nanoparticle [134]
Paper/plasmonics Smartphone aggregation
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Abstract: With the growing success of controlling malaria in Sub-Saharan Africa, the incidence of
fever due to malaria is in decline, whereas the proportion of patients with non-malaria febrile illness
(NMFI) is increasing. Clinical diagnosis of NMFI is hampered by unspecific symptoms, but early
diagnosis is a key factor for both better patient care and disease control. The aim of this study was
to determine the arboviral aetiologies of NMFI in low resource settings, using a mobile laboratory
based on recombinase polymerase amplification (RPA) assays. The panel of tests for this study was
expanded to five arboviruses: dengue virus (DENV), zika virus (ZIKV), yellow fever virus (YFV),
chikungunya virus (CHIKV), and rift valley fever virus (RVFV). One hundred and four children aged
between one month and 115 months were enrolled and screened. Three of the 104 blood samples
of children <10 years presented at an outpatient clinic tested positive for DENV. The results were
confirmed by RT-PCR, partial sequencing, and non-structural protein 1 (NS1) antigen capture by
ELISA (Biorad, France). Phylogenetic analysis of the derived DENV-1 sequences clustered them with
sequences of DENV-1 isolated from Guangzhou, China, in 2014. In conclusion, this mobile setup
proved reliable for the rapid identification of the causative agent of NMFI, with results consistent
with those obtained in the reference laboratory’s settings.

Keywords: fever; NMFI; mobile laboratory; RPA; DENV

1. Introduction

In Africa, fever is the most common symptom leading patients to seek health care [1,2]. Fever of
unknown origin has long served as an entry point for the treatment of malaria [3]. With encouraging
gains in malaria control in Sub-Saharan African countries, the incidence of this disease is in decline,
leading to a decreasing proportion of febrile illness attributable to malaria. Between 2000 and 2013,
malaria mortality rates decreased by 47% globally, and by 54% in sub-Saharan Africa—the region
most affected by the disease—whereas the proportion of patients presenting with non-malaria febrile
illness (NMFI) increased, respectively [4]. Acute febrile episodes are caused by various bacterial
and viral pathogens, and infections with these agents result in patients presenting with malaria-like
symptoms [5]. Although resulting in a higher mortality than malaria, NMFIs are not being reliably
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diagnosed due to the lack of accurate, rapid and affordable diagnostic tests, and also due to poor access
to diagnostics facilities in many resource-poor endemic settings [1,6,7]. The objective of this study was
to determine potential arboviral etiologies of NMFI in children in a low resource setting, using mobile
recombinase polymerase amplification (RPA)—a real-time isothermal amplification technique [8].
For this purpose, we conducted a prospective arbovirus investigation in children seeking healthcare,
at a health centre in the Dakar suburb of Medina Gounass, during a period of six months—from
September 2015 to March 2016. The mobile suitcase laboratory has also been successfully used for
Ebola virus detection [9].

2. Materials and Methods

2.1. Study Site

For a pilot study, prospective molecular screening on NMFI was conducted between September
2015 and March 2016, at the “Institut de pédiatrie sociale”, located in the suburb of Dakar (Figure 1)—the
capital city of Senegal, West Africa. Built in 1971, this health centre located at Pikine-Guediawaye has
an outpatient department with care activities focused on mother and child health. It is also involved
in the national program on immunization, in nutritional programs and in family planning. With 22
qualified staff, the health centre has 6 consultation rooms (including one for vaccination), a laboratory
and a nutritional service. With around 1,000,000 inhabitants, Pikine-Guediawaye is an agglomeration
of well-established traditional villages, and interspersed recent settlements, the latter mostly located in
flood-prone areas, where housing is officially forbidden. The western part of these towns is located
on the edge of a vast area of permanent marshland (Grande Niaye), where natural marshy hollows
and furrows dug for market garden irrigation, as well as areas of prolonged stagnation of rainwater,
are observed year-round. With a high density of housing (9200 inhabitants/km) in proximity to stretches
of water and stagnant wetlands, the population lives in an under-serviced peripheral area, in crowded
conditions, with poor water supply and sanitation, and dirt paths between dwellings and open sewers.
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170

1465

1450
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Figure 1. Map showing the area of study.
2.2. Patient Selection

Children less than 10 years old were enrolled if they met the following criteria: acute fever
(237.5 °C axillary temperature), negative for malaria rapid diagnostic tests (RDTs) and living in the
same area for four successive calendar months. Regarding the eligibility for enrolment, the study
information was read to the legal guardian, and after obtaining informed consent, clinical symptoms
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were recorded, and 2 mL of venal blood was collected. The study initially consisted of a weekly
visit every Monday, before Friday was added to compensate for the small sampling observed at the
beginning of the survey.

2.3. Screening Procedure in the Field

Blood samples were collected and processed on site, using a mobile suitcase laboratory for viral
identification. The mobile laboratory consisted of a glovebox (Bodo Koennecke, Berlin, Germany),
a lab-in-a-suitcase [9-11], a solar panel and a power pack set (Yeti 400 set, GOALZERO, South
Bluffdale, UT, USA, Figure 2). The mobile setup was organized into 2 stations: the extraction
station with the glovebox, and the RPA in the suitcase laboratory. Inactivation and extraction of the
samples were performed in the glovebox using a modified protocol of the Speedxtract kit (Qiagen,
Lake Constance, Germany).

Mix
preparation
and sample
mix station

Detection
station

Sample Inactivation
Extraction station

Figure 2. Deployment of the mobile laboratory at the Institut Pasteur de Dakar before departure (left),
and at the site of study, Medina Gounass (right). For more detail on the extraction procedure, see
Figure 2 in [11].

The extraction was performed by adding 100 uL of lysis buffer, 20 uL of sera and 30 uL of magnetic
beads to a 1.5 mL tube, followed by incubation at 95 °C for 10 min. After incubation, the tube was
transferred to a magnetic stand for 2 min, and after sedimentation of the beads, a 150 uL volume
of supernatant was collected in a new 1.5 mL tube. RNA amplification of all samples was carried
out using the Tubescanner point of care device (Qiagen, Hilden, Germany), and the Twist exo RT kit
(TwistDx, Cambridge, UK), using RPA amplicons designed for the detection of 5 arboviruses: dengue
virus (DENV), with two sets of primers and probes (set 1 for DENV1-3 and set 2 for DENV- 4 [10]);
yellow fever virus (YFV) [12]; chikungunya virus (CHIKV) [13]; rift valley fever virus (RVFV) [14];
and zika virus (ZIKV) [15], with analytical sensitivities of 241, 14, 10, 23, 10, 21; and RNA molecules
were detected, respectively. RT-RPA reactions were performed in a volume of 50 pL. Briefly, a mix
containing 29.5 uL of rehydration buffer, 7.2 uL of ddH,0, 420 nM of each primer, and 210 nM of
a target specific RPA exo-probe, was dispensed into each of the eight 1.5 mL tubes, before adding
5 uL of RNA template. Finally, 46.5 uL of master mix/template solution was transferred to each
lyophilized RPA pellet of the eight-tubes strip provided in the kit. An amount of 3.5 uL magnesium
acetate (280 mM) was added into the lid of each tube, before closing it and spinning the drop into the
reaction mix. For real-time fluorescence monitoring, the reaction tubes were placed in the ESE Quant
Tubescanner (Qiagen Lake Con- stance GmbH, Stockach, Germany).
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2.4. Standard Assays in the Central Laboratory

All of the samples collected in the field were shipped to the WHO collaborating centre for
arboviruses and haemorrhagic fever viruses, at the Institut Pasteur de Dakar (IPD), in order to perform
complementary confirmatory tests.

2.4.1. RNA Extraction and Real-Time qPCR

Viral RNA was extracted from 100 uL of human sera, using the QIAmp viral RNA kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. The reduced input of 100 uL serum for
this kit had been validated in-house. The RNA was eluted in 60 pL of elution buffer and placed on ice.
To confirm the detection obtained in the field, real-time RT-qPCR assays for DENV [16], CHIKV [17],
RVEFV [18], YFV [19], ZIKV [20] were performed using the Quantitect Probe RT-PCR Master Mix
(Qiagen). Briefly, the detection was performed using ABI7500, using the following temperature profiles
for all RT-qPCR assays: RT at 50 °C for 10 min, activation at 95 °C for 15 min and 45 cycles of 2-step
PCR— at 95 °C for 15 sec and 60 °C for 1 min.

2.4.2. Non-Structural Protein 1 (NS1) Antigen Capture

The NS1 antigen assay was performed using the Platelia™ Dengue NS1 Ag-ELISA kit (Biorad
Laboratories, Marnes-La-Coquette, France), according to the manufacturer’s instructions. The capture
and revelation steps were performed using a murine monoclonal antibody (MAD). The presence of
the NS1 antigen in a sample was assessed by the formation of an immune-complex MAb-NS1-MAb
(peroxidase). Briefly, 50 uL of the serum sample, 50 uL of the sample diluent (Diluent R7), and 100 pL
of the diluted conjugate were added to each well precoated with the anti-NS1 monoclonal antibody.
For each assay, positive and negative controls, as well as calibrator sera, were included. The plate was
incubated for 90 min at 37 °C. After six wash steps—using 250 pL of washing solution (R2)—160 uL
of tetramethylbenzidine (TMB) substrate was added to each of the wells, and the plate was further
incubated at room temperature for 30 min in the dark, followed by the addition of 100 uL of stop
solution (1N H2504). With the spectrophotometer optical density (OD) readings were measured at
wavelengths of 450 nm/620 nm, were obtained and the index of each sample was calculated with
the ratio OD of samples/OD of calibrators. Sample ratios <0.5, between 0.5 and 1.0, and >1.0 were
classified as negative, equivocal, and positive, respectively.

2.4.3. ELISA IgM Detection

We determined the presence of DENV, YFV, RVFV, CHIKV and ZIKV IgM in our samples by
a capture enzyme-linked immunosorbent assay (MAC ELISA), following a published protocol [21].
For the coating step, a monoclonal capture antibody (anti human IgM) was added to a 96-well
microtiter plate, and incubated at 4 °C overnight. The human sera were heat-inactivated (56 °C, 30 min),
and screened at a dilution of 1:100 in phosphate-buffered saline (PBS), supplemented with 0.05% Tween
and 1% milk powder. After washing the plate three times with PBS plus 0.05% Tween 20, a 1/100
dilution of the different serum samples and controls were added in duplicate to the plate and incubated
at 37 °C for 1 h. The wells were washed three times, specific and non-specific antigens were deposited,
and the plate was incubated for 1 h at 37 °C. After another washing step, the specific immune ascites
were added to each well. After incubation and washing, a conjugate (peroxidase labelled antibody
specific to mouse IgG) was added and allowed to react for 1 h at 37 °C. A tetra-methylbenzidine
(TMB) substrate was added to the IgM conjugate complex, and the coloration reaction was stopped
with sulphuric acid. The intensity of the coloration was proportional to the level of virus specific
antibodies present in the serum. An ELISA microplate reader showed the optical density (OD) of the
absorbance—an OD unit > 0.2 was defined as a positive IgM.
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2.4.4. Viral Isolation and Immunofluorescence Indirect Assay

Virus isolation was attempted for samples positive with RPA/RT-qPCR. A 200 uL sample was
diluted at 1:10 in a Leibovitz 15 medium (L15), then added to a 25 cm? flask monolayer of C6/36 cell line
at 80% confluence, followed by incubation at 28 °C for 1 h, to allow virus adsorption. After incubation,
the L15 medium containing 5% FBS, 1% penicillin streptomycin, and 0.05% de fungizone, was added
to the flask and incubated for 10 days, or until observation of a cytopathic effect (CPE). To assess viral
infection, indirect immunofluorescence (IFA) was conducted as previously described [22]. The flask
content was transferred to a 15 mL tube, and clarified by low-speed (2500 rpm) centrifugation at 4 °C
for 5 min. The supernatant was harvested and stored at —80 °C, while the cells were washed three
times in PBS 1x, resuspended in 4 mL of PBS 1%, and then dispensed onto a glass slide. After complete
drying, the cells were fixed in cold (-20°) acetone for 20 min. Staining was performed with a DENV
specific hyper-immune mouse ascitic fluid, diluted at 1/40 in PBS 1x, as the first antibody. Then,
the cells were incubated for 30 min with the second antibody (1/40 goat anti-mouse IgG, 1/100 Evan’s
blue, diluted in PBS 1x). The slides were observed with a fluorescence microscope (Eurostar III plus,
Euroimmune).

2.4.5. RT-PCR Amplification, Sequencing and Phylogenetic Analysis

To define the serotype of the isolated DENV strains, viral RNA was extracted from 200 uL of
DENV infected C6/36 culture supernatant, using the QIAmp viral RNA kit (Qiagen, Hilden, Germany)
in accordance with the manufacturer’s instructions. The C-prM gene was amplified using the primers
(DS1/DS2) described by Lanciotti et al. [23]. For cDNA synthesis, 10 uL of viral RNA was mixed with
1 uL of the random hexamer primer (2 pmol), and the mixture was heated at 95 °C for 2 min. The reverse
transcription was performed in a 20 pL mixture containing 2.5 U RNasin (Promega, Madison, WI,
USA), 1 uL of deoxynucleotide triphosphate (ANTP) (10 mM each DNTP), and 5 U of AMV reverse
transcriptase (Promega, Madison, WI, USA), which was incubated at 42 °C for 60 min. The PCR
products were generated using DS1/DS2 primers at 10 uM concentration. Five microliters of cDNA
were mixed with 10x buffer, 3 pL of each primer, 5 uL of ANTPs 10 mM, 3 uL of MgCl2, and 0.5 uL of
Taq polymerase (Promega, Madison, WI, USA). Amplicons of the expected size (520 bp) were purified
from the agarose gel, with the QiaQuick Gel Extraction Kit (Qiagen, Hilden, Germany), as specified
by the manufacturer. Both strands of each amplicon were Sanger sequenced out-of-house (Genewiz,
Germany). The sequences were merged using EMBOSS Merger software, and final results were
analyzed using the Basic Local Alignment Search Tool (BLAST, www.ncbi.nlm.nih.gov/) consulted on
18 July 2017. The nucleotide sequence alignments were generated using the ClustalW algorithm, and
Maximum likelihood (ML) trees were inferred for each serotype using Mega software version 6 [24].

3. Results

3.1. Demographic and Clinical Data

During the study period from September 2015 to March 2016, 104 children aged between 1 and 115
months were enrolled and screened for DENV, CHIKYV, ZIKV, YFV, RVFV—Seventy-nine were <5 years
old, and 42 (40,38%) were male (Supplementary Data 1). Regarding clinical symptoms, the most
common symptoms after fever were, respectively, rthinorrhea (65%), cough (53%; 55/104), vomiting
(25%; 26/104), diarrhoea (25%; 25/104) and abdominal pain (25%; 26/104). Headaches were reported
only in 10% of the enrolled patients, while myalgia and arthralgia were not recorded at all (Figure 3).
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Figure 3. Plot showing the percentage of recorded symptoms among enrolled patients.

3.2. Molecular, Serologic and Antigenic Detection

Three samples (2.8%) tested positive with DENV1-3 RPA, while none of the other arbovirus
assays yielded positive results. All of the arbovirus results were confirmed by RT-PCR, with 100%
concordance. The samples of the three DENV cases were additionally tested and confirmed positive by
DENV NSI1 antigen capture (Table 1). The ELISA IgM test yielded negative results in all three cases
(not shown). Virus isolation at 28 °C in C6/36 cells yielded non-obvious CPE ten days after inoculation.
However, two strains were successfully isolated, and isolation was confirmed by IFA (Figure S1).
The isolates were designated Medina Gounass 1 and Medina Gounass 2, respectively.

Table 1. Comparison of time detection between non-structural protein 1 (NS1), real-time recombinase
polymerase amplification (RT-RPA), and RT-PCR.

Sample NS1 Antigen

Names RT-qPCR RT-RPA Capture

Detection Threshold Detection Average
Ct Value Time Time Time Do Detection Time

Medina 2935 79 min 6 min 6 min 6.8477 2h
Gounass 1

Medina 2759 75 min 5 min 5 min 7.9131 2h
Gounass 2

Medina 26.42 72 min 5 min 5 min 9.819 2h
Gounass 3

3.3. Phylogenetic Analysis

Finally, the sequence of the CprM gene of the two isolates was determined and deposited in
genbank (accessions numbers MK940790 (Medina gounass 1/2015), and MK940791 (Medina gounass
1/2015)). Both strains were completely homologous (100%), with no nucleotide difference. A basic local
alignment search tool for nucleotide (BLASTN), using the obtained C-prM gene sequence, showed 100%
identity with the DENV-1 isolates collected in Guangzhou, China, in 2014 (KP279753.1). A calculated
phylogenetic tree clustered the determined DENV-1 sequences with Asian strains, supported by high
bootstrap values (Figure 4).
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Figure 4. Phylogenetic tree based on the C-prM gene sequences using the maximum likelihood (ML)
method, showing the relationship of 2 from 3 isolated viruses in this study (darkred circle) with 40
global samples of dengue virus (DENV), and Kimura 2 parameters; the gamma distributed (K2+G+I)
nucleotide substitution model was used. The yellow fever 17D (FJ654700.1) was used as the outgroup.

4. Discussion

The objective of this study was to assess the use of a mobile suitcase laboratory for the routine
testing of arboviral etiologies of NMFI in an outpatient clinic of a suburb of Dakar, Senegal. During the
six month survey of arboviral infections in febrile non malaria patients, three cases of dengue infection
were detected in 104 enrolled children under 10 years old.

None of the targeted arboviruses (CHIKV, RVEV, YFV, ZIKV) except for DENV were detected
during this study. The prevalence of DENV was 2.8%.

In a previous study on the etiology of acute febrile illness in Abidjan, an inter epidemic DENV
prevalence of 0.4% was reported in the 812 patients tested [25]. Similarly, our work highlights an inter
epidemic circulation of DENV in poor urban settings of Dakar. The difference in prevalence between
the two studies may be attributable to the fact that the study conducted in Abidjan was not limited to
children <10 years of age, as well as the smaller number of enrolled patients in our study (104 patients).

The border between interepidemic and epidemic prevalence in sub-Saharan Africa is difficult to
assess, as noted by a study on febrile patients in Ibadan, Nigeria [26], which determined a prevalence of
35% of dengue infection through NS1 antigen detection. The infected patients secrete large quantities
of soluble NS1 (sNS1) into the bloodstream, with concentrations of up to 50 ug/mL [27]. Soluble
NS1 (sNS1) can remain in the blood for 9 days, and persist for up to 18 days in some patients [28],
exceeding viremia which lasts up to 6 days. This makes NS1 a good biomarker of acute illness as it
provides a wide window for DENV detection. It has been suggested that combining NS1 detection with
IgM detection can outperform PCR [29]; however, the use of NS1 detection in the routine screening
in dengue epidemics, as a prerequisite for hospitalization, has been questioned [30]. Additionally,
fieldable ELISA systems which would allow for a comparison between the ratios of DENV NS1-Ag
and DENV-RNA, are not currently available.

Phylogenetic analysis of the obtained DENV C-prM gene sequences yielded 100% identity with
the isolates collected in Guangzhou, China, in 2014. A calculated phylogenetic tree clustered the
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determined DENV-1 sequences with Asian strains, supported by high bootstrap values (Figure 4).
This finding suggests an importation of the virus to Senegal from Asia, via acutely viremic cases or
by infected mosquitoes or their eggs. Indeed, in recent years, international travel and trade activity
between the Asian and African continents has increased considerably [31]—between 1994 and 2009,
the annual volume of trade between Senegal and China grew from 23 million U.S. dollars to 441 million
U.S. dollars, representing a twenty-fold increase in 15 years [32]. The potential to extend the distribution
area of individual arboviruses was recently supported by the detection of Japanese encephalitis virus
(JEV), during a yellow fever outbreak in Lunda (Angola), in 2016 [33]. This virus is endemic in Asia
and the western pacific, but local circulation had never been documented before in Africa [34]. Another
example is the first case of RVFV infection, detected in China from a patient returning from Angola in
2017—while this virus was previously restricted to sub-Saharan Africa, it has been spreading in the
Arabic peninsula since 2000 [35].

In Africa, dengue is likely to be underreported and under-recognized. This is due to the low
awareness of health care providers, and the circulation of other prevalent NMFI [5]. The absence of
surveillance in many African countries and the lack of effective diagnostic tools also contribute to the
underestimation of the real incidence of dengue fever in Africa [31]. Since other studies report the
expansion of dengue fever among NMFI [36], our study and the cited studies in Abidjan and Ibadan
stress the need to implement laboratory capacity to assess the real burden of DENV in rural and urban
areas of West Africa, during inter epidemic periods.

The RPA positive samples were confirmed by serological assay, viral isolation as well as
real-time RT-PCR. The laboratory-based real-time RT-PCR and mobile RT-RPA results were concordant,
but mobile RT-RPA yielded results in approximately 20 min, including the extraction step (Table 1).
Additionally, the RPA was performed at the point of need in a suitcase laboratory. In conclusion,
although virus isolation remains the “gold standard” in diagnostics [37], rapid molecular testing at the
point of care can provide reliable results (short time-length process, sensitivity and specificity).

5. Conclusions

Our results suggest that the RT-RPA could be an alternative to real-time PCR in low resource
settings. This field deployment contributed to the evaluation of the feasibility to implement point of
need arbovirus diagnostics in primary care settings and showed that RT-RPA can be a reliable and
accurate diagnosis tool for the detection of NMFI in low-income settings. However, studies with larger
cohorts are needed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4418/10/6/408/s1,
Figure S1: Assessment of Dengue virus infection using immunofluorescence Indirect Assay (IFA) on C6/36 cells
infected with 200 uL of crushed mouse brain previously inoculated with Positive Sera. Immune Ascite fluid was
used as the Primary antibody (A: Negative control, B: Medina Gounass 1, C: Medina Gounass 2), Supplementary
Data 1: Data table supporting the findings.
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Abstract: The Zika virus (ZIKV) is an emerging flavivirus transmitted to humans by Aedes mosquitoes
that can potentially cause microcephaly, Guillain—Barré Syndrome, and other birth defects. Effective
vaccines for Zika have not yet been developed. There is a necessity to establish an easily deployable,
high-throughput, low-cost, and disposable point-of-care (POC) diagnostic platform for ZIKV infections.
We report here an automated magnetic actuation platform suitable for a POC microfluidic sandwich
enzyme-linked immunosorbent assay (ELISA) using antibody-coated superparamagnetic beads. The
smartphone integrated immunoassay is developed for colorimetric detection of ZIKV nonstructural
protein 1 (NS1) antigen using disposable chips to accommodate the reactions inside the chip in
microliter volumes. An in-house-built magnetic actuator platform automatically moves the magnetic
beads through different aqueous phases. The assay requires a total of 9 min to automatically control
the post-capture washing, horseradish peroxidase (HRP) conjugated secondary antibody probing,
washing again, and, finally, color development. By measuring the saturation intensity of the developed
color from the smartphone captured video, the presented assay provides high sensitivity with a
detection limit of 62.5 ng/mL in whole plasma. These results advocate a great promise that the
platform would be useful for the POC diagnosis of Zika virus infection in patients and can be used in
resource-limited settings.

Keywords: Zika NS1; point of care; colorimetric; smartphone; microfluidic

1. Introduction

The Zika virus (ZIKV) is a flavivirus that is closely related to other flaviviruses such as Dengue,
West Nile, and Japanese encephalitis [1]. The virus is primarily spread through a vector, an infected
Aedes species mosquito, but it can also be transferred through sexual contact and from a pregnant
woman to their offspring [2]. Although there were only 1465 reported cases of the Zika virus in
the continental USA, Central America, and Mexico, ZIKV still affects 87 countries as of September
2019, according to the World Health Organization (WHO) [3,4]. The ZIKV outbreak in the Americas
occurred in 2016 with a steep decline in outbreaks in the following years, where in 2018 only 31,587
reported/probable cases were seen [4]. However, ZIKV is much more prevalent in some Asian and
African countries. Indonesia has shown that 9.1% of its population under the age of five has had a
prior ZIKV infection. In Lao People’s Republic, 10% of the adult blood donor population showed a
prior ZIKV infection [4]. Some symptoms of the ZIKV include mild fever, rash, conjunctivitis, and joint
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or muscle pain. Many individuals who are infected with ZIKV show no to mild symptoms, which can
lead many patients to believe that they are not infected with the virus [5].

The lack of detection of ZIKV in an area cannot be necessarily equated to low levels of transmission
or low levels of prevalence. The means of testing in certain areas, especially in rural and third world
countries can be lacking, which can attribute to some of these findings. The nonstructural protein 1
(NS1) is targeted for detection due to its important role as a biomarker in flaviviruses. The protein is
secreted by cells that contain the virus [6]. As the primary antigen, antibodies to NS1 can be formed
in four to seven days, which can be used for detection. Currently the Centers for Disease Control
and Prevention (CDC) and WHO guidelines to detect ZIKV are through the use of the nucleic acid
amplification test (NAAT) [7]. RT-PCR is presently the most used NAAT within seven days of the onset
of symptoms [8]. The problem NAAT faces, in general, is that it is lab based and cannot be performed
at point-of-care (POC) settings, it also requires expensive reagents/equipment and technical staff. A
negative NAAT) should also be cautiously considered. The IgM antibodies are usually detectable
within four to seven days, so the WHO recommends serology testing seven days after the onset of
symptoms. A standard enzyme-linked immunosorbent assay (ELISA) test requires 12 hours of testing
and the expense of the reagents adds up over time. Therefore, reliable and inexpensive POC testing is
of the utmost importance.

IgG and IgM antibodies are produced in the human body at the later stage of the infection
(four to seven days), this makes them inapt for early stage detection. In contrast, NS1 antigen
with a similar structure has been considered for highly sensitive, specific early stage detection for
different flaviviruses previously [9-14]. There are currently numerous POC devices that detect
ZIKV by using NS1 as a biomarker. The systematic evolution of ligands by exponential enrichment
(SELEX) protocol uses aptamers to replace antibodies [10]. The aptamers used allowed the ZIKV
NS1 antibody to bind with them, which could be detected through the use of ELISA. Although the
technique lowered the cost and sensitivity, the assay is not suitable for point-of-care applications.
Paper-based lateral flow immunoassay (LFIA) devices also exist, which can be effective in detecting
infections/molecules [11,15-18]. Even though LFIA is cheap, rapid, and portable, it can only give
qualitative or semiqualitative results. A laser cut glass fiber paper-based analytical device called PAD
based on lateral flow technique has shown a limit of detection of around 25 ng/mL and can be used
for NS1 biomarker detection in low-resource areas. The PAD assay provides only qualitative results,
which can be done in 10 min [19]. However, the PAD requires several manual steps as well as a heating
(60 °C) step to perform the assay.

In this paper, we have developed a microfluidic magnetic ELISA (M-ELISA) system that provides
benefits over other POC testing and traditional testing through its low cost, time efficiency, and
automation. Compared to conventional sandwich ELISA, the unique shape of the microfluidic chip
that we have developed can decrease cost due to the use of less reagents and time by cutting the test
from 12 hours to approximately 10 min. This can be beneficial in certain parts of the world where
accessibility and cost are significant factors. The reduction in time is achieved through the increase of
surface area with the magnetic beads [20]. The developed device is also automated, which can create a
significant advantage and allow an individual to run multiple assays at a time.

2. Experimental Section

2.1. Sandwich ELISA for Detecting Zika NS1 Antigen in 96-Well-Plate Format

To validate the Antigen- Antibody (Ag—Ab) reaction, sandwich ELISA assay was first performed
by coating a microplate with 100 uL of 2 pg/mL capture antibody for Zika NS1 (BF-1225-36, Biofront
Technologies, Tallahassee, Florida, USA) in carbonate/bicarbonate buffer (pH 9.6), and then incubating
it overnight at 4 °C. After washing three times with phosphate buffered saline (PBS) (pH 7.4), each well
was blocked by 200 pL of SuperBlock T20 (PBS) Blocking Buffer (37517, Fisher Scientific, Hampton,
NH, USA) for 90 min on a 15 rpm shaker at room temperature. It was rewashed three times
carefully, followed by 90 min incubation of 100 uL of recombinant Zika NS1 antigen (BF-NS1-6309,
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Biofront Technologies, Tallahassee, Florida, USA) with different concentrations spiked in PBS at room
temperature. One hundred microliters of HRP-labeled anti-Zika NS1 antibody (BF-1125-36-HRP,
Biofront Technologies, Tallahassee, Florida, USA) with 1:1000 dilution buffer (PBS containing 0.02%
Tween 20, 3% Bovine Serum Albumins (BSA)) was added and incubated for 60 min on a 15 rpm shaker
at room temperature followed by three washes with PBS. Blue color development was carried out
using a 3,3’,5,5'-tetramethylbenzidine (TMB) substrate (P134028, Fisher Scientific, Hampton, New
Hampshire, USA) by incubating for 10 min in a dark place, and 2M H,SO, was used to stop the
color development. The absorbance was measured at 450 nm using a SpectraMax Gemini™ XPS/EM
Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.2. Microfluidic Chip Design

We fabricated a three-layer microchip using a cheaper non-lithographic method by laser cutting
(Universal Laser) polymethylmethacrylate (PMMA) and double-sided adhesive (DSA) materials using
an optimized design previously published [20]. The top layer (750 um thick) has 0.4 mm diameter
inlets and outlets to fit the pipette tips to allow easy sample loading. The middle layer (1.5 mm)
contains reservoirs for all the mineral oil and aqueous solution, and the bottom layer (750 um thick),
which is solid, works as a base for the microchip. All the layers are assembled by using DSA films
(Supplementary Figure S2a,b), and then pressed uniformly to remove all the bubbles by a bench vise
(Home Depot).

2.3. Conjugation of Magnetic Beads with Capture Antibody

The capture antibody was first biotinylated using a type B fast biotin conjugation kit (ab201796)
obtained from Abcam. One hundred microliters of Zika NS1 Mab (1225-36, Biofront Technologies)
was modified by 10 uL of biotin-modified reagent and agitated very gently. The antibody mixer was
added to the lyophilized biotin vial (100 ng), followed by 15 min incubation at room temperature. Ten
microliters of Quencher reagent was added to stop the biotin reaction and was incubated for 4 min.
Magnetic particles with an average diameter of 1 um coated with neutravidin (GE Healthcare, Chicago,
IL, USA) show higher affinity surface functionalization for biotinylated antibodies. Four hundred
microliters of neutravidin-coated magnetic beads with 3500-4500 picomole/mg binding capacity were
washed with 4 mL of PBS in a 5 mL Eppendorf Protein LoBind tube (14-282-304, Fisher Scientific).
A magnetic stand was used for attracting all the magnetic beads creating a pellet on the magnetic
stand side tube wall. The supernatant was discarded using a pipette and substituted by the same
amount of PBS and mixed gently with a pipette to wash the magnetic beads. The process was repeated
two times. For Zika NS1 capturing, 4 mL of 25 ug/mL biotinylated Zika NS1 Mab (1225-36, Biofront
Technologies) was conjugated with the neutravidin-coated magnetic beads. To create a magnetic
bead-biotin-capture antibody conjugation, the mixer was incubated overnight on a shaker (15 rpm) at
4 °C. After incubation; the magnetic bead conjugation was washed three times following the earlier
mentioned steps to remove boundless Zika NS1 antibodies. One hour of blocking was done by using
SuperBlock T20 (PBS) Blocking Buffer (37517, Fisher Scientific) to functionalize the magnetic beads at
room temperature followed by washing twice using 4 mL PBS. After rinsing the magnetic beads, the
conjugation was resuspended in 4 mL PBS and stored at 4 °C for future use.

2.4. M-ELISA on 96-Well Plate

Before using the magnetic bead—-antibody solution, the beads were vortexed for 2-3 s to make
a homogeneous solution. Thirty microliters of (1 mg/mL) magnetic beads conjugated with capture
antibody was added on a conical-bottom 96-well plate (12-565-215, Fisher Scientific), and then all
supernatant was isolated and discarded with the help of a 96-well-plate magnetic separator stand. One
hundred microliters of Zika NS1 antigen spiked in plasma was added on to the wells and mixed gently
to create a homogeneous solution followed by a 45 min incubation at room temperature on a shaker at
15 rpm speed. After that, the beads were aggregated by applying them onto the magnetic separator
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for 3040 s to allow the magnetic beads to create a pellet on the sidewall of the wells. The liquid
was discarded by a pipette and replaced with 200 pL of PBS to wash the beads. Beads were washed
three times carefully to remove all the uncaptured antigen. One hundred microlites of HRP-labeled
anti-Zika NS1 antibody (BF-1125-36-HRP, Biofront Technologies Tallahassee, Florida, USA) with 1:1000
dilution buffer (PBS containing 0.02% Tween 20, 3% BSA) was added and mixed slowly and incubated
for 15 min on a 15 rpm shaker at room temperature. The beads were again washed three times by
following the procedure mentioned above. One hundred microliters of TMB substrate was added,
mixed, and incubated for 90 s in a dark place to generate a blue color. Color development was stopped
by using 100 uL of 2M H,SO4. Beads were isolated with the help of a magnetic separator, and the
liquid was transferred to a new well and absorbance was measured at 450 nm by using a SpectraMax
Gemini™ XPS/EM Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.5. Automated M-ELISA on Chip

An Arduino-controlled in-house-built magnetic actuation platform [20] was used to facilitate the
automation of the developed assay (Figure 1a,b). The platform consisted of two parts including an
Arduino controlling unit and the 3D printed platform, which could accommodate the microfluidic
chip. The control unit housed the stepper motor driver (Pololu A4988) to regulate the bidirectional
motor movement through a linear slide enclosed with two magnets (Supplementary Movie S1). The
controlled unit was commanded by a gcode script set using a computer interface and powered by an
external power supply.

-~
(b) wer

(a) \/
pply
i i To PC
; i i Magnetic Beads

Biotins

Zika NS1 Ab

Zika NS1 Antigen

HRP labeled Secondary Ab
TMB

Carnt <00

Magnetic actuator ~ Stepper Magnet Microfluidic

Washing - Washing control unit Motor chip

(©)

Desktop application for Image analysis ~ Saturation MPI
S Histogram

ROI Tracking
Target
Target & ==

ROI Tracking
Control

Control |8 - SSE S o~

S—— |

Figure 1. Graphical representation of the microfluidic sandwich enzyme-linked immunosorbent assay
(ELISA) inside of a microfluidic chip. (a) Captured antigen is loaded inside the chip and moved through
a washing buffer. The antigen-captured beads are labeled with the HRP-conjugated secondary antibody
in the next chamber. After moving through a washing buffer chamber again, blue color was developed
by reacting with a color-generation substrate. The reaction was stopped by moving the beads to a
retention chamber. (b) A magnetic actuation platform containing an Arduino-controlled stepper motor
unit. The 3D printed platform facilitates stepper motor housing allowing the user to move the magnets
according to the command set up using a PC. The platform also holds the microfluidic chip just above
the magnets. (c) Video frames of developed color on the chip are directly captured by a smartphone.
(d) Region-of-interest (ROI) tracking using a desktop application and a histogram plot of the saturation
maximum pixel intensity (MPI) of the developed color by the microfluidic magnetic enzyme linked
immunosorbent assay (M-ELISA) on chip.
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The prefabricated three-layer microfluidic chip was first loaded with all the reagents. First, 40 puL
of (1 mg/mL) magnetic beads conjugated with capture antibody were taken into a 0.5 mL protein
LoBind PCR tube, and then the supernatant was isolated with the help of a magnet and discarded by
a pipette. One hundred microliters of Zika NS1 antigen diluted 2000-62.5 ng/mL concentration was
added to the PCR tube and mixed gently. Then the PCR tube was incubated for 10 minutes at room
temperature on a 15 rpm shaker to allow the beads to capture the antigen. In the meantime, the other
reagents were loaded into the microfluidic chip with the help of a pipette. The loading steps in brief
were as follows (Supplementary Figure S1), first both of the washing chambers (1,2) were filled with
PBS, then HRP-labeled anti-Zika NS1 antibody (1:500 diluted in PBS containing 0.02% Tween 20, and 3%
BSA) was loaded in chamber 3 on the chip followed by TMB substrate loading on the color-generation
chamber, chamber 4. The TMB substrate was loaded in a dark place, and, after loading, the chamber
was covered by an opaque tape to avoid oxidation with the reaction of normal light. After that, mineral
oil (Sigma Aldrich, St. Louis, Missouri, USA) with a viscosity of 15 cst was loaded in chambers 5, 6, 7
and 8. After the Zika NS1 capture in the PCR tube, magnetic beads were isolated, and the supernatant
was removed. Thirty microliters of PBS was replaced on the tube and mixed gently with the beads.
Then the beads solution was loaded into chamber 9. Finally, chip loading was completed by loading
mineral oil in chamber 10. The full loading process took 6~7 min. After loading the chip, it was placed
on the magnetic actuation platform to perform washing, labeling with HRP-conjugated anti-Zika NS1
antibody, and color development, automatically (Figure 1a). The M-ELISA on-chip steps, in brief, were
as follows, the magnets placed under the chip, which was enclosed by stepper motor, first moved
inside chamber 9 for 15 s to accumulate all the beads and create a pellet. Then the beads were washed
in chamber 1 for one minute to remove any uncaptured NS1 proteins. After washing, the beads were
moved to chamber 3, where the beads were probed with HRP-labeled anti-Zika NS1 antibody. To
remove all the nonspecifically bounded HRP-labeled anti-Zika NS1, the beads were washed again
for one minute in chamber 2. The blue color was generated in the chamber 4 by reacting with TMB
substrate for 30 s. The fully automated ELISA process took approximately 19-20 min including the
sample preparation and loading.

2.6. Image Acquisition and Analysis

The microfluidic chip was placed on a white paper on a flat surface instantly after the completion
of the M-ELISA. The covering tape was removed as quickly as possible, and a 30 s video was recorded
using iPhone Xs cellphone (Figure 1c). The camera flashlight was on during the video recording (30 fps)
to avoid external light interference and light variation from external sources. The white paper under
the chip provided uniform background conditions. An OpenCV- and Python-based image processing
semiautomated windows desktop application was used for image analysis (Figure 1d). First, the video
was segregated frame by frame using a MATLAB (MathWorks, Natick, MA, USA) code and each 30th
frame (equal to 1 second) was considered to select 30 images from the total 30 s video. Each image
was analyzed by the desktop application to quantify the saturation maximum pixel intensity (MPI) in
sequence. To analyze the intensity of color change, we manually selected the region of interest (ROI)
using the desktop application. The desktop application facilitates the user to draw, drag, and drop a
circle on top of the ROI of the analyzed images (Figure 1d). The arithmetic mean of the saturation
channel was calculated during the colorimetric analysis. In this analysis, the ROI was chosen based on
the portion having maximum saturation intensity for both sample and control channels. To set the
sensitivity of the assay, the mean saturation pixel value of negative control (Dengue 2 NS1) as a result
of M-ELISA on a 96-well plate was considered as the basis (mean +3 standard deviation).

3. Results and Discussion

Conventional gold standard sandwich ELISA was carried out on a 96-well plate with multiple
dilutions of Zika NS1 antigens (78.5 pg/mL-80 ng/mL) to validate the antibody and the target binding.
Results clearly show that the anti-Zika NS1 monoclonal antibody was binding as low as 78 pg/mL of
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Zika NS1 when it was spiked in PBS (Figure 2a) with a higher correlation (R? > 0.9929). In this study,
we used Dengue 2 NS1 antigen as negative control and we also performed standard sandwich ELISA
to further confirm that there was no cross reactivity/false-positive result shown by the anti-Zika NS1
monoclonal antibody (Supplementary Figure S3).

() (b)
Sanwich ELISA on 96 well plate M-ELISA on 96 well plate
1.5
£ 2.5 .
= g
S 2.0+ g
£ é‘ 1.0
® 154 e
8 =
= 1.0 2
= = 0.5
= g
o =
4 0.5 <«
=
< 00 T T T 1 0.0 T T T 1
10 100 1000 10000 100000 10 100 1000 10000 100000
Zika NS1 (pg/mL) Zika NSI (pg/mL)

Figure 2. (a) Sandwich ELISA assay results using the recombinant Zika nonstructural protein 1 (NS1)
antigen spiked on PBS buffer on 96-well plate as the Zika NS1 monoclonal antibody is used as a capture
agent. Anti-Zika NS1 monoclonal antibody-HRP with a dilution factor of 1:1000 utilized to react with
TMB calorigenic substrate to develop color. (b) M-ELISA assay on a 96-well plate showing spiking
recombinant Zika NS1 on whole plasma. A 1:500 dilution factor of HRP-labeled anti-Zika NS1 was
used and reacted with TMB to generate color. In both cases, color development was stopped by using
H,S0, and absorbance was measured at 450 nm using a SpectraMax Gemini™ XPS/EM Microplate
Reader (Molecular Devices, USA). Error bars are £SD.

After validating the Ag—Ab reaction, the anti-Zika NS1 monoclonal antibody was conjugated
with superparamagnetic beads using a commercially available biotin conjugation kit. To confirm
the magnetic bead-biotin—antibody binding, we performed a zeta potential analysis. A change in
the negative surface charge indicates that the beads were successfully conjugated with antibodjies.
Supplementary Figure S4 shows that the surface charge of the magnetic beads was —5.63 mV and it
was changed to —21.4 mV after the beads-antibody conjugation. With the antibody-conjugated beads,
we developed and optimized a protocol for the M-ELISA to be performed on a 96-well plate. Again,
different concentrations of Zika NS1 protein (78.5 pg/mL-80 ng/mL) spiked in whole plasma were
used for the standard curve readouts; whereas Dengue 2 NS1 antigen spiked in plasma was used as a
negative control. We also optimized the dilution factor of HRP-labeled anti-Zika NS1 antibody for
the M-ELISA (not reported) to reduce the background readout. The absorbance reading was taken by
the SpectraMax Gemini™ XPS/EM Microplate Reader. A picture of the 96-well plate was taken with
camera flashlight on. After extracting the saturation MPI of the taken image, it confirmed that both the
M-ELISA standard curve (Figure 2b), as well as the desktop application, generated the saturation MPI
standard curve (Figure 3a) and presented comparable results. The observed detection limit of Zika
NS1 in M-ELISA on 96-well plate was 78 pg/mL (R? > 0.9929). This result indicates that the M-ELISA
is also consistent like conventional sandwich ELISA. Therefore, the measurement of the saturation MPI
to calculate the concentration of Zika NS1 is also reliable.
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Figure 3. Standard curve of saturation MPI (a) for a captured cell phone image of the 96-well plate after
performing M-ELISA on the 96-well plate and (b) M-ELISA on chip by computing the developed color
intensity of the segmented frames of a captured video. An OpenCV- and Python-based semiautomated
desktop application were used to select the ROI to calculate the saturation MPI. The use of the cell
phone quantitation method on an M-ELISA showing a limit of detection of 78 pg/mL (R? > 0.9561)
and 62.5 ng/mL (R? > 0.9929) on 96-well plate and microfluidic chip, respectively. Error bars are +SD.
(c) Comparison of saturation MPI change over time, quantified by analyzing a 20 s video (30 fps) just
after completing the M-ELISA on chip. The full video was segmented frame by frame, and each 30th
frame was analyzed to compare the saturation MPI change over frames (time).

To further reduce the required reagent and assay timing for performing the M-ELISA we used a
previously reported [20] Arduino-controlled magnetic actuation platform (Figure 1b).

To fabricate the three layers of microfluidic chip to accommodate different reagents, we chose
0.75 mm thick PMMA for the top and bottom layers and a 1.5 mm middle layer (Supplementary
Figure S2). The total volume of the chip was 907 uL, and it contained a total of 10 chambers. Our
designed chip has been optimized such that (Supplementary Figure S2c) it will have the highest
bead-to-magnet attraction, low bead loss while moving from one chamber to another chamber, and
reliable quantification based on previously published work [20,21]. Three differently shaped chambers
were used while designing the microfluidic chips. The cylindrical chamber is considered as the
bead aggregation chamber and the magnetic actuation starts from this chamber. In this chamber,
the magnet oscillates two times for approximately 16 seconds to facilitate creation of the bead pellet.
The four diamond-shaped chambers contain washing buffer, HRP-labeled anti NS1 antibody, and
TMB substrates. All the elliptical chambers contained mineral oil which basically acts as a physical
barrier between each aqueous reagent. The shapes are designed and optimized in a way that provides
minimum surface tension and minimum meniscus effect while the magnetic bead moves from one
phase to another linearly.

After validating target Ag—Ab binding by conventional sandwich ELISA and M-ELISA
(Figure 2a,b), the application of the M-ELISA on the chip was performed using the automated
platform. The assay run time was optimized to 9 min and 20 min (Table 1) including sample
preparation and loading. Until now the Zika NS1 levels in Zika-infected patients were still largely
unknown/variable, whereas approximately 15 pg/mL Dengue NS1 can be found for Dengue-infected
patient’s serum after two days of infection [12,22]. Based on that, we have analyzed 2000.0, 1000.0,
500.0, 250.0, 125.0, and 62.5 ng/mL Zika NS1 spiking on plasma to perform M-ELISA on-chip (Figure 3b).
The observed detection limit for the M-ELISA on-chip was 62.5 ng/mL.
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Table 1. Time comparison of sandwich ELISA, M-ELISA, and M-ELISA on chip.

Steps Sandwich ELISA M-ELISA M-ELISA on Chip
Coating Overnight Pre-prepared Pre-prepared
Antigen capture 1.5h 45 min 10 min (outside chip)
é Blocking 1.5h - -
§ Secondary antibody labeling 1h 15 min 5 min
S Development 10 min 1.5 min 30s
§ Washing 20 min 10 min 2 min
Beads collection and moving - - 1 min
Total Time ~45h ~72 min ~9 min
Coating 100 Pre-prepared Pre-prepared
Antigen Capture 100 100 ~30
E:L Blocking 200 Pre-prepared Pre-prepared
8 Secondary antibody labeling 100 100 ~60
g Development 100 100 ~60
§ H,S0, 100 100 -
3
T Washing 1500 900 ~120
(% Separation (oil) - - ~464
Retention (oil) - - ~173
Total reagent 2200 1300 ~907
Limit of detection 78 pg/mL 78 pg/mL 62.5 ng/mL

To the best of our evidence, this is the first reported automated sandwich ELISA technique
for detecting Zika NS1 antigen. Our goal was to develop and confirm the sandwich ELISA with
superparamagnetic beads on a microfluidic chip. The non-lithographic process of chip fabrication has
been reported previously [21,23-25] for inexpensive, disposable, and robust applications for various
analyte detections in resource-limited settings. Supplementary Table S1 shows the manufacturing
cost for each developed microfluidic chip and the cost per assay. We used smartphone captured
video and an in-house-developed desktop application to calculate the color development by TMB.
Video capture instead of a single-picture capture provides the flexibility of choosing a large set of
images taken over a period of time [26]. In this study, video capture plays an important role as
there was no stopping solution after the TMB reaction. After the completion of beads’ movement
and color development, the color was changing until saturation. Since saturation can measure the
intensity of the color, it is a suitable measure for concentration-dependent colorimetric assays, and
it has been reported previously [26,27]. Saturation represents the amount of intensity of color in an
image and can be represented from 0 to 255 in binary scale. The intensity of color development is
correlated with the concentration-dependent colorimetric assays. While considering the image for
calculating the saturation MPI for both samples and control, each 30th frame was considered to record
the color development. Unlike conventional sandwich ELISA, our M-ELISA chip method contains no
stopping solution. As a result of this, the developed color intensity increases over the video capturing
time. Figure 3c shows the relation between both samples and control color change over time. While
quantifying the saturation MPI, we consider the mean +3 standard deviation of the control’s saturation
MPI of M-ELISA on a 96-well plate as a basis to determine the sensitivity irrespective of any specific
frame or time of the captured video.

Recently, very few studies have been published for developing detection assays targeting ZIKV
NS1 antigen. A double antibody sandwich ELISA-based colorimetric assay was able to detect it as low
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as 120 ng/mL [6]. Another sensing platform using a graphene biosensor was able to detect 500 ng/mL
spiked in a 10-fold diluted serum [28]. An antigen—antibody-based, rapid paper-based diagnostic assay
has been reported to have a sensitivity of about 20 ng/mL for ZIKV NS1 [29]. Following an alternative
approach, our developed assay was able to detect as low as 62.5 ng/mL in whole plasma, which is
comparable to other currently existing or developed techniques.

Moreover, the developed assay is suitable for detecting the Zika NS1 antigen without the help of
costly specialized instruments (e.g., a microplate reader), which in turn reduces cost per assay to below
$2 (USD) (Supplementary Table S1). The unique features for the developed assays are automation,
rapid assay turnout, and result readout by cell-phone-based video capture. Sample handling and
loading do not require any skilled personnel. The developed device design is highly scalable and
microfluidic chips can be designed to run up to 12 assays in one go by further optimization. To further
reduce assay loading time, preloaded devices can be designed and tested. Considering the throughput
against 96-/384-well plate-based conventional sandwich ELISA, our developed platform has lower
throughput but considering other factors especially portability, cost, and applicability it is suitable for
developing countries where resources are limited, and a smaller number of tests are required per day.
The developed assay fulfills ASSURED criteria [30] (i.e., affordable, sensitive, specific, user-friendly,
rapid, equipment-free, and deliverable) for being applicable to the POC.

4. Conclusions

We developed an automated microfluidic assay integrated with smartphone that can obtain results
in ~10 minutes, which can be beneficial in resource-limited settings. There were some shortcomings
and further areas for our device to expand on. The sensitivity of our device is much higher than that of
other point-of-care devices with a detection limit of 62.5 ng/mL. Further improvement in this area can
result in great potential for this device to be clinically used in areas around the world. However, the
cost effectiveness, automation, and time effectiveness compared to traditional ELISA’s can be beneficial
in regions that struggle with poverty and lack of resources. The utilization of smartphone video and the
in-house software can be operated by low-skilled workers. This, in turn, can further the accessibility of
the developed device and allow anyone to record and interpret results. Without the use of high-cost
specialized instruments, the developed chip can be kept at a low cost. These results show potential
that the platform would be useful for the POC diagnosis/screening of Zika virus infection patients and
can be used in resource-limited settings.

Supplementary Materials: The following are available online at http:/www.mdpi.com/2075-4418/10/1/42/s1,
Table S1: Material and reagents cost of the disposable microfluidic chip, Figure S1: Reagent Loading sequence
inside the microfluidic chip, Figure S2: Chip design, fabrication, and assembly, Figure S3: Sandwich ELISA assay
for Dengue 2 NS1 with the capture antibody for Zika NS1 for detection in binding buffer, Figure S4: Zeta potential
measurement of antibody coated beads, Video S1: Sample reagent loading and test run.
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Abstract: Major Depression Disease has been increasing in the last few years, affecting around
7 percent of the world population, but nowadays techniques to diagnose it are outdated and inefficient.
Motor activity data in the last decade is presented as a better way to diagnose, treat and monitor
patients suffering from this illness, this is achieved through the use of machine learning algorithms.
Disturbances in the circadian rhythm of mental illness patients increase the effectiveness of the data
mining process. In this paper, a comparison of motor activity data from the night, day and full day is
carried out through a data mining process using the Random Forest classifier to identified depressive
and non-depressive episodes. Data from Depressjon dataset is split into three different subsets and
24 features in time and frequency domain are extracted to select the best model to be used in the
classification of depression episodes. The results showed that the best dataset and model to realize
the classification of depressive episodes is the night motor activity data with 99.37% of sensitivity
and 99.91% of specificity.

Keywords: motor activity; depression; depressive episodes; data mining; random forest; night

1. Introduction

Wearable systems have been extensively used in healthcare field for several years. Physical medicine
and rehabilitation were the first disciplines to venture into the implementation of these devices, in order
to monitor the physical activity of the individual in pursuance of better disease diagnosis or patient
ailment rehabilitation [1]. With the introduction of Internet of Things (IoT), wearable devices have been
used to collect data from patients, not only for the detection of motor activity, but also for measuring
blood pressure, heartbeat and even glucose level. This has allowed patients to be monitored any time
and anywhere [2]. However, although the sensors are placed in the human body in the most normal
and natural way possible to sense its activity, public data acquired from this type of sensing are still
rare and not public [3].

Wearables have been used for the detection of depression according to their motor activity,
since this represents a high indicator of the presence of this disease. Retardation or decrease in
activities is the main feature for patients suffering from depression, for that reason, collect data from
this condition could present good results that could be useful in different applications [4].
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According to the World Health Organization (WHO) depression is the leading cause of disability [5],
seven percent of people around the world suffer from Major Depressive Disorder (MDD), which causes
the deterioration of the quality of life, the increase in medical costs and the death rate.

MDD is characterized by several syntopms as; loss of interest and pleasure in daily activities,
sleep disorders, weight loss, suicide ideation, suicide attempts, among others. These symptoms must
be present every day for at least two weeks to be diagnosed as depressive patients [6]. Depression is
a treatable disease with a high level of efficacy using antidepressant medications and psychotherapy
treatment, nevertheless for many patients being diagnosed can take months or even years to heal [7-9].

To diagnose or quantify the severity of the MDD, specialists use scales and manuals such as;
the Hamilton Rating Scale for Depression written in 1960 [10], the Montgomery and Asberg Depression
Rating Scale (MADRS) written in 1979 [11] or the Diagnostic and Statistical Manual of Mental Disorders
(DSM). However, the use and interpretation of these methods depends largely on the ability of the
specialist to determine the diagnosis [6,12-14]. A fact that discredits this type of methods is their lack
of actualization and adaptation to the new advances and discoveries about the disease. In addition,
these methods require the intervention of the patient, and in some cases the patients lie for any reason,
causing the results not to be true and useful.

On the other hand, the use of data from monitoring depressive patients brings several benefits
to medical services, mainly reduces the diagnosis and treatment time, improves the quality of life of
patients and reduces medical costs [8].

Sensing motor activity arises as a favorable way for psychiatry and mental health to detect
abnormal behaviors. Has been demonstrated that patients suffering from depression tend to reduce
their daytime activity, and due to sleep disorders increase their nighttime activity [3]. In contrast,
patients with bipolar disorder lead to an increase in their energy, however both scenarios presents a
motor activity discrepancy from a healthy person. Therefore, circadian rhythm desynchronization is
present in mental illness but is not well used for diagnosis or treatment monitoring yet [15].

The task of collect motor activity data can be accomplished using sensors like accelerometers,
a combination of accelerometers, Global Positioning System (GPS), gyroscopes, inclinometers,
magnetometers, etc. [1]. Nowadays, most of these technologies have very small dimensions, are
cheep and easy to add in some specific devices or clothes, which facilitates usability and adaptability
to everyday life. One way to replace these sensors could be using mobile phones, these devices have
a big role in ubiquitous treatment, where the main idea is to avoid disturbances that the sensors or
devices could generate on the patients and collect reliable data.

Once the data is collected the next step is to process it to recognize patterns and obtain some
statistics or classifications. Sohrab Saeb et al [8] preset the relation of the regular clinical diagnosed
and the sensor-based data from depression patients, they obtained an important result, in which a
correlation between the GPS data and The Patient Health Questionnaire for depression (PHQ-9) scores
was presented, this proves the relation between activity and depression [8].

In another work presented by Enrique Garcia-Ceja et al [3] a collected data from unipolar, bipolar
and healthy control people was used to compare different machine learning algorithms and classify
depressive and non-depressive signals, proving that through the use of machine learning techniques it
is possible to classify between depressive and non-depressive people.

Machine learning is a set of algorithms that learn from the analyzed data to develop training
models to classify that type of data. It allows among other applications, to make diagnoses or even
predict some diseases [16]. These methods are commonly used in a data mining process that involves
a series of steps related to each other and with the final objective of acquire valuable information.

Machine learning methods are increasingly used, EEG-based machine learning provides
a non-invasive method to automatic diagnose MDD using algorithms like Linear Regression and
Naive Bayes [17].

In this paper, a data mining process is carried out to classified depressive episodes using data
collected during night time, day and full 24 h. The comparison between the classification using different
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data collected trough the time gives a better image of the disease and behavior of the patients with
the diagnosis.

The structure of the paper is the Material and Methods, Results, Discussion and Conclusion
sections, the Material and Methods section describes step by step the data mining process used to
implement the classification of depressive and non-depressive episodes.

2. Materials and Methods

The data mining process [18] shown in Figure 1 is followed to classify depressive episodes.
The first stage consists on the data collection, where the Depresjon dataset containing the information
of depression episodes from patients is acquired. These data are submitted to a pre-processing step in
order to clean, normalize and segment them in one hour lapses. Then, a feature extraction is applied,
where a set of 24 features in the time and frequency domain are obtained for different stages of the day
(day, night and full day). A feature selection based on a forward selection (FS) approach is subsequently
performed to reduce the number of features and to avoid redundant or non-significant information.
From the selected features, a classification step based on the random forest (RF) algorithm is applied to
develop a series of generalized models to identify between healthy and depressed patients according
to the motor activity. Finally, these models are validated by a statistical analysis.

Features Feature

Data Collection Pre-processing Eraion S Classification Validation
Description of the Cleaning and Extraction of Selection of the Implementation Assess how well
dataset used for formatting the meaningful best features that of machine models perform
the data mining datato an features from the describes the learning in the previous
process. specific structure.  data. data. algorithms to classification.

make a

classification.
Figure 1. Data mining process used in this paper to classified depressive and non-depressive episodes.
2.1. Dataset Description

In this work, the Depresjon dataset is used to classify depressive episodes. It is comprised by the
motor activity of 23 patients diagnosed as bipolar, unipolar depressive and bipolar I (all these labeled
as condition), and 32 non-depressive control subjects.

The motor activity corresponds to a weighting voltage collected with an actigraph watch
(Actiwatch, Cambridge Neurotechnology Ltd., England, model AW4) located in the right wrist,
which records movements over 0.5g in a sampling frequency of 32 Hz. Some advantages of actigraphs
accelerometers is that they are inexpensive and well-known activity trackers [19] and, in addition,
they are easy to wear and allow collecting data from day and night [20].

The data structure is formed by different files. One set of files contains a csv file per each condition
and control with their recorded motor activity, organized in three columns: timestamp (one minute
intervals), date (date of measurement), activity (activity measurement from the actigraph watch).
Also, a scores file is included, which provides information about every subject. This file includes the
columns: number (contributor id), days (number of days of data collection), gender (1 or 2 for female
or male), age, afftype (1: bipolar II, 2: unipolar depressive, 3: bipolar I), melanch (1: melancholia,
2: no melancholia), inpatient (1: inpatient, 2: outpatient), edu (education), marriage (1: married or
cohabiting, 2: single), work (1: working or studying, 2: unemployed/sick leave/pension), madrsl
(MADRS score when measurement started), madrs2 (MADRS when measurement stopped).

Features describing the date, timestamp and if it is or not a weekend, are not taking into account
for the classification.

The package with the dataset files and full description of data can be downloaded from http:
//doi.org/10.5281/zenodo.1219550 [15].
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2.2. Pre-Processing

For the pre-processing stage, the next step are proposed. Since the total amount of data recorded
for each subject is different, a new subset of data is extracted, adjusting the number of observations to
be equal for each subject. Theh, from the new set of data, a segmentation is applied to form one hour
data intervals. This segmentation allowed the classification of depressive episodes per hour.

Therefore, based on the hourly segmentation, three different subsets are constructed; night motor
activity (from 21 to 7 h taking into account the sunrise standard hours) [21], day motor activity (from 8
to 20 h) and finally all day motor activity with the total day hours. The number of observations
contained in each dataset is shown in Table 1. After separated the data into day, night and 24 h data
were cleaned from missing data.

Table 1. Datasets created from Depresjon dataset.

Dataset  Observations

Day 14168
Night 11945
Full Day 26113

Finally, the last step for the pre-processing is the cleaning of the data by the elimination of missing
data, represented as NA, and the standardization of the motor activity. This standardization center the data
into the mean mark, allowing to know how far the signal is from the mean point. This standardization is
calculated by Equation (1).

xi— X
zj = IS , 1)

where x; is the actual point of the activity data, ¥ is the mean of the total motor activity data and s is
the standard deviation of the total motor activity data.

2.3. Feature Extraction

For each dataset, the 24 features shown in Table 2 are extracted. This process is based on similar
works that extract features from an accelerometer signal [22-24].

From the total features extracted, ten are based on the time-domain, as shown in Table 2, referred to
the data collected by the actigraph every minute.

To transform the time-domain data into frequency-domain, the fast Fourier transform (FFT) is
applied, which can be calculated with Equation (2),

N-1 .
x(k) =Y x(n)* e 2R, )
n=0

where x(n) represents each motor activity collected per minute on an hour, N represents the total
observations on an hour lapse, k represents the current frequency taking values from 0 to N — 1,
and x (k) represents the spectral components of the samples.

For this FFT process, the representation of the original signal in the frequency domain is computed
using the discrete Fourier transformation (DFT). This representation is formed by complex numbers,
eliminating the imaginary part of each number in the frequency-domain signal. For this transformation,
it is needed to calculate the power spectral density (PSD), as shown in Equation (3),

P tim L [ x(o)Pat ®)
~pm | ,

T—oc0

where P represents the energy from the signal, T represents the length of the signal lapse and x(k)
represents the frequency-domain signal. The spectrum is normalized by the length of the signal.
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The 14 remaining features are extracted from the PSD of the signal to obtain the best characterization
of the signal.

Table 2. Features extracted for the day, night and full day datasets, in time and frequency domain.

Feature Equation Time Domain Frequency Domain
Mean (1) 1/nyt xt ° °
Median X(n+1)/2 ° °
Standard deviation (SD, o) V(I (x = %)%/ (n—1)) . .
Variance 1/nyl (x — p)? . .
Kurtosis Ha/ 0y . °
Coefficient of Variance o/u . .
Interquartile range Q- ° . .
Minimum (Maximum value) ° °
Maximum (Minimum value) ° °
Trimmed Mean (truncated mean) ° °
Spectral Density (defined above) .
Entropy = Y p(xi)logap(x;) * J
Skewness 3o .
Spectral Flatness (exp(1/N XNV inx(n))/ (1/N ZNZ 1 x(n) © .

1—n = total number of samples, x; = actual sample. 2—;44 =yt of the fourth moment, 0y = SD of the fourth
moment. >—Qj = third quartile three, Q; = first quartile. 4—pi(xi) = probability of x;. It represents the media
uncertainty of a random variable. >—13 = third standardized moment. ®*—x (1) = magnitude of bin number 1.

2.4. Feature Selection

The next step consists on reducing the dimension of the feature sets and selecting the best model
for the description of the data. To accomplish the task, a FS approach is applied to the three sets of
features (day, night and full day), using 70% of the data for the training of the model and the 30%
remaining data for the testing of the model [25].

FS is implemented using the logistic regression (LR) classifier, since the nature of the data is binary
(depressive, “1”, and not depressive, “0”, episode). Therefore, LR is used to model the selected features
by FS for the classification of depressive episodes. For simplicity, each feature is labeled with a number,
as shown in Table 3.

Table 3. Features extracted from the hourly motor activity segments.

Number Time-Domain Feature Number Frequency-Domain Feature

0 Kurtosis 10 Kurtosis
1 Mean 11 Mean
2 Median 12 Median
3 SD 13 SD
4 Variance 14 Variance
5 Coefficient of variance 15 Coefficient of variance
6 Interquartil rank 16 Spectral density
7 Minimum 17 Interquartile rank
8 Maximum 18 Trim mean
9 Trim mean 19 Minimum
20 Maximum
21 Entropy
22 Skewness
23 Spectral flatness

2.5. Classification

For the classification stage, the RF algorithm is used to classify depressive and non-depressive
episodes based on the features selected for each dataset, specifically using the best ranked features
according to the previous step.
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According to Phan Thanh Noi et al [26], the RF algorithm use has been increasing in the past few
years because of its effectiveness. RF algorithm came to light in 2001 created by Leo Breiman et al [27],
it is conformed by a combination of trees generated randomly and with different predictors each of
them. This algorithm is a supervised technique where multiple decision trees are used to develop
a forest. This forest is more robust if it is developed with more number of trees for the classification.

To classify an observation, the trees are generated in order to response questions with yes/no
response, every tree bases the response in the features of the observation and responded to make
a classification of the observation [28].

Generally, a leaf is used for the expansion of the construction of the tree in each step. At the end,
from the decision trees built, they are merged into a single tree to obtain a higher prediction
accuracy [29].

The general performance of RF follows the next steps,

* Given a dataset M, of size m X n, a new dataset A; is created from the original data, sampling

and eliminating a third part of the row data.
e  The model is trained generating a new dataset through the reduced samples, estimating the

unbiased error.
e Ateachnode point (which are the points where the trees are growing simultaneously), the column

1y is selected from the total n columns.
®  When the trees finish growing, a final prediction based on the individual decisions is calculated,

looking for the best classification accuracy.

For the implementation of the RF algorithm, it is used the R language [30] with the default settings
of the randomForest library [31].

2.6. Validation

Finally, to evaluate the effectiveness of the classification process, a statistical validation is applied,
based on nine metrics: true positive (TP) (conditions correctly classified), true negative (TN) (controls
correctly classified), false positive (FP) (controls incorrectly classified), false negative (FN) (conditions
incorrectly classified), sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV) and accuracy.

Sensitivity can be calculated by Equation (4),

L TP
Sensitivity = TPLEN’ 4)
describing the true positive rate, i.e. the probability that a depressive episode is classified rightly.
Specificity can be calculated by Equation (5),
. TN
Specificity = EN L TP ®)

describing the true negative rate, i.e. the probability that a non-depressive episode is classified rightly.
The PPV value can be defined by Equation (6), being the probability that a new episode of a person
suffering from depression is classified as a depressive episode

Sensitivity x Prevalence

PPV =
Sensitivity x Prevalence + (1 — Specificity) (1 — Prevalence)’

()

where Prevalence is the percentage of observations with a condition, in this case depressive episodes.
The NPV value can be defined by Equation (7), being the probability of a episode with absence of
depression is classified as negative.

Specificity x (1 — Prevalence)

NPV =
(1 — Sensitivity) * Prevalence + Specificity = (1 — Prevalence)’

@)

56



Diagnostics 2020, 10, 162

Finally, the accuracy can be calculated with Equation (8), being the total probability that one
episode is classified correctly.

TruePositive + TrueNegative ®)
TruePositive + TrueNegative + FalsePositive + FalseNegative’

Accuracy =

3. Experiments and Results

In Figure 2 is presented a comparison of the motor activity between a control and a condition in
different hours of the day. In the differences can be observed that every hour activity of control and
condition shows different patterns. From these data, a segmentation is applied to form data intervals
containing the information of one hour time lapses. The structure of the data for every observation
is contained by 61 columns; one column for the monitored hour and one column for each minute
(60 columns) of motor activity. This segmentation allowed the classification of depressive episodes

per hour.
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Figure 2. Comparison of motor activity in different hours of the day between a control an a condition.

From Figure 2 they can also be distinguished different patterns on the activity of control and
condition subjects in different moments of the day. In Figure 2a, at 5 p.m., the control subject signal
collected presents higher levels of activity in contrast with the depressive patient. This can be the most
expected conduct of a patient with depression. Nevertheless, as the day ends the signal of both, control
and condition, starts to change as shown in Figure 2b-d, depressive activity containing higher values.

Therefore, based on this, the data is treated in three different sets, each one corresponding to
different moments of the day. One set corresponding the day, one to the night and one to the full day.

Then, for the next stage a feature selection is proposed. The results for each dataset are shown in
Table 4. Accuracy is the metric used to evaluate the performance of the models constructed by the FS
approach including different number of features (two, four, five, six, seven, eight, nine and ten).
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In case of Night Data and Full Day Data datasets, higher accuracy is achieved with nine-features
model in classification of depressive and non-depressive episodes . Day data best model is comprised
by 8 features, however, the difference with nine-features model is less than 0.1 percent.

Table 4. Forward Selection results for the night, day and full day data.

Night Data Day Data Full Day Data

Features Accuracy Features Accuracy Features Accuracy
[2,13] 0.7398 [2,13] 0.7525 [2,13] 0.7393
[2,12,13] 0.7683 [2,12,13] 0.7589 [2,12,13] 0.7623
[2,12,13,23] 0.7706 [0,2,12,13] 0.7628 [0,2,12,13] 0.7655
[2,8,12,13,23] 0.7763 [2,8,11,22,23] 0.7728 [0,2,12,13,15] 0.7725
[2,6,8,12,13,23] 0.7776 [0,2,9,12,13,23] 0.7728 [0,2,9,12,13,15] 0.7747
[2,6,8,12,13,15,23] 0.7792 [1,2,7,8,11,22,23] 0.7728 [0,2,9,12,13,15] 0.7747
[0,2,6,8,12,13,15,23] 0.7811 [1,2,5,7,8,11,22,23] 0.7744 [0,2,5,9,12,13,15,23] 0.7758

[0,2,6,7,8,12,13,15,23] 0.7818 [0,1,2,7,9,12,13,15,23] 0.7735 [0,2,5,7,9,12,13,15,23] 0.7792
[0,2,6,7,8,9,12,13,15,23] 0.7818 [0,1,2,5,7,9,12,13,15,23] 0.7731 [0,2,5,6,7,9,12,13,15,23] 0.7761

After the feature selection with FS approach, validation step is done in two steps. Firstly, classification
is done with the best nine-features model for each dataset, mentioned in Table 5, even when Day
Data has higher accuracy with 8 features, best nine features is selected to compare the performance in
same circunstances with the other two datasets. The results of this classification are shown in Table 6,
described as Best 9 Features Day, Best 9 Features Full Day and Best 9 Features Night. In addition to
accuracy, which was used in FS step, sensitivity and specificity were calculated in this validation to
give a wide view of the performance of the models.

Secondly, classification is performed using the nine-features set of the Best 9 Features Night,
applied to the Day Data and the Full Day Data datasets, because this nine features model is the one
which outperforms all other nine features models in all proposed metrics. This in order to evaluate
the performance of a general model, i.e. a unique model for all the time of the day. The results of this
classification are described as the Best Model Day, Best Model Full Day in Table 6.

Table 5. Best nine features model in every dataset; day, night and full day.

Dataset  Best Nine Features

kurtosis (time), mean (time), median (time), minimum (time),
Day trim mean (time), median (frequency), SD (frequency),
coefficient of variance (frequency), spectral flatness (frequency)

kurtosis (time), median (time), interquartil rank (time),
Night minimum (time), maximum (time), median (frequency), SD (frequency),
coefficient of variance (frequency), spectral flatness (frequency)

kurtosis (time), median (time), coefficient of variance (time),
Full Day ~ minimum (time), trim mean (time), median (frequency), SD (frequency),
coefficient of variance (frequency), spectral flatness (frequency)

From this table can be observed that every model has a significant performance in the classification
of depressive episodes. Sensitivity values oscillate from 98.24% to 99.37% and specificity range
oscillates between 98.08% and 99.31%, establishing an almost perfect classification of depressive and
non-depressive episodes.

The lowest, but still being good results, are those from the Day Data with nine features selected
from the Night Data.
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Table 6. RF results for datasets using the nine features models and the best model from the forward
selection on night dataset.

Dataset TP TN FP FN Sensitivity Specificity = PPV NPV Accuracy
Best 9 Features Day 1455 2729 40 26 98.24% 98.56% 97.32%  99.06%  98.45%
Best Model Day 1470 2736 25 19 98.72% 99.09% 98.33% 99.31%  98.96%
Best 9 Features Full Day 2703 5047 53 31 98.87% 98.96% 98.08% 99.39%  98.93%
Best Model Full Day 2737 5047 19 31 98.88% 99.62% 99.31%  99.39%  99.36%
Best 9 Features Night 1259 2315 2 8 99.37% 99.91% 99.84%  99.66%  99.72%

4. Discussion

In this section the discussion of the results obtained for the different stages applied in this work is
presented. Initially, the features extracted from the data are submitted to a feature selection to remove
redundant or non-significant features, preserving those that contribute most to the description of
depressive subjects in the different moments of the day. Then, a classification is carried out, modeling
the set of features that presented the best result in the previous step for the different moments of the
day. A final validation is applied to statistically evaluate the performance of the models obtained.

According to the validation values shown in the previous section, the feature selection and
classification stages allowed to obtain statistically significant results.

From the feature selection step, a series of feature sets have been obtained along with their calculated
accuracies, shown in Table 4. The main objective in this step is to be able to select the smallest set of
features obtaining the best accuracy. As can be seen, the accuracy follows an increase pattern for most
cases each time a feature is increased in the set. However, for the three data sets it is observed that
the accuracy stops increasing when the tenth feature is added, and even decreases for the Day Data
and Full Day Data sets. For the Night Data and the Full Day Data, the best accuracy is calculated
with the set of nine features, obtaining 0.7818 and 0.7792, respectively, while for the Day Data the
best accuracy is calculated with the set of eight features, obtaining 0.7744. And, in general, of all the
feature sets selected for the three data sets, the best accuracy is obtained with the nine-features set of
the Night Data. Based on this and in order to make a direct comparison, the sets of nine features have
been selected as the best for each data set. The description of the features included in these sets are
shown in Table 5.

Comparing the best nine-features sets shown in Table 5, it can be observed that only for the Night
Data the maximum (time) value is selected in the FS. This may be due to sleep disorders that make
patients with depression more active at night, being possible to differentiate the level of motor activity
of a person who does not have this condition, since it is regularly lower.

Another important detail shown in the description of the feature sets is the frequency-related
features, since for the three different data sets the same features were selected in this domain.
This demonstrates the robustness and generalization in the information provided by these features,
since regardless of the time of day, it is possible to identify subjects with depression presence with the
levels of activity that occur.

The next step corresponds to the modeling of the set of features selected for each dataset for
a classification task, based on the RF technique. For this purpose, the nine-features sets selected
for each dataset were submitted to the modeling. In addition, taking into account that of all the
selected feature sets, the one with the best accuracy was the nine-feature set of the Night Data, another
classification was made in the Full Day Data and Day Data using this nine-feature set. To avoid
confusion, this classification is labeled as Best Model Full Day and Best Model Day, for the Full Day
Data and the Day Data respectively.

It is important to mention that RF was selected for the classification since it has been used to
classify the motor activity of depressed subjects in other works. Zanella-Calzada et al. [22] present
the classification of depressive and no depressive episodes using RF, obtaining an accuracy of 0.893,
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while M. Pal et al. [32] compare the performance between RF and SVM, resulting RF more efficient
even with fewer parameters to make the classification.

To measure the significance of the classification, the TP, TN, FP, FN, sensitivity, specificity, PPV,
NPV and accuracy metrics were measured, obtaining the results shown in Table 6. Initially, it can
be seen that the FP and FN values are not significant if they are compared with the TP and TN
values, taking into account that the TP and TN are the conditions and controls, respectively, correctly
classified being much higher than the FP and FN values, which are the subjects incorrectly classified.
An important point to note is that the lowest number of FP and FN is obtained when the classification
is carried out using the set of nine features selected for Night Data applied to the three different data
sets, as can be seen in the Best Model Day and Best Model Full Day. However, the lowest number of FP
and FN are obtained in the Night Data set, allowing to demonstrate that the data of these nine features,
specifically in this period of the day, generate values in the levels of the motor activity that allow to
identify the depressive subjects, reducing the ambiguities that may be obtained in the activity levels
presented by the Day Data and Full Day Data sets.

For the rest of the results it can be seen that the highest values were obtained using the Night Day
feature set, since if a comparison is made of the accuracy obtained from the classification of the nine
features selected from the Data Day set and the accuracy obtained from this same data set but using
the nine features of the Night Data (Best Model), an increase of 0.45% can be observed. In the case of
Full Day Data it is observed the same behaviour, obtaining an increase in the accuracy of 0.43% when
using the set of nine features of the Night Data. For the Night Day data, the classification accuracy is
almost perfect, obtaining a value of 99.72%.

Based on this, it can be noted the great contribution generated by the set of features selected for
the Night Data set, but specifically with the maximum (time) feature, since it is the main difference
between this set of selected features and the others two sets, contributing to have significant behavior
not only in the Night Data set, but in all sets. The maximum (time) feature represents the highest value
obtained from activity level and specifically at night, it allows to identify depressive subjects almost
perfectly. This may be because, according to Armitage et al. [33], around 80% of patients diagnosed
with MDD suffer from sleep disorders. This represents an important change in the circadian rhythm of
patients suffering from depression and a healthy persons, causing depressive subjects to have more
motor activity. In Figure 2 can be notice that even in a sleepy hour for both control and condition
(4 a.m.) patient suffering from MDD have more disturbances than the control subject.

Finally, it should be noted that, as mentioned above, the best results are obtained using the
Night Data dataset with the set of nine features specifically selected for this dataset. While the lowest
results are obtained using the Day Data data set, however, these values increase if the nine features
selected for Night Data are used. For the Full Day Data set, an intermediate value can be observed
between the other two datasets. Therefore, based on this, it can be known that the ambiguities in the
classification of depressive subjects are greater during the day than during the night. This may be due
to the fact that during the day people regularly must carry out daily activities, such as work or studies,
regardless of whether they suffer from depression. While at night, the presence of this condition may
be more evident due to the irregularities that it can cause to sleep, while people who do not suffer
from depression can have a quieter sleep and therefore much less activity levels.

5. Conclusions

The main objective of this work is to develop a set of models that allows to classify depressive and
not depressive episodes in different moments of the day (day, night and full day) based on the motor
activity levels of subjects. For this purpose, a series of stages are applied to the Depresjon database,
which describes the activity levels of patients with presence of depression and controls.

For the feature selection stage, it is used the FS technique based on LR, in order to obtain the set
of features that provide the most relevant information for data modeling, while for the classification
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stage, it is applied the RF technique. For the validation of the performance of these steps, a series of
statistical metrics are measured.

According to the results obtained, it can be observed that from the feature selection, the best set of
selected features is obtained from the data that corresponds to the night period, since the best accuracy
is calculated when classifying the subjects with these features using the activity levels presented during
the night. This set is contained by nine features, being maximum (time) the feature that generates
the greatest contribution, since it provides the maximum values of activity level during the night,
which are generally related to the subjects that present depression.

Therefore, this allows us to conclude that it is possible to identify subjects with the presence
of depression based on the model developed in this work using the data of motor activity levels.
In addition, for the identification of this condition, it is sufficient for patients to only measure their
activity levels through the actigraph during the night, since with these data, classification can be
made through the model obtained allowing to know if the subject presents depression or not, with an
accuracy of 99.72%.

It should be noted that this is a preliminary tool that can be of great support for specialists in the
diagnosis of depression based on a non-invasive method, since it would only be necessary to have the
patient’s activity level data to make the diagnosis at through this model.
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Abstract: Objective: This study aimed to determine the validity and reliability of Inertial Measurement
Units (IMUs) for the assessment of craniocervical range of motion (ROM) in patients with cerebral
palsy (CP). Methods: twenty-three subjects with CP and 23 controls, aged between 4 and 14 years,
were evaluated on two occasions, separated by 3 to 5 days. An IMU and a Cervical Range of Motion
device (CROM) were used to assess craniocervical ROM in the three spatial planes. Validity was
assessed by comparing IMU and CROM data using the Pearson correlation coefficient, the paired
t-test and Bland—Altman plots. Intra-day and inter-day relative reliability were determined using
the Intraclass Correlation Coefficient (ICC). The Standard Error of Measurement (SEM) and the
Minimum Detectable Change at a 90% confidence level (MDCqg) were obtained for absolute reliability.
Results: High correlations were detected between methods in both groups on the sagittal and frontal
planes (r > 0.9), although this was reduced in the case of the transverse plane. Bland—Altman plots
indicated bias below 5°, although for the range of cervical rotation in the CP group, this was 8.2°.
The distance between the limits of agreement was over 23.5° in both groups, except for the range of
flexion-extension in the control group. ICCs were higher than 0.8 for both comparisons and groups,
except for inter-day comparisons of rotational range in the CP group. Absolute reliability showed
high variability, with most SEM below 8.5°, although with worse inter-day results, mainly in CP
subjects, with the MDCy of rotational range achieving more than 20°. Conclusions: IMU application
is highly correlated with CROM for the assessment of craniocervical movement in CP and healthy
subjects; however, both methods are not interchangeable. The IMU error of measurement can be
considered clinically acceptable; however, caution should be taken when this is used as a reference
measure for interventions.

Keywords: inertial sensors; pediatric neurological disease; kinematics
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1. Introduction

Cerebral palsy (CP) comprises a group of disorders affecting the development of movement and
posture, causing activity limitations, and is attributed to a non-progressive damage to the developing
brain during the fetal period or in the first years of life [1]. According to the Surveillance of Cerebral
Palsy in Europe, CP affects between 1 to 3 per 1000 live births [2,3], with a prevalence of 3 to 4 cases
per 1000 among school-age children in the US [4]. Currently, CP is recognized as being the most
common cause of serious permanent physical disability in childhood, although the prospect of survival
in children with severe disability has increased in recent years. Cerebral palsy is associated with
sensory deficits, cognitive deficits, communication and motor disabilities, behavioral problems, seizure
disorders, pain and secondary musculoskeletal problems, with spastic paresis being one of the most
common forms of presentation [5,6], affecting the magnitude of movement and motor control [7,8],
including the craniocervical region. Thus, head movement alterations can impair temporomandibular
joint functions [9], and increase the risk of falls [10]. Furthermore, certain disorders affecting the senses
can lead to unusual head movements and these alterations of the head movements can in turn further
affect the senses [11,12]. In addition, it is suggested that the evaluation of motor disorders should not
be centered only on posture, but also on the analysis of movement [13]. All of the above increases the
need for valid and reliable methods to study cervical movement in patients with CP.

Most of the assessment methods in CP are based on subjective measures that classify motor
participation based on functional abilities [14-16]; however, more advanced approaches are necessary
in clinical settings and research [17]. Inertial Measurement Units (IMUs) have been known to benefit
motion assessments due to their portability, ease-of-application, and low energy consumption, in
contrast to other complex electromagnetic devices or video-based optoelectronic systems, which can
only be used in laboratory settings [18]. In fact, IMUs represent a scientific advancement in the
bio-healthcare sector, by measuring the kinematics of body segments, since these are adapted to each
body region and use specific protocols that must be validated [18-20]. Good reliability results regarding
optical motion capture have been described for the assessment of cervical and thoracolumbar range of
motion (ROM) [21,22]. Their use in neurological diseases includes balance assessments in multiple
sclerosis [23,24], Parkinsonian tremor [25,26], or range of motion (ROM) in stroke [27]. Nevertheless,
further studies are necessary to confirm the clinical and predictive importance of measurements with
IMUs [13,23]. Additionally, future research is required to support this validity with other tools [28] in
pediatric pathologies [18,29]. To date, in children with CP, spasticity in lower limbs has been studied,
obtaining satisfactory results in terms of precision and reliability, superior to other alternatives, such as
goniometry [28], and gait analysis [30].

Thus, the aim of this study was to determine the clinimetric characteristics of IMU, in terms of
validity and reliability, for the assessment of cervical ROM in patients with CP. In addition, we sought
to establish error threshold values and minimum detectable difference with IMU in the assessment
of the cervical spine in patients with CP, in order to determine clinical effect. We hypothesized that
IMU would show good concurrent validity with cervical range of motion device (CROM) and that the
determination of ROM using IMU would reveal good intra- and inter-day reliability.

2. Materials and Methods

2.1. Subjects

A clinical measurement study assessing validity and reliability was designed using a two-stage
repeated measures design. Patients with CP were recruited using non-probabilistic sampling of
consecutive cases from the private Neurological Recovery Center of Cérdoba (CEDANE) and the
Rehabilitation Service of the Reina Sofia University Hospital of Cérdoba (Andalusian Health Service),
in Spain. The inclusion criteria were: male and female subjects aged between 4 and 14 years old;
diagnosed with CP and poor head control; with the necessary cognitive and behavioral skills required
for understanding tasks and following simple instructions for active participation in the study; Gross
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Motor Function Classification System (GMFCS) levels I-IV; medically stable. In addition, to ensure
active movement against gravity, all subjects had to achieve, at least, a level of 3 in the Manual Muscle
Test of cervical muscles [31,32]. The exclusion criteria were: aggressive or self-injurious behavior;
involuntary or uncontrollable movements of the head; orthopedic surgery at least 1 year before the
evaluation or 6 months from the administration of botulinum toxin; anti-spasticity medications at
the time of the assessment; severe tactile hypersensitivity that hinders body alignment; severe visual
limitations; bone deformities or contractures that prevent assessment; history of uncontrolled pain;
participation in another biomedical research (and/or patients in a period of exclusion).

Control subjects were also selected for this study. These were subjects with no neurological or
other impairments, matched for gender and age (+2 years). They were recruited from the Hospital and
the University, as well as via the researchers’ personal contacts.

The parents or caregivers of all study subjects gave their informed consent in accordance with the
tenets of the Declaration of Helsinki for inclusion before they participated in the study. The protocol
was approved by the Ethics Committee of Reina Sofia University Hospital (act n°270, reference 3680,
6 November 2017 approved).

The sample size required to test the concurrent validity between the IMU and CROM was based
on a bilateral Pearson’s correlation coefficient, assuming an expected correlation of r > 0.60, a level of
significance of 5%, and 90% power. Thus, we determined that at least 21 subjects were necessary in
each group. In addition, based on previous studies [33-35], and considering an intraclass correlation
coefficient (ICC) of 0.8, an accuracy of 0.23 and a level of significance of 5%, the estimated sample
should comprise, at least 22 subjects (Tamafo de la muestra 1.1® software, Bogotd, Colombia). Due to
the short follow-up period, no data loss was expected.

2.2. IMU Assessment

An IMU Shimmer3 ® sensor (Dublin, Ireland) was located on the patient’s forehead, attached to
the head using a flexible and adjustable strap (Figure 1A). Orientation in the three planes of movement
was obtained by a sensor at 50 Hz, connected to an android mobile phone using iUCOTrack © (Cérdoba,
Spain) [21,22] a software program for the acquisition and processing of the raw data obtained by the
sensor, producing kinematic results. The patient performed three movements in each of the three
spatial planes (flexion and extension in the sagittal plane, left and right rotation in the transverse plane,
left and right lateroflexion in the frontal plane), recording the maximum values of each movement.
The ICC among the three repetitions of each movement was over 0.8 in all cases.

2.3. CROM Assessment

The Cervical Range of Motion (CROM 3 ® Lindstrom, MN, USA) device was used for the
goniometry assessment, together with the IMU. This device has three spheres (2 inclinometers and
a compass) to determine the ROM in the three spatial planes (Figure 1B). Its validity and reliability
have been proven in cervical functional assessments for all movements [36,37]. The CROM cannot
be adapted to fit different head sizes. Thus, semi-rigid foams were used to adjust the CROM to the
children’s heads and to prevent any movement. As the CROM was applied together with IMU, three
repetitions of each movement were also performed, for which the ICC of the three repetitions was over
0.75 in all cases.

2.4. Muscle Tone Assessment

Due to the influence of spasticity in ROM, muscle tone was assessed for flexor, extensor, and
sternocleidomastoid muscles of CP subjects, using the Modified Ashworth Scale (MAS) [38,39].
This scale is widely used and easy to administrate, with moderate to good reliability in CP [40].

The MAS scale is scored as follows:

0: No increase in muscle tone.
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1: Slight increase in muscle tone, manifested by a catch and release, or by minimal resistance at
the end of the range of motion when the affected part(s) is moved in flexion or extension.

1+: Slight increase in muscle tone, manifested by a catch, followed by minimal resistance
throughout the remainder (less than half) of the ROM.

2: More marked increase in muscle tone through most of the ROM, but affected part(s) easily moved.

3: Considerable increase in muscle tone, passive movement difficult.

4: Affected part(s) rigid in flexion or extension.

Figure 1. Devices and procedure of assessment. (A) Inertial Measurement Unit (IMU) Shimmer3
® (Dublin, Ireland); (B) Cervical Range of Motion (CROM) 3 ® device (Lindstrom, MN, USA);
(C) positioning of IMU and CROM to assess craniocervical range of motion (first assessment on the
first day); (D) positioning of IMU to assess craniocervical range of motion (second assessment on the
first day, and assessment on the second day).

2.5. Procedures

The general recommendations for assessments in this patient profile were applied, meaning that
evaluation and treatment strategies must include relatives or caregivers who are functionally involved
and part of the daily relationship (relatives/caregiver/child) [41,42].

The evaluations were performed in a quiet room, with no other people present besides the
subject, assessors, and relatives/caregiver. All people stood behind the study subject, except for the
assessor, who read the CROM values. A non-swivel chair was used, adapted to the anthropometric
characteristics of each subject, who were seated in a standardized manner, and secured with straps
when necessary. Specific instructions were given to the subject for the performance of each movement,
as follows: for flexion, “first, tuck in your chin, then move your head forward and down as far as
possible”; for extension, “first, raise your chin, then move your head backward, looking up as far
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as possible until limited by tightness or discomfort”; for rotation in each direction, “turn your head,
gazing at an imaginary horizontal line on the wall, as far as possible”; for lateral flexion in each
direction, “stare straight ahead and side-bend your neck by moving your ear toward your shoulder as
far as possible”. To avoid thoracic movement, the instructions were, “do not move your shoulders
or change the amount of pressure applied to the backrest of your chair” [37]. Manual stabilization
was provided during each movement to avoid movements other than those requested and to control
for any proprioceptive or other sensorimotor problems that could occur during the static posture or
the performance of the movements, when necessary. To control for the appearance of resistance to
movement due to spasticity, an assessor performed stretches of the muscle, repositioning the joint in
the position where the resistance appeared. Subsequently, a second examiner annotated the CROM
values [43].

The Wong-Baker facial pain scale [44] was applied to assess whether patients suffered from pain
throughout the evaluations. Its results were applied to interrupt the patient’s participation in the study.

The two movements in each spatial plane were added to obtain the ROM in each plane
(flexion-extension range: flexion plus extension; rotational range: right rotation plus left rotation;
side-bending range: right lateral flexion plus left lateral flexion). The use of the ROM in each plane
has been described as an advantage to assess cervical movement due the possible discrepancies in
determining the neutral position when half movements are assessed [45].

Data were collected on two different occasions, separated 3 to 5 days. On the first day,
measurements were applied twice, separated by 5 min, without changing the position of the subject.
On the first evaluation, both IMU and CROM were applied, to compare results between both devices,
and on the second evaluation only IMU was used, for intra-day reliability purposes. The IMU
assessment was repeated 3-5 days later, to analyze inter-day reliability (Figure 1C,D).

The assessor was blinded to the previous measures at the time of the new trial [18]. All intra-day
and inter-day tests were performed by the same assessor, a physiotherapist with more than 15 years of
experience in the evaluation of patients with CP.

2.6. Statistical Analysis

Frequencies and percentages were used to describe categorical variables. The arithmetic mean,
standard deviation and 95% confidence intervals (95% CI) were used for quantitative variables, once
normality and homoscedasticity were tested (Shapiro-Wilk and Levene’s tests, p > 0.05).

Spearman’s rho correlation coefficient (rs) was used to identify associations between cervical
muscle tone and ROM, assessed with the CROM and IMU. Correlation coefficient values were
considered poor when values were below 0.20, fair for values between 0.21 to 0.50, moderate from
0.51 to 0.70, very strong from 0.71 to 0.90, and almost perfect from 0.91 to 1.00 [46].To identify possible
specific characteristics in craniocervical ROM of CP, IMU, and CROM data from each assessment and
spatial plane were compared between groups by unpaired t-tests.

2.6.1. Concurrent Validity Analysis

To assess concurrent validity, the Pearson’s correlation coefficient (r) was applied for data obtained
by IMU and CROM when applied together, that is, during the first assessment on the first day, with the
same interpretation based on the Spearman rho [46]. The paired t-test was also used to analyze the
differences between the means of both methods in each spatial plane ROM. In addition, Bland-Altman
plots were constructed for each ROM [47,48]. The mean bias, defined as the average of the differences
between both methods of measurement, was determined, together with limits of agreement (LoA),
providing an estimate of the interval where 95% of the differences between both methods lie, and
defined as the bias +1.96 standard deviations of differences.
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2.6.2. Reliability Analysis

The relative reliability of the measurements of each ROM evaluated with the IMU was determined
by calculating ICC for intra-day and inter-day reliability (ICC2,1) [49]. The intra-day reliability was
calculated based on the assessments performed on the first day, and the inter-day reliability was
estimated between the first assessment on the first day and the assessment performed on the second
day. For all analyzes, ICC values were considered poor when values were below 0.20, reasonable from
0.21 to 0.40, moderate from 0.41 to 0.60, good from 0.61 to 0.80, and very good from 0.81 to 1.00 [34].

The absolute reliability was determined by calculating the SEM and the Minimum Detectable
Change at 90% confidence level (MDCyj) for each movement:

SEM = SDpOOled X \/ 1-1ICC,
where SDpo0led is the standard deviation of the scores from all subjects;
MDCgyy = SEM X 2 x 1.64.

The SEM provides a value for the random measurement error in the same unit as the measurement
itself quantifies the variability within the subject and reflects the amount of measurement error for any
given test (intra-day reliability) and for any test occasion (inter-day reliability) [50,51]. The MDC is an
estimate of the smallest amount of change between separate measures that can be objectively detected
as a true change outside the measurement error [50,52], and the MDCy is frequently used to identify
the effectiveness of an intervention [33].

For a better control of type I error risk, due to the repeated comparison among CROM and IMU
data, a two-way ANOVA, with Evaluation (CROM; IMU first assessment on the first day; IMU second
assessment on the first day; IMU assessment on the second day) as the within-subject factor, and Group
(CP group; control group) as the between-subjects factor, was performed for each spatial plane ROM.
The evaluation-by-group interaction and both factors were of interest. Should the interaction or any of
both factors reveal significance, the Bonferroni’s post-hoc test was used to verify whether a difference
existed between the groups and/or within groups (view Supplementary Material, Table S1).

All hypothesis tests were bilateral and considered significant if p was less than 0.05. The data
were managed and analyzed with IBM-SPSS®, version 25 (Armonk, NY, USA).

3. Results

The present study consisted of 46 participants (CP group: n = 23; Control group: n = 23), 61% of
whom (1 = 28) were female. Their average age was 8.9 years with a standard deviation of 3.2 years.
The GMFCS showed that 47.8% of the CP subjects were classified as level I, 17.4% as level II, 4.4%
as level III, and 30.4% as level IV. No patient showed a value of 2 or more in any muscle and over
30% of CP subjects had no impairment in muscle tone, according to the MAS. This means that muscle
tone suffered, at most, a slight increase in the CP subjects. No study subjects suffered pain or other
difficulties when undergoing the complete evaluation. Other basic descriptive characteristics of the
groups are given in Table 1.

The correlation analysis between MAS and ROM, assessed by the CROM and the IMU, showed a
common trend, with flexor, extensor, and sternocleidomastoid muscles of CP subjects significantly
and negatively correlated with rotational ROM (in all cases: the higher the muscle tone, the lower the
ROM). Thus, the tone of flexor and extensor muscles correlated with: CROM: rg = —0.504; IMU first
assessment on the first day: r; = —0.510; IMU second assessment on the first day: rs = —0.483; IMU
assessment on the second day: rs = —0.412. Right and left sternocleidomastoid muscle tone correlated
with: CROM: rg = —0.433; IMU first assessment on the first day: ry = —0.437; IMU second assessment
on the first day: rs = —0.420; IMU assessment on the second day: rs = —0.410. No correlation was
identified in the planes of flexion-extension and side-bending.

68



Diagnostics 2020, 10, 80

Table 1. Demographics and clinical characteristics of the subjects.

CP Group (n = 23) Control Group (n = 23) p-Value
Age (years) 92(32) 8.7 (3.3) 0.594
Sex (women/men) 14/9 14/9
Weight (kg) 28.3(12.7) 34.6 (16.8) 0.161
Height (m) 1.32 (0.20) 1.36 (0.20) 0.503
BMI (kg/m?) 15.5(3.4) 17.5 (3.5) 0.049*
GMECS level (frequency) L1541 1;1V: 7 - -
Flexor muscles tone level 0:10;1: 7:14: 6 ) )
(frequency)
Extensor muscles tone level 0:10;1: 7:14: 6 ) B
(frequency)

Right sternocleidomastoid
muscles tone level (frequency)
Left sternocleidomastoid
muscles tone level (frequency)

0:9,1: 8;1+: 6 - -

0:9,1: 8,1+: 6 - -

Quantitative data are expressed as mean (standard deviation). Abbreviations: GMFCS, Gross Motor Function
Classification System; BMI, body mass index. * indicates p < 0.05.

No differences were detected between CP subjects and controls in each ROM for any of the
assessments, regardless of the method of measurement (p > 0.05).

Additionally, as reported in Table S1, the two-way ANOVA of the ROM of the three spatial
planes showed a consistent pattern, with neither evaluation-by-group interaction nor Group factor
significance, although the Evaluation factor detected statistical differences (p < 0.02). The post-hoc
analysis of the Evaluation factor showed differences between CROM and the IMU assessments, with
no differences among the three IMU assessments. The only exception to this pattern was the post-hoc
analysis of the Evaluation factor concerning the rotational plane ROM, with statistical differences,
exclusively, between the CROM and IMU assessments on the second day.

3.1. Concurrent Validity

The measurements obtained by the first IMU assessment on the first day correlated highly with
the measurements of the CROM for flexion-extension and side-bending ranges in both groups (r > 0.9),
although rotation range correlations were smaller (0.6 < r < 0.8). Significant differences between both
methods were observed in all ROMs, with the exception of the rotational range in the control group
(Table 2).

Table 2. Concurrent validity between the first IMU assessment performed on the first day of
measurements and CROM by groups.

IMU First Assessment
Spatial Plane on the First Day
(Standard Deviation)

CROM Assessment Pearson r Student’s t-test
(Standard Deviation) (p-Value) (p-Value)

CP group (n = 23)

Flexion-Extension 133.3 (24.6) 129.0 (22.4) 0.969 (<0.001) —3.333 (0.003)
Rotational 153.5 (19.9) 145.3 (14.7) 0.601 (0.003) —2.396 (0.026)
Side-bending 91.3 (25.7) 96.1 (23.3) 0.916 (<0.001) 2.236 (0.036)
Control group (n = 23)
Flexion-Extension 137.0 (24.5) 133.3 (23.9) 0.992 (<0.001) —5.771 (<0.001)
Rotational 147.0 (19.0) 146.1 (16.1) 0.786 (<0.001) —0.371 (0.714)
Side-bending 90.7 (17.5) 94.9 (18.9) 0.949 (<0.001) 3.413 (0.002)

Abbreviations: IMU, Inertial Measurement Unit; CROM, Cervical Range of Motion; CI, confidence interval; CP,
cerebral palsy. Evaluation data are expressed in degrees.

The Bland-Altman plots (Figures 2 and 3) indicated bias below 5° between both measurement
systems for craniocervical ROMs, except for the rotation range of the CP group (mean bias: 8.2°).
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Nevertheless, the distance between LoAs for all ROMs and both groups were over 23.5°, with the
exception of flexion-extension range in the control group (distance between LoAs: 12.1°). Finally, some
outliers were found on the Bland—Altman plots of the CP group.
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Figure 2. Bland-Altman plots for craniocervical ranges of CP group measured by IMU first assessment
on the first day and the CROM in (A) flexion-extension range, (B) rotational range, (C) side-bending
range. The red line indicates the mean bias, whereas the blue lines refers to its upper and lower limits
(mean + 1.96 standard deviation). All plots were developed as follows: the Y axis corresponds to the
differences between the paired values of both methods (IMU-CROM), whereas the X axis represents
the respective value of the average of both (IMU + CROM;/2).
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Figure 3. Bland-Altman plots for craniocervical ranges of the Control group measured by IMU
first assessment on the first day and the CROM in (A) flexion-extension range, (B) rotational range,
(C) side-bending range. The red line indicates the mean bias, whereas the blue lines refer to its upper
and lower limits (mean =+ 1.96 standard deviation). All plots were developed as follows: the Y axis
corresponds to the differences between the paired values of both methods (IMU-CROM), whereas the X
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3.2. Intra-Day and Inter-Day Reliability

Table 3 shows absolute reliability results. For the intra-day reliability, all ICCs for both groups
were from 0.82 to 0.93, with the 95% CI showing a common trend of (upper limit: ICC+0.2, lower limit:
ICC-0.2). Nevertheless, absolute reliability data were variable, although all SEM were below 8,5°, and
MDCy between 11.4° (side-bending range of the control group), and 19.4° (rotational range of CP

group).

Table 3. Intra-day and inter-day reliability of the IMU by groups.

Intra-Day Reliability

IMU Second Assessment on the
Spatial Plane First Day ICC (95%CI) SEM (°) MDCy (°)
(Standard Deviation)

CP group (n = 23)

Flexion-Extension 138.8 (26.5) 0.900 (0.762, 0.958) 8.0 18.6

Rotational 151.3 (20.1) 0.821 (0.600, 0.920) 8.3 194

Side-bending 91.3(23.7) 0.925 (0.822, 0.968) 6.7 155
Control group (n = 23)

Flexion-Extension 135.0 (24.7) 0.893 (0.750, 0.955) 7.9 18.4

Rotational 147.6 (20.3) 0.902 (0.750, 0.961) 5.4 12.6

Side-bending 86.3 (16.1) 0.913 (0.772, 0.965) 5.0 114

Inter-day reliability
IMU assessment on the second day
(standard deviation)

CP group (n = 23)

Flexion-Extension 140.8 (26.4) 0.873 (0.680, 0.947) 9.0 21.1

Rotational 156.2 (19.5) 0.533 (0.117, 0.803) 13.3 30.9

Side-bending 94.4 (24.8) 0.890 (0.743, 0.953) 8.3 193
Control group (1 = 23)

Flexion-Extension 140.2 (29.5) 0.831 (0.602, 0.928) 11.0 25.6

Rotational 153.2 (19.1) 0.846 (0.601, 0.935) 65 15.1

Side-bending 93.1 (16.5) 0.864 (0.653, 0.946) 6.1 14.2

Abbreviations: IMU, Inertial Measurement Unit; ICC, Intraclass Correlation Coefficient; CI, confidence interval; SEM,
Standard Error of Measurement; MDC, Minimum Detectable Change. Evaluation data are expressed in degrees.

For the inter-day reliability, all ICC values were higher than 0.8 and the 95% CI also showed a
trend of (ICC+0.2; ICC-0.2), except for rotational range of the CP group (ICC = 0.53) with a wide
95% CI. SEM showed higher values compared to the intra-day values in all ROMs and both groups.
Furthermore, the SEM and MDCq were higher than 20° for flexion-extension and rotational ranges in
CP subjects, and for flexion-extension range in controls.

4. Discussion

This is the first methodological study to assess the validity and reliability of IMUs for the
assessment of craniocervical ROM in CP. SEM and MDC values were also provided for possible
applications in clinical settings. According to the results, the hypotheses were partially confirmed.
Thus, high correlations were found between the IMU and the CROM, although there were statistical
differences when data from both methods were compared, and the range between LoAs was high.
In summary, the IMU showed good concurrent validity regarding CROM; however, the methods
were not interchangeable. In addition, intra-day and inter-day reliability were, in general, very good;
however, the SEM and MDC were too high for inter-day comparisons for both CP and healthy subjects,
hampering their application in clinical settings.

Limited information is available in the literature regarding the validity and reliability of portable
devices for the measurement of cervical ROM in CP [45], which hampers comparisons with other
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studies. According to previous research, the validity and reliability of IMUs depend on the specific
context where they are applied [18]. Thus, our results show an almost perfect correlation between
the IMU and CROM, except in the case of the rotational plane, and a more questionable agreement.
The exception found for the rotational plane may be due to the location of the transverse plane,
where rotational movements are included, and which is perpendicular to the sagittal and frontal
planes, where flexion-extension and side-bending movements are included, respectively. Flexion,
extension, right lateral flexion, and left lateral flexion of the cervical spine, when originated from
the neutral position, are performed in the direction of the force of gravity, making these easier to
perform and, consequently, easier to reproduce in a homogenous fashion, compared to rotations, which
require a continuous balance against gravity, an action which is compromised in CP [13]. Indeed, the
lower validity of the results concerning the rotational plane has been consistently reported in healthy
adult subjects [53], thus highlighting the significant challenge related to the measurement of ROM in
rotational plane movements.

The validation pattern found in this study agrees with a former report by Chang et al. [54],
who identified high correlations, although differences in craniocervical ROM values were reported,
specifically for side-bending to the right and rotation to the left, when an electromagnetic portable
device is compared to a universal goniometer. Although some methodological differences can be
described between the research by Chang et al. and our own, such as the use of a sample comprising
only healthy subjects, the assessment of movements which was performed from the neutral position,
the use of a universal goniometer, and the absence of inter-day assessments, the interpretation of
the agreement between both methods were the same. Thus, although the range between LoAs only
defines the intervals of agreements, and not whether those limits are acceptable or not [48], we agree
with Chang et al. that LoAs over 12° impaired the interchangeability of measurement methods [54].
Indeed, the assessment of craniocervical motion poses a greater challenge, compared to the motion
of peripheral joints, for several reasons. First, because multiple joints are involved in craniocervical
mobility. Second, due to the difficulty of avoiding thoracic spine movements, which can significantly
modify the magnitude of the movements. Third, craniocervical motion is three-dimensional and
movement in one axis (primary movement) can be influenced by those in other spatial planes (coupled
movements) [54], which can vary among individuals [55] and can be altered by the presence of
diseases [56]. All these circumstances may have influenced our results, as CP is commonly associated
with a loss of cervical motor control [11,12].

Analogic goniometry using CROM has been previously established as the method of reference
for evaluating neck motion [36,37], however, recently, other 3-D kinematic devices have also been
proposed [57], and some circumstances support the use of digital devices to assess neck motion, such
as the need of one less assessor to obtain the CROM data, a proper adjustment to the shape and size
of the head without the need for additional elements (i.e., semi-rigid foams), for use in the pediatric
population, and the elimination of the reading error associated with analogic devices [54,58]. This is in
agreement with Paulis et al. [27], who support the objective and automatized collection of IMUs data
to assess ROM in elbow muscle spasticity after stroke. Furthermore, a recent systematic review has
suggested that rehabilitation research and health care services could benefit from IMUs because they
provide valid data to assess ROM and joint orientation [53].

Our study showed good to very good relative reliability for intra-day and inter-day comparisons
and no differences among IMU assessments in each group. Itis known that the ICC increases with larger
between-subjects variance [52]. In fact, we found a high variability of the data, with standard deviations
over 15° in almost all cases, which means approximately 20% of the mean values of some ROMs,
independent of the clinical condition. It has been described that cervical ROM shows an important
dependence on age [45], which could explain the variability of the results. These interpretations of
ICCs are in consonance with previous studies using IMUs in neurological diseases [27]. The exception
to the high ICCs was the inter-day reliability of rotational range in the CP group, as occurred with the
validity assessment. Again, it may be more difficult to repeatedly reproduce cervical rotations in a
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homogenous manner, as opposed to other movements, due to the balance deficiencies of subjects with
CP [13]. As commented, for validity purposes, the poorer results of the rotational plane have been also
found in healthy adult subjects, including ICC values below 0.8 [53]. Further research and innovative
assessment approaches are necessary to improve the quality of rotational plane ROM measurements.

The SEM and MDC were acceptable for intra-day reliability, although greater for inter-day
reliability, which makes their clinical applicability difficult. Thus, it is difficult to achieve an effect
of more than 20° when a therapeutic intervention is applied in research or clinical settings, at least,
for comparisons between different days. The previously commented high variability of the data may
explain this low absolute reliability, which has been previously identified for walking performance
and physical activity in CP and healthy subjects [59]. Indeed, although most studies show that the
measurement error of the IMUs for motion assessment is between the 2° and 5° [18,54], the SEMs
of this study were all over 5°, which can be considered clinically acceptable, according to previous
studies, both in neurological patients [27] and healthy subjects [53], at least for intra-day comparisons.
Furthermore, specifically for inter-day calculations, two more sources of variability may explain these
results. First, spasticity varies from one movement to another, and even more when the assessments
are performed on different days [60], making it difficult to ensure that the evaluations of the CP
subjects were performed in the same clinical conditions. Furthermore, it is known that spasticity can
be influenced by apprehension, excitement, and the position in which the child is assessed [61], which
can increase the variability of the ROM results, mainly in inter-day evaluations. Second, the magnitude
of a training effect or compensation cannot be calculated due to the repetitions [54], however, all the
mean ROMs on the second day were higher than those of the first day in both groups, which may
have also influenced the absolute reliability between days. The possible changes affecting the exact
placement of the IMU between the two assessment days may also partially explain the worse absolute
reliability for the inter-day comparisons [27]. Finally, although the variability is supposed to be small,
calibration may be necessary for each evaluation to ensure the proper function of the gyroscope and
magnetometer [54]. Previous research has identified that calibration in certain specific populations
may be more challenging, such as CP patients [53].

No pain was experienced by the study subjects during the procedures, and no assessment was
interrupted due to the evaluation protocol. This means that the application of IMUs for craniocervical
ROM assessment is tolerable, safe, and innocuous when applied to CP and healthy children. Although
the body mass index (BMI) showed differences between groups, we believe that this does not influence
the study results, due to the simplicity of the task performed. Furthermore, CP subjects revealed
increased BMI values compared to healthy subjects [62,63], which is a common health problem in
this population.

Surprisingly, no differences in ROM were detected between CP subjects and controls, although
most CP clinical presentations are associated with spasticity. However, the level of increased cervical
muscle tone in the study sample can be considered as being low, which is a plausible explanation of
these results. Indeed, regardless of the method of measurement, only fair to moderate correlations
were found, exclusively between the tone of cervical muscles and rotational ROM, perhaps due to
the fact that greater motor control is necessary to perform rotations, as previously described, with no
correlations in any other spatial plane. Furthermore, the association between spasticity, hypertonia, and
ROM is not completely understood at this time [60]. On the contrary, the reduction of craniocervical
ROM has been described as a characteristic of several musculoskeletal and neurological diseases.
Thus, cervicogenic headache in children determines reduced flexion, extension, and lateroflexion,
although not rotational movements [64], plagiocephaly limits cervical ROM, especially in the rotational
plane [65], and congenital muscular torticollis reduces ROM in frontal and transversal planes [66]. In
conclusion, specific craniocervical ROM is not a characteristic of CP in children, at least when muscle
tone is slightly increased.

It has been suggested that subjects with motor disorders could benefit from IMUs for the following
three purposes: (1) Objective quantification of motor disorders; (2) Proprioceptive enhancement through
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visual-motor feedback; (3) Functional compensation via an inertial person-machine interface [29].
From a clinical assessment point of view for CP, IMUs have been successfully applied for the stimulation
and analysis of activity using interactive games [67], for the assessment of lower limb spasticity [58],
during gait [30], and for the assessment of specific characteristics in the cervical spine in small
samples [11,68]. Following the increasing interest and evidence of the benefits of IMU application
in pathological populations, in terms of guiding clinical decision making (e.g., quantify deficits and
determine progress in time) [69], the current study adds the assessment of cervical ROM to the field of
research of IMU in CP.

Despite the promising results of the current study, some limitations were identified.
The applicability of findings is limited to similar samples and assessment protocols. A wider scope is
necessary to establish conclusions regarding specific GMFCS levels or other age ranges. Furthermore,
the current study only assessed the ROM of simple movements in a specific and controlled setting,
which limits the applicability of the results to more complex tasks and day-to-day conditions [18].
In fact, although more simple movements are used to produce better clinimetric properties [70],
this approach did not solve the common measurement problems of rotational plane mobility [53].
The sample size was relatively small, and several variables showed a high variability, which could
have affected the strength of the comparisons. No inter-assessor reliability was evaluated, although
the automatized process with IMUs makes an inter-assessor error difficult, as commented. Finally,
some previous research has recommended the use of two IMUs to assess cervical ROM [45,71], but we
preferred the application of one IMU adding a manual stabilization during each movement to avoid
unwanted body motions, due to the difficulties to maintain a thoracic sensor fixed in children, and the
need of an additional support on trunk in some CP subjects. Further research is necessary, considering
additional factors, such as other movement characteristics, including velocity, acceleration or coupled
angles, and innovative assessment protocols, with a special focus on complex and day-to-day tasks
and rotational plane movements, and larger sample sizes, in order to standardize technical procedures
and obtain accurate and normative data [53].

5. Conclusions

A high correlation was found between IMU and CROM for the assessment of craniocervical motion
among individuals with CP and healthy subjects. However, both methods are not interchangeable.
In CP subjects, the error of measurement in IMU can be considered clinically acceptable for the sagittal
and frontal planes, although not for the transverse plane. When used as a reference measure for
interventions, neck ROMs must achieve very high changes to ensure that the detected changes are
significant. Future studies should be conducted to establish the normative data of craniocervical ROMs
for specific population subgroups.
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Abstract: Parkinson’s disease (PD) is one of the most common chronic neurological diseases and
one of the significant causes of disability for middle-aged and elderly people. Monitoring the
patient’s condition and its compliance is the key to the success of the correction of the main clinical
manifestations of PD, including the almost inevitable modification of the clinical picture of the disease
against the background of prolonged dopaminergic therapy. In this article, we proposed an approach
to assessing the condition of patients with PD using deep recurrent neural networks, trained on
data measured using mobile phones. The data was received in two modes: background (data from
the phone’s sensors) and interactive (data directly entered by the user). For the classification of the
patient’s condition, we built various models of the neural network. Testing of these models showed
that the most efficient was a recurrent network with two layers. The results of the experiment show
that with a sufficient amount of the training sample, it is possible to build a neural network that
determines the condition of the patient according to the data from the mobile phone sensors with a
high probability.

Keywords: Parkinson’s disease; recurrent neural network; smartphone; motion sensor; monitoring
the condition of patients

1. Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, only second
after Alzheimer’s disease. It is a chronic progressive neurodegenerative disease, associated mainly
with dopamine deficiency in the subcortical ganglia of the brain and manifests primarily by movement
disorders in the form of Parkinson’s syndrome (hypokinesia, or slow movement combined with
increased muscle tone of the limbs and trunk, or rigidity and/or tremor), as well as a wide range
of non-motor manifestations. A feature of the development of PD is that the neurodegenerative
process begins 10 years or more before the appearance of motor disorders, but the diagnosis of PD
is possible only with the appearance of the latter. There are no laboratory or instrumental methods
that can confirm the diagnosis of PD. Due to neurotransmitter replacement therapy for PD, after a
few years, in most cases, the clinical picture of motor disorders is modified, which is manifested by
various fluctuations in motor symptoms such as a change in the severity of symptoms during the day
depending on dopaminergic therapy, as well as various violent movements (dyskinesias). Due to
the progression of the disease (a decrease in the number of dopamine-producing neurons), treatment
regimens in the late stages of the disease become more complex and fluctuations and dyskinesias
become more pronounced [1,2].
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Modern means of observing patients are limited, requiring the time of a doctor and a patient,
which limits the frequency of clinical evaluations. Another way to monitor the patient’s condition is
to constantly fill a patient diaries. However, the information in diaries is subjective, which leads to
significant changes in indicators depending on the mental state of the patient. Consequently, the results
of the analysis based on diaries have low accuracy. For example, a study [3,4] showed that only in 11%
of cases the patient’s perception corresponds to clinical indicators.

Mobile phones provide automatic, convenient monitoring and recording of observations in real
time, which can be invaluable for large-scale studies and personal monitoring of patient health. Patients
can simply download the application to their smartphone, which allows the system to collect and
analyze data. Developed specialized tests on mobile phones can give medical staff access to long-term
measurements of the severity of symptoms and their variations.

The analysis of data obtained using smartphones is extremely difficult due to the large number of
diverse types of data selected over long periods of time. The main unresolved tasks for today are: how
to simultaneously analyze a wide range of symptoms associated with PD; how to best aggregate and
analyze huge volumes of clinically relevant data; in what form should the analysis results be displayed.
To solve such problems, it is possible to use neural networks. Research results [5] show that the use of
machine learning methods can give a level of confidence in assessing a patient’s condition comparable
to a doctor.

This article describes our studies to assess the condition of a patient with Parkinson’s disease
based on data from mobile phones on the nature of the use of the phone, such as the angle of rotation
and tilt of the phone. The article is organized as follows: the second section provides an overview of
existing solutions in the field of monitoring the status of patients with Parkinson’s disease and the
distinctive features of our study; the third section provides a brief description of the data collection
system and the statement of the problem; the fourth section is devoted to the analysis of possible
neural network architectures used to classify the status of patients with Parkinson’s disease and to
describe the learning outcomes of these networks; the fifth section describes further research; the sixth
and seventh sections discuss the limitations in this study and the study conclusions, respectively.

2. Overview of Related Research

The analysis of studies on the use of neural networks to monitor the status of patients with
Parkinson’s disease has shown that conditionally all studies can be divided into the following classes:

1. The use of neural networks for predicting Parkinson’s disease in relation to individual parameters
of the patient’s condition. These include studies [6-9]. These studies describe various models
of neural networks, as well as interesting and useful results on the simultaneous use of various
types of neural networks. The main drawback of these studies is the use of neural networks only
of single parameters, such as voice or tremor of limbs or others.

2. The integrated use of artificial intelligence methods for the diagnosis of Parkinson’s disease.
For example, studies have been conducted on the use of: A probabilistic neural network (PNN)
and classification tree (CIT) [10]; Gaussian models, principal component analysis methods,
linear discriminant analysis, least squares support vector method (LS-SVM), probabilistic neural
network (PNN), and common neural network regression (GRNN) [11]; methods based on k-
clustering medium (KMCFW) and the complex-valued artificial neural network (CVANN) [12];
combination minimum redundancy maximum relevance (mnRMR) attribute selection algorithm
and CVANN [13]; neural networks and machine learning methods [14]; the wavelet transforms
and neural networks [15]; or radial basis function neural network (RBFNN), based on the particle
swarm optimization (PSO) and principal component analysis (PCA) [16,17].

3. Comparisons between the effectiveness of the applications of artificial intelligence methods for
the diagnosis of Parkinson’s disease, for example, incremental search (IS), Monte Carlo search
(MCS), and hybrid search (HS) [18].

82



Diagnostics 2020, 10, 214

It is also possible to classify existing studies by a set of parameters regarding the status of patients
with Parkinson’s disease, for which Parkinson’s disease was diagnosed or predicted by:

tremor of human limbs [10];
voice [12,13,18];

genetic factors [14];

motor activity [15,19];

® N9

the results of medical devices, for example, electroencephalogram signals [9].
In all studies, the following equipment was mainly used for data collection:

9.  the use of special sensors [15,19,20];
10.  the use of mobile phones [21,22];
11.  the use of special medical equipment [9,23].

It should be noted that most often, special sensors are used in research; for example, a set of
accelerometers and gyroscopes are placed on the body of subjects when they perform a series of
standard motor tasks [20]. However, such an approach to measuring the parameters of the condition
of patients cannot be applied for everyday monitoring. In contrast to the authors of [15,19,20], we use
tools that are more accessible to many patients to measure hand movements. However, in this
case we cannot take into account the correlation between the accelerometers on the arm, trunk,
and leg. Using the phone, we can, however, collect other important parameters about the condition of
patients, such as evaluating memory, attention, voice parameters, emotional state, and others. This is
another distinguishing feature of our research, i.e., assessment of the patient’s condition by a large set
of parameters.

3. Statement of the Problem

Monitoring the patient’s condition is the key to the success of the correction of the main clinical
manifestations of PD, including the almost inevitable modification of the clinical picture of the disease
against the background of prolonged dopaminergic therapy.

Modern smartphones have built in accelerometers which promise to enable quantifying
minute-by-minute activity of patients (e.g., walk or sit) [24]. The quality of smartphones makes
it possible to improve medical diagnostics and monitor the patient’s condition.

The data used in this study was obtained using a mobile application in which patients and healthy
people solve a wide range of tests that have been agreed by medical staff. When passing the tests,
the system evaluates speech, hand tremors, tapping of fingers, speed, balance, and reaction time.

Examples of application windows that the patient interacts with are shown in Figure 1.
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Figure 1. Examples of some patient application windows.
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In previous articles [22], we described the architecture of our monitoring system for a patient with
Parkinson’s disease. The collected indicators are presented in Table 1. Our study involved 28 people,
of which 10 patients aged 45 to 80 years with a diagnosis of PD. All subjects gave their informed consent
for inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved at the meeting of the Academic Council of the
N.P.Bechtereva Institute of the Human Brain of the Russian Academy of Sciences dated 17 September
2015. (No. 29). Data collection was carried out for one month. As a result, we made 100,000 records on
the angles of rotation and tilt of the mobile phone and 5000 records according to the test results.

Table 1. Parameters obtained using tests on mobile phones.

Parameter Parameter Description Value Example Unit
Text erased Number of characters deleted 13 -
Text time Time for writing text in a special test 139,763 ms
L . Metric measuring the difference between two
evenstein Distance 5 -
sequences of characters
Miss clicks The number of misses when' clicking buttons in the 4 ~
application
. . . The distance between the center of the nearest button
Miss clicks distance and the center of the finger touch the phone screen 2357022 dp
Azimuth The longitudinal axis of the coordinate system 70.29761 degree
Pitch The transverse axis of the coordinate system —80.30805 degree
Roll The vertical axis of the coordinate system 13.761927 degree
The number of touches by the index finger of the left
Tapping left count hand of the button on the screen in 1 min in a special 47 -
test
The number of touches with the index finger of the
Tapping right count right hand of the button on the screen for 1 min in a 52 -
special test
Dyskinesia The presence of dyskinesia 1 -
Pill The number of medications taken 4 -
S Subjective assessment of the patient’s condition (0 -
tate k 1 -
poor, 0.5 - uncertain, 1 - good)
Voice volume Voice volume 44 decibels
Voice pause The number of pauses between words 3 -
Voice count pause The pause time between words 4794 ms
Velocity The speed of the phone during its active use 1.342 ms

dp or dip (density-independent pixels) is an abstract unit of measurement that allows applications to look the same
on different screens and resolutions, ms is milliseconds.

To train the network, we needed data on how patients felt. Therefore, subjects entered data
throughout the day after passing the tests i.e., the time of taking the medicine, the severity of dyskinesia,
and assessing their condition. A numerical score was calculated after the completion of its passage
according to the results of each test. Then the obtained results were analyzed together with the data
entered manually. We data mined the results of the tests and data from device sensors to create a “PD
score”, which characterizes the severity of the disease.

The aim of the current study was to build a system for monitoring the status of a patient with
Parkinson’s disease based on a set of parameters that can be estimated based on data obtained using
mobile phones.

To achieve this goal, it was necessary to build a number of neural networks to classify (evaluate)
each of the parameters. Then, based on the obtained parameter estimates, the patient’s condition was
classified using a neural network. This process is shown in Figure 2.
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Figure 2. The process of diagnosing the severity of symptoms of Parkinson’s disease (PD).

A neural network is a sequence of neurons interconnected by synapses. A neuron is a computing
unit that receives information, performs simple calculations on the information, and passes the
information on further. They are divided into three main types of layers: input, hidden, and output.
A synapse is a connection between two neurons. Synapses have one parameter called the weight.
Thanks to the synapse, the input information changes form when it is transmitted from one neuron to
another. The neural network diagram is shown in Figure 3.

=
-
_—

Figure 3. Scheme of a simple neural network. Green indicates input neurons, blue indicates hidden
neurons, and yellow indicates output neuron.

The purpose of training a neural network is to obtain reliable results. Prediction is what the neural
network returns after receiving input, for example, “given the number of drugs, the probability of
tremor in a patient’s hands becomes lower is 60%”. Sometimes a neural network makes mistakes,
but it can learn from them. If the predicted value is too high, it will reduce weight in order to get a
lower predicted value next time, and vice versa.

It should be noted that in Figure 2 not all possible observable parameters are listed, however
those for which data are currently being collected in the monitoring system for patients with PD are
presented [22]. In the future, the range of observed parameters can be expanded, and the methods for
evaluating each parameter changed.

One of the parameters used was the nature of the change in the angle of rotation and tilt of the
phone while passing tests on it. Therefore, one of the tasks was used to assess changes of the angle of
rotation and tilt of the mobile phone during the tests.

To solve this problem, it was necessary to:
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e development of an application that allows the collection of training samples for a neural network
using mobile devices;

e  prepare and process data for a future neural network model;

e analyze of the possibility of using neural networks in order to classify the condition of patients
with PD;

e  select and test various variants of neural network architectures on the obtained sample;

e test the neural network in patients with PD;

e  evaluate of the results of the neural network.

In the framework of this article, the process of evaluating changes in the values of the rotation
angles and tilt of a mobile phone using a neural network is discussed in detail. For other parameters,
similar studies are carried out.

4. The Choice of Neural Network Architecture, the Creation and Testing of the Network

One of the subtasks of this study was the choice of neural network architectures and the assessment
of the possibility of using neural networks to classify the patient’s state according to the values of
rotation angles and tilt angles of the mobile phone. Therefore, in this section, various options for neural
network architectures are considered, the training procedure is described, and the results of network
training are analyzed.

4.1. Input and Output Data of Neural Networks within One Subtask

Fragments of the input data of the values of the rotation angles and tilt of the mobile phone for the
neural network to solve the problem of the classification of the patient’s state are presented in Table 2.

Table 2. An example of input data.

Azimuth Pitch Roll
70.29761 —80.30805 13.761927
80.7381 88.84665 —0.4941308
103.91639 89.57664 —23.674112
120.00478 89.701294 —39.76287
136.86708 89.748215 59.555275

Data in the Table 2 is sorted by azimuth. But, the azimuth values in the first and last line are not necessarily the
minimum and maximum values. Such numbers were obtained in this study. In other tests, they may be different.

Obviously, each user can hold the phone in different ways and the angle of rotation and tilt of
the phone will differ for different users. Therefore, to classify the condition of patients with PD, it is
of interest not the absolute values of the angles, but the relative values and the frequency of their
changes. The next step is to normalize the deviation values of each of the three parameters presented in
Table 2 relative to the average value of the corresponding parameter. The result of the neural network
is a number in the range from 0 to 1. A number is closer to 1 indicated more often the phone is in a
less unbalanced state. However, the question remands whether this is it typical for patients with PD.
Neural networks can help answer this question.

4.2. Neural Network Activation Functions

The activation function in neural networks determines the output signal depending on the set
of input data. In hidden layers of neural networks, regardless of their architectures, the activation
function is: ReLU(x) = max(0;x); in the output layer, this is the logistic activation function (sigmoid):
o(x) = g +1?,x. Sigmoid takes a real value as an input and displays a different value in the range from 0
to 1. It has the following properties: non-linear, continuously differentiable, monotonous, and has a

fixed output range. The main disadvantage is vanishing gradients.
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Unlike a sigmoid, ReLU is called a piecewise function as half of the output is linear (positive
output) and the other half is non-linear. It does not suppress the neuron yield between 0 and 1,
which helps with back propagation. ReLU provides the same benefits as Sigmoid, but with better
performance and no vanishing gradient problem.

4.3. The Loss Function. Metrics. Neural Network Optimization Algorithm

When training a neural network, binary cross-entropy (BCE) [25] or standard deviation (MSE) can
be used as a loss function:
BCE =-YInY-(1-¥)In(1-Y)

MSE — %Zn:(yi -7y
i=1

The combined use of the standard deviation and the logistic activation function can lead to a
situation where the gradients of the weights of the neural network turn to zero (this situation is called
paralysis of the neural network), and further training becomes impossible. In this regard, binary
cross-entropy is used as a loss function. The standard deviation is used as a metric of the quality of
learning, since gradients are not calculated for the metrics.

When training a neural network, an optimization algorithm is implemented to minimizes the loss
function. To train this neural network, the root mean square propagation (RMSProp) optimization
algorithm is used [26]. This algorithm uses a moving average to normalize the gradient, which allows
its output function to quickly converge to a given value.

4.4. Variants of Neural Network Architectures

As the initial data are a function of time, it is important to consider the previous values of these
functions to obtain a reliable result. In this regard, to solve this problem, at least one recurrent layer
must be present in the neural network, as layers of other types (fully connected and convolutional)
cannot extract features from time dependencies.

Currently, two types of recurrent networks are used: Long Short-Term Memory (LSTM) and
Gated Recurrent Unit (GRU).

The initial architecture of the neural network consists of four layers. The first is recurrent of
128 neurons, followed by fully connected layers of 64, 32, and one neuron. The number of neurons
was selected by the heuristic method. The subsequent architectures created on the basis of the initial
version will be obtained by adding layers, removing layers, and changing the type of layer without
changing the number of neurons in the layer. Therefore, at the stage of training a neural network,
the influence of its architecture (i.e., the number of layers and their types) on the learning outcome will
be more pronounced in comparison with the influence of the number of neurons (on each layer) on the
learning outcome.

As a possible improvement of the neural network, the introduction of a second recurrence layer
was proposed. This increases the learning speed and accuracy of the neural network by reducing
the time it takes to calculate the results of classifying the status of patients with PD based on the
data provided.

This change of architecture leads to an improvement in the case if the initial data sequences form
more complex dependencies that cannot be detected with a single layer.

Next, hidden fully connected layers were removed. In this case, a completely recurrent neural
network was obtained, the architecture of which is shown in Figure 4. In this case, there was an
improvement in the performance of computing the results (by reducing the number of layers) with
only a slight deterioration in accuracy.
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Figure 4. A fully recurrent version of a neural network. Blue and red are the first and second recurrent
layers, green is the result.

For original data sets, it is advisable to choose an architecture with three hidden layers, since an
advantageous compromise is achieved between system performance and accuracy.

4.5. Neural Network Training

Learning outcomes are shown in Figures 5-8. On the horizontal axis is the serial number of
the training epoch, and on the vertical axis is the standard deviation of the result of neural network
calculations from the corresponding value in the validation sample. The blue line indicates the loss
function in the training set, and the orange line in the test set. As the returned values do not have
units, the standard deviation also does not have units.
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Figure 5. The results of training a neural network with one recurrent layer.
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Figure 6. The results of training a neural network with two recurrent layers.

Figure 5 shows a graph of the loss function when training a neural network with one recurrent
layer and two fully connected layers. It can be seen from the Figure 5 that both the learning error
and the testing error monotonously decreased. This means that the neural network is capable of
generalizing the source data.
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Figure 7. The results of training neural network with a fully recurrent architecture (gated recurrent
unit; GRU).
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Figure 8. The results of neural network training with fully recurrent architecture (Long Short-Term
Memory; LSTM).

Figure 6 shows a graph of the loss function in training a neural network with two recurrent and
two fully connected layers. Learning and testing errors decreased, and the value of the testing error
for this architecture was less than for a neural network with one recurrent layer, i.e., it generalized
data better.

Figure 7 shows a graph of the loss function in training a neural network with two GRU recurrent
layers. As a result of training a neural network using this architecture, it led to an increase in the graph
of the testing error function from the beginning of training.

Figure 8 shows a graph of the loss function in training a neural network with two recurrent LSTM
layers. The behavior of the test error curve did not correspond to the state of retraining. The value of
the loss function was higher than that of a neural network with two recurrent layers.

Table 3 presents the results of further training of all the neural networks described above.

Table 3. The results of training of neural networks of various architectures.

Architecture The Number of EPOCh Loss Function (BCE)  Accuracy
before Retraining
1 GRU + 2 fully connected 29 0.031161 0.817
2 GRU + 2 fully connected 32 0.029795 0.88951
2 LSTM 26 0.03809 0.8528

LSTM is Data in the Long Short-Term Memory, GRU is Gated Recurrent Unit, BCE is binary cross-entropy.

An analysis of the results of training neural networks of various architectures shows that an
architecture with two recurrent and two fully connected layers had greater accuracy compared to other
options. Thus, a neural network with two recurrent and two fully connected layers best generalizes
the data and is suitable for further training.
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4.6. Neural Network Implementation

TensorFlow and Keras libraries were used to build and train neural networks. They provide
implementations of various types of recurrence layers, including versions that use GPU computing. In
order to train neural networks in this study, we used a back propagation method, an implementation
of which is also provided in Keras.

Neural network training was implemented using the following code:

jaf ?Z‘?@%‘?fﬁ each layer is associated with only one subsequent)
uences = True)
d 32 neurons and a ReLU activation function

Yﬁ;n and logistic activation function
ry cross-entropy as a function of losses, standard deviation as a metric

/ / rifs 97 0k, i
and%fél’ Jf% J%‘f % }gﬁ %gﬁéﬁ%‘gg %fg’[ gﬁ% _f(%g HEadEd dVS53bd as a validation sample

Using libraries significantly speeds up the development time of neural networks, allowing to
quickly implement and test various architectures that eliminate the need to write low-level and
template code.

5. Future Perspective

Currently, studies are being conducted on the application of the results of neural networks
constructed according to tests and on changes in the rotation angles and tilt angles of the telephone to
build a common neural network.

The results of a general neural network in the monitoring system for the condition of patients
with PD will be used to track the dynamics of changes in the patient’s condition and the effect of
drugs. Further scientific research regarding the determination of the parameters that are available for
measurements using mobile phones that most characterize the patient’s condition will be useful.

6. Limitations

The main limitation of this work is that preliminary assessments of the conditions by the patients
themselves were used for the training and evaluation of constructed neural network models. However,
in the early stages of PD, data from the sensors of patients’ phones cannot yet be clearly distinguishable
from data on the state of a healthy person. This is a new problem for our study, and has not been solved
in the world. We hope that if we can collect much more data, we will get closer to solving it. Much
more data is needed both in volume and in the number of parameters in order to more accurately
determine the stability of tests based on machine learning and smartphones to these mixed factors.

7. Conclusions

The availability of mobile phones to monitor patients with PD can have a profound impact on
clinical practice, giving doctors access to long-term data. These additional data can help doctors obtain
a more complete and objective understanding of the symptoms and fluctuations of their patients’
symptoms and, therefore, will allow for more accurate diagnoses and treatment regimens.

We are creating a system of information and technological support for research on Parkinson’s
disease, taking into account the collection and processing of data of a large volume. Currently, in this
system we have already created most of the modules, such as collecting data on the nature of the use of
the phone and automatically filling out the patient’s diary according to the data entered by the patient
on the phone. Partially, we described this in Section 3 of this article. A more complete description
can be found in one of our previous articles [22]. Using this system, data is sent daily to the doctor’s
computer. This eliminates the disadvantage of the lack of constant communication with the specialist,
which we discussed in Section 2. The doctor has the opportunity to see a continuous graph of the
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dynamics of the patient’s condition. We have shown that it is possible to use neural networks, which
can make filling out a patient’s diary without his participation and make this filling out better.

As a result of this work, it was determined that the neural network is able to summarize data on
the rotation angles and tilt angles of the mobile phone, in order to classify the condition of patients with
PD. In this paper, we considered and carried out a comparative analysis of various architectures for
building neural networks. An architecture of a neural network with two recurrent layers was chosen,
at which an acceptable level of accuracy in classifying the state of a patient with PD was achieved.

Python neural networks were built using the TensorFlow and Keras libraries. It was established
that the use of LSTM blocks instead of GRU leads to greater accuracy of the neural network. Future
research will focus on the construction of neural networks for more parameters and a larger sample of
the source data, which will lead to the training of the neural network so that it will return even more
accurate diagnosis results.
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Abstract: The subjective visual vertical (SVV) test has been frequently used to measure vestibular
contribution to the perception of verticality. Recently, mobile devices have been used to efficiently
perform this measurement. The aim of this study was to analyze the perception of verticality in
subjects with migraines and headaches. A cross-sectional study was conducted that included 28
patients with migraine, 74 with tension-type headache (TTH), and 93 healthy subjects. The SVV test
was used through a new virtual reality system. The mean absolute error (MAE) of degrees deviation
was also measured to qualify subjects as positive when it was greater than 2.5°. No differences in the
prevalence of misperception in verticality was found among healthy subjects (31.18%), migraineurs
(21.43%), or those with TTH (33.78%) (p = 0.480). The MAE was not significantly different between the
three groups (migraine = 1.36°, TTH = 1.61°, and healthy = 1.68°) (F = 1.097, p = 0.336, and n2 = 0.011).
The perception of verticality could not be explained by any variable usually related to headaches.
No significant differences exist in the vestibular contribution to the perception of verticality between
patients with headaches and healthy subjects. New tests measuring visual and somatosensory
contribution should be used to analyze the link between the perception of verticality and headaches.

Keywords: mobile applications; diagnostic equipment; headache; migraine; postural balance; visual
motor coordination; vestibular function tests

1. Introduction

Assessment of the perception of verticality is increasingly used in patients with disorders of
upright body orientation [1]. It is based on a gravitational input processed in the central nervous
system (CNS) from vestibular, visual, and somatosensory information [2,3] that can be measured
through the use of touch, which is called haptic vertical, or by estimating the position of one’s own
body without the help of visual inputs, which is called subjective postural vertical (SPV) [4]. However,
visual estimation of the vertical (i.e., visual vertical (VV)) is the most common test used to assess
the perception of verticality in research and clinical practice [5]. The subjective visual vertical (SVV)
test consists of adjusting a random-oriented line to the vertical position without the help of visual
references. The initial orientation is usually between 30° and 60° right or left. The consensual values
considered normal for SVV are between —2.5° and 2.5° with respect to the actual vertical [6].

It is believed that SVV tests estimate the ability of a person to perceive the gravitational vertical,
and a tilt in SVV indicates vestibular imbalance in the roll plane and, thus, injuries to the utricle or
its connecting nerves [7]. Although measurements of the perceived visual vertical disclose mainly
vestibular dysfunctions when no cues to visual spatial orientation are provided during testing [8],
several studies have found that the SVV is altered in neurological patients, mainly with stroke [9];
in subjects with spinal diseases [10]; and in patients with peripheral vestibular disorders [11,12].
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An SVV test is performed classically using the bucket method, which is an easily performed
and reliable bedside test for determining monocular and binocular SVV that costs less than $5 [13].
However, the bucket test is a limited method that does not allow automated data storage and is
not sufficiently versatile to be able to implement different versions of VV measurements. For this
reason, in recent years, various wearable methods have been created using virtual reality and mobile
devices [7,14]. Most of these new methods have been tested in healthy subjects to analyze the methods’
feasibility and reliability. However, experiences with subjects with health problems are scarce.

Vestibular, visual, and somatosensory systems play a major role in verticality perception [2,3].
Furthermore, it is frequently observed how disfunction in these three systems appear in conjunction
with headache, taking an important part in headache development [15-17]. The possibility that
patients with headaches could present some alterations in any of these three systems that may induce
a misperception of VV has turned headache disorders into a study issue in relation to alteration of VV.

Headaches are a significant public health problem that affect approximately 40.5% of the global
population, taking into account both migraines and tension-type headaches (TTHs) [18]. This problem
is more frequent among females, university students, and urban residents [19]. Several studies have
looked for an alteration of verticality in subjects with migraines and TTHs with contradictory results;
some studies found no significant differences between subjects with primary headache disorders (PHD)
and healthy subjects [20-22], while others found differences between healthy subjects and subjects who
suffered PHD [23,24]. In view of these results, it is of interest to assess the differences in perception of
VV between patients with migraine and TTH, and healthy subjects.

Additionally, some works have shown possible common factors between headache and verticality
perception. A recent study of Martins et al. [25] showed a relationship between sleep disturbances and
modifications in perception of verticality. Furthermore, it has been possible to observe the influence of
physical activity in verticality perception [26]. In the same way, both sleep disturbances [27,28] and
physical activity [29] also related to the presence of headaches and migraines. In view of the above,
it might be asked whether these factors are able to explain the presence or magnitude of the alteration
in perception of verticality in patients with headaches.

This study is a feasibility analysis of a new device for measuring SVV, previously validated in
healthy people. The main objective of this work was to analyze the possible differences in visual
perception of verticality between subjects with migraines, subjects with TTHs, and healthy subjects
using a new mobile device. The secondary objective was to identify which variables usually associated
with headaches could be related to SVV deviation in young students.

2. Materials and Methods

2.1. Study

To meet the objectives of this work, a cross-sectional observational study was designed, developed
in accordance with the guidelines for the communication of observational studies established in the
Strengthening the Reporting of Observational studies in Epidemiology (STROBE) Statement [30].
This study was carried out in accordance with the Helsinki declaration, good clinical practice, and all
applicable laws and regulations and was approved by the Ethics Committee of the University of Jaén
(reference number ABR. 17./7.TFM). All participants signed informed consent document.

For this study, the participants contacted us as response to posters and digital advertisements
published at the University of Jaén (Jaén, Spain). The data were collected between the months of
October and December 2018 at the University of Jaén. The participants had to be young subjects,
university students, and older than 18 years who did not suffer from cognitive disorders; eye diseases;
previous head or neck trauma; any type of acquired brain damage (ischemic or hemorrhagic stroke
or damage resulting from intracranial intervention); any systemic disease with visual, vestibular,
central, or musculoskeletal involvement; neuromuscular disease; or presence of neoplasia at the visual,
vestibular, or central level.
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2.2. Sample Size Calculation

The sample size calculation was carried out using the data obtained in the study of Asai et al. [23].
Taking into account a prevalence of migraines of approximately 20% [18] and a total prevalence of
headaches of approximately 52% [31], to obtain between-group significant differences with an alpha
error of 5% and a power of 80%, a minimum of 179 subjects was required.

2.3. Subjects

Two hundred and seventeen subjects were initially contacted during the month of September
2018. Of these 217 subjects, 211 were selected to participate in the present investigation after having
been duly informed. Finally, 195 subjects completed all of the questionnaires and evaluations planned
in the study. The selection process is graphically represented in Figure 1.

Subjects contacted
(n=217)

—-| Refused to participate (1 = 6) ‘

Subjects evaluated
(n=211)

Did not meet eligibility
criteria (n = 5)

Missing data (n =11):
+ Partial missing data (1 = 8)
« Total missing data (n=3)

Subjects analyzed

(n=195)
Healthy Headache
(n=93) (n=102)

l l

Migraine Tension-type headache
(n=28) (n=74)

Figure 1. Flow chart of the participant selection process.

All subjects were evaluated by a physician (F.H.) who verified compliance with the eligibility
criteria as well as compliance with the criteria described in the third edition of “The International
Classification of Headache Disorders” [32].

2.4. Measurements

First, sociodemographic variables were recorded, including gender, age, height, weight, years at
university, smoking habit, and physical activity. To quantify deviation of the perceived vertical from
the theoretical vertical, the static SVV test was used through a new virtual reality system [14] during
the interictal phase of headache process. The virtual reality system requires a mobile device placed into
the back of a headset and a Google Cardboard-enabled application (Sistema de Realidad Virtual para
Deteccion y Tratamiento de las Patologias Posturales y del Equilibrio, University of Jaén, Jaén, Spain,
2019) to generate a pair of stereo images (Figure 2). The test was performed in a quiet environment
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with dim lighting while the subject sat comfortably with their back straight and their feet uncrossed
and resting on the ground. When the subject was ready, the evaluator started the test from the web
application. Firstly, the virtual reality system set the line in a random position between 30° and 60°
right or left. Then, the subject rotated the line using the joystick until they perceived that it was close
to vertical and, then, confirmed the result with an action button. The subject had 30 second to perform
each test. To calculate SVV, six measurements were made, from which the mean deviation of the
perceived vertical with respect to the theoretical vertical was obtained. The mean absolute error (MAE)
was calculated as the average value of the error made in each attempt, without taking the direction of
deviation into account. For treatment of the dependent variable in this study, deviation of the SVV value
from normal was also considered, taking as normal values those between —2.5° (left deviation) and
2.5° (right deviation) [5]. The device was validated and showed good reliability (Intraclass Correlation
Coefficient (ICC) = 0.85; 95% confidence interval (CI) = 0.75-0.92) [14]. The evaluation was always
made with visual correction if the patient had it prescribed.

Figure 2. Participant using the mobile device to measure subjective visual vertical (SVV).

Headache-related disability as well as its frequency and intensity were assessed using the Spanish
version of the migraine disability assessment (MIDAS) questionnaire [33]. This instrument is made
up of seven items, the first five of which focus on three dimensions of daily life that can be affected
by headaches while the remaining two items refer to the frequency and intensity of the headache.
The sum of the scores of the first five items provides the degree of disability related to the headache,
while the sixth and seventh items indicate the frequency and intensity of the headache, respectively.
The Spanish version of the questionnaire has good reliability and validity properties [33].

The disability associated with neck pain was evaluated with the Spanish version of the “Neck
Disability Index” (NDI) questionnaire [34], which is a self-administered questionnaire with 10 sections.
Each of the sections offers six possible answers that represent six progressive levels of functional capacity
that are scored from 0 to 5. The reliability values of this questionnaire are very high (ICC = 0.989),
and it also has good internal consistency (Cronbach’s o = 0.913) [34].

Sleep quality was also included as a predictor variable, due to the relationship that has been
reported between the perception of verticality and the variables related to sleep [35]. To measure sleep
quality, the Spanish version of the “Medical Outcomes Study Sleep Scale” (MOS-SS) was used [36],
which is a self-administered questionnaire composed of 12 items, from which six subscales are
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extracted. From the MOS-SS questionnaire, the variables used were sleep disturbances (ICC = 0.78;
95% CI = 0.62-0.88), daytime sleepiness (ICC = 0.57; 95% CI = 0.30-0.75), sleep adequacy (ICC = 0.75;
95% CI = 0.56-0.87), snoring (ICC = 0.84; 95% CI = 0.71-0.91), waking up briefly at night due to
respiratory reasons or headache (ICC = 0.84; 95% CI = 0.71-0.91), and optimal sleep (ICC = 0.76;
95% CI = 0.58-0.87), for which the reliability values were between moderate and high [36].

2.5. Statistical Analysis

Data management and analysis was carried out using the SPSS statistical package, version
23.0 (SPSS Inc, Chicago, IL, USA). The level of statistical significance was established as p < 0.05.
The data were described using means and standard deviations for continuous variables and using
frequencies and percentages for categorical variables. To determine the normality of continuous
variables, the Kolmogorov-Smirnov test was used, while the Levene’s test of equality of variances was
used to determine the homoscedasticity of the samples.

To analyze the differences in the perception of verticality with respect to the theoretical vertical
between healthy subjects, subjects with TTHs, or those with migraines, one-way analysis of variance
(ANOVA) was used, while eta-squared (n2) was used to express the effect size. To evaluate differences
in the prevalence of SVV alterations (SVV more than 2.5° of deviation) between subjects with TTHs or
migraines and healthy subjects, the chi-square test was used.

Given the binary nature of the “alteration in the perception of verticality” variable (MAE > 2.5 or not),
univariate logistic regression was used to identify which variables are related to it. The independent
variables comprised sociodemographic variables; frequency, intensity, and disability associated with
headaches; disability associated with neck pain; and variables related to sleep.

To identify the variables related to the degree of deviation of the perceived vertical from
the theoretical vertical, univariate linear regression was used, given the continuous nature of the
dependent variable. The independent variables for this analysis were the same as those used in the
logistic regression.

3. Results

Of the total number of participants who completed the study, 111 were women and 84 were men.
Twenty-eight subjects met the criteria for migraines, 74 met the criteria for TTHs, and 93 subjects were
classified as healthy. The total prevalence of headaches in the present study was 52.3%, with 72.5%
TTH and 27.5% migraines. The prevalence of verticality alterations was very similar between the three
groups (Table 1). There were no statistically significant differences in the prevalence of SVV alteration
(p = 0.480).
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One-way ANOVA showed no statistically significant between-group differences in the MAE
between subjects with migraines or TTHs and healthy subjects (F = 1.097, p = 0.336, and n2 = 0.011).
The results are graphically shown in Figure 3.

5.00

4.00 4

3.00 4

2.00 -

1.00

Mean Absolute Error in Degrees

00 =

T T T
Healthy Tension-type Headache  Migraine

Figure 3. Between-group differences in mean absolute error in estimating subjective visual vertical (SVV).

The logistic regression performed to identify the variables related to alterations in the perception
of verticality (Table 2) and the linear regression used to establish the variables that explained the degree
of deviation in the MAE (Table 3) did not show statistically significant associations. An association
was only found at the limit of statistical significance (p = 0.054) between headache-related disability
and the degree of MAE deviation.

Table 2. Univariate logistic regression to analyze the factors related to alterations in the perception
of verticality.

95% CI
Variable OR p-Value
Lower Upper

Gender 1.087 0.533 2.219 0.818
Smoking 1.448 0.532 3.938 0.468
Physical activity 1.004 0.482 2.093 0.991
Healthy/headache 0.892 0.439 1.811 0.751
Headache Frequency 1.005 0.958 1.054 0.837
Headache intensity 1.029 0.895 1.184 0.689
MIDAS 1.023 0.981 1.067 0.280
NDI 1.014 0.970 1.060 0.535
Sleep disturbance 1.001 0.977 1.025 0.950
Daytime somnolence 1.011 0.985 1.038 0.415
Sleep adequacy 0.994 0.976 1.012 0.482
Snoring 1.011 0.993 1.029 0.225
Awaken short 1.014 0.989 1.039 0.284
Quantity of sleep 1.054 0.758 1.466 0.755

95% CI, 95% confidence interval; OR, odds ratio; MIDAS, migraine disability assessment; SF-12, 12-Item Short Form
Health Survey; PCS-12, physical component summary of the SF-12; MCS-12, mental component summary of the
SF-12; and NDI, neck disability index.
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Table 3. Univariate linear regression to analyze the factors related to the degree of deviation of the
perceived vertical from the theoretical vertical.

95% CI
Variable B p-Value
Lower Upper

Gender -0.026 -0.314 0.262 0.859
Smoking 0.272 -0.161 0.704 0.217
Physical activity 0.021 -0.274 0.317 0.887
Healthy/headache -0.140 -0.425 0.145 0.334
Headache frequency -0.005 -0.025 0.016 0.652
Headache intensity 0.003 -0.053 0.059 0.924
MIDAS 0.019 0.000 0.039 0.054
NDI 0.002 -0.017 0.020 0.868
Sleep disturbance 0.004 -0.005 0.014 0.362
Daytime somnolence 0.005 -0.006 0.015 0.405
Sleep adequacy -0.001 -0.009 0.006 0.730
Snoring 0.004 -0.004 0.012 0.305
Awaken short 0.006 -0.006 0.017 0.323
Quantity of sleep -0.020 -0.152 0.112 0.769

95% CI, 95% confidence interval; B, Regression coefficient; MIDAS, migraine disability assessment; F, frequency;
SF-12, 12-Item Short Form Health Survey; PCS-12, physical component summary of the SF-12; MCS-12, mental
component summary of the SF-12; and NDI, neck disability index.

4. Discussion

This work aimed to analyze the differences in the visual perception of verticality between healthy
subjects, migraineurs, and those with TTHs using a new mobile device in conjunction with virtual
reality glasses. The test was carried out without any great difficulties, and the results were stored
within the developed application. The duration of each test was no more than 5 min, including the
placement of the device, familiarization with it, and the performance of all required attempts.

During the development of this research, it was observed that contribution of the vestibular
system to the perception of verticality remained stable in young students who present this pathology.
No differences were found in the perception of verticality between healthy subjects, subjects with
TTHs, and subjects with migraines. It was also observed that alterations in the perception of verticality
as well as in the degrees of deviation from the perceived vertical are not related to a higher level
of disability associated with neck pain; a greater frequency, intensity or disability associated with
headache; or a worse quality of sleep.

Contrary to what was expected, our results showed a greater alteration of SVV in patients
with migraines than in healthy controls, although without significant differences. This apparently
contradictory result is in consonance with the findings of Ashish et al., 2017 [20] and Chang et al.,
2019 [21] but is inconsistent with the findings of the study by Asai et al., 2009 [23]. It should be noted
that, in these studies, the same measure of SVV was used as in ours (mean absolute error). The main
difference between these studies is whether the head is fixed during the test. While in the study
carry out by Asai et al. [23], the head was fixed at 0° during the test, in the studies conducted by
Ashish et al. [20] and Chang et al. [21], the head was not fixed. Consequently, it seems that, when
subject performs the test eliminating individual cervical adjustments by head fixation, the magnitude
of VV deviation is greater in migraineurs than in healthy controls. However, allowing slight cervical
proprioceptive adjustments during the test enables good perception of the visual vertical [20,21].
This fact suggests that, in patients with primary headache disorder, cervical afferences could act as a
compensation mechanism that allows good perception of verticality. This highlights the important
role played by the upper cervical structures both in the perception of verticality and in headaches.
In future studies, VV measurements should be performed under different conditions and by taking
into account the magnitude (absolute value) and laterality of the deviation, which would help to clarify
the importance of cervical afferents and reflexes in the pathophysiology of the migraine.
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Structural disorders of the upper cervical region are an important component in the
pathophysiology of headaches [15,37-39]. In addition, headache and vestibular problems frequently occur
together, giving rise to nonspecific balance disturbances concomitant to headache disorders [16,40,41].
These factors, in addition to the enormous importance of the information provided by these systems to
shape the sense of verticality, are reasons why it is pertinent to look for a possible alteration in the
perception of verticality in subjects complaining of headaches.

The most commonly used test to measure alteration of the visual perception of verticality is a
static SVV test, which was used in this study. The most widespread interpretation is that this test
mainly measures the contribution of the vestibular system to the perception of verticality [42]. In this
sense, our results could be interpreted as a lack of a relationship between the alteration of the vestibular
system and the appearance of headaches and migraines. Previously, other authors have evaluated SVV
in similar condition to us. Although both their evaluation method and the number of measurements as
well as the initial line position were different to those carried out in our study, their results are in line
with our results, where no differences were found in the vestibular contribution to the perception of
verticality between healthy subjects and subjects with headache disorders [20,43,44].

Another means of measuring visual verticality is the rod and frame test (RFT). In this test, a rod is
displayed in darkness inside a tilted or untilted frame with respect to the earth vertical [45]. It has been
suggested that the RFT measures more specifically the contribution of visual information and neck
proprioception to the sensory integration of verticality [46]. Our results did not show a relationship
of the vestibular contribution to the perception of verticality with headaches and migraines. Given
that the RFT more specifically measures the contribution of visual and proprioceptive signals to the
perception of verticality, we believe that it should be evaluated if differences are found between healthy
subjects, migraineurs, and those with TTHs using the RFT as a measure of visual verticality.

Given that the internal model of space and verticality is constantly updated [47,48], it is speculated
that, in these disorders, verticality alterations appear during the attack of headaches, reaching a balance
during the interictal phase of the process [20]. This, together with the fact that measurements were
conducted during a period in which the subjects were headache-free, could have conditioned the
results obtained in our study.

There are several limitations of the present study. First, the population in which the study was
carried out is very specific, which makes it difficult to extrapolate the results to populations with
different characteristics. Another limitation is the difficulty of conducting these measurements at the
time of the attack, restricting us to performing them during the phase in which the subjects were
headache-free; this may have conditioned our results. Additionally, future studies should effectively
measure the use of medication to control headache and whether this could affect verticality perception.

5. Conclusions

In our work, no significant differences were found in the vestibular contribution to the perception
of verticality between healthy subjects or those suffering from migraines or TTHs. The variables
usually related to headaches could not explain either the presence of a poor perception of verticality or
the MAE during the SVV test.

For future research, it would be interesting to observe whether there are alterations in the
perception of verticality during attacks as well as to observe the contribution of somatosensory and
visual inputs to the perception of verticality in this and other populations. For this, it would be relevant
to measure the differences in the perception of verticality between healthy and headache subjects using
tests other than static SVV.

Given the versatility of new mobile devices for measuring verticality, different tests must be
implemented to be able to use them both in clinical practice and in research. This could contribute
to a better understanding of the pathophysiological mechanisms that are present in patients with
headaches and migraines.
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