
Mobile Health Application for Self-Administered
Evaluation of Neuropathy
Master Thesis

DTU Health Tech
Department of Health Technology





Mobile Health Application for Self-Administered Evaluation of Neuropathy

Master Thesis
August, 2023

By
Julia Gabriela Makulec, Mads Westermann

Copyright: Reproduction of this publication in whole or in part must include the cus-
tomary bibliographic citation, including author attribution, report title, etc.

Cover photo: Vibeke Hempler, 2012
Published by: DTU, Department of Health Technology, Richard Petersens Plads, Build-

ing 324, 2800 Kgs. Lyngby Denmark
www.healthtech.dtu.dk

ISSN: [0000-0000] (electronic version)
ISBN: [000-00-0000-000-0] (electronic version)

ISSN: [0000-0000] (printed version)
ISBN: [000-00-0000-000-0] (printed version)

www.healthtech.dtu.dk


Approval
This thesis has been prepared over a semester at Department of Health Technology, at
the Technical University of Denmark, DTU, in partial fulfilment for the Master of Science
in Engineering degree, MSc Eng.

Julia Gabriela Makulec
s213041

Signature

Date

Mads Westermann
s174508

Signature

Date

ii Mobile Health Application for Self-Administered Evaluation of Neuropathy



Abstract
Peripheral neuropathies are disorders of peripheral nerves, producing symptoms like pain,
muscle weakness and sensory loss. It has multiple causes and can affect a sizeable per-
centage of the population, especially diabetics and people exposed to toxic treatment like
chemotherapy. The diagnostic process requires specialized tools and trained clinicians.
There is few tools available for patients to conduct an evaluation of their symptoms by
themselves.

A Mobile Health (mHealth) application was designed and developed during this project,
implementing a self-assessment questionnaire inspired by the Utah Early Neuropathy
Scale (UENS). During the design User-Centered Design (UCD) methods were employed
to create a set of instructions, tests and questions accessible for users with no medical
training.

Additionally to usability validations over the iterations of design, a study with 17 partic-
ipants was carried out to evaluate the new tool and compare it to a state-of-art mea-
sure. In the study patients used the implemented mHealth application to conduct a self-
assessment, and then the score was compared with results of Total Neuropathy Score
clinical (TNSc) conducted by the authors. The Pearson correlation was 0.861, implying a
high positive correlation between the two measures.
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1 Introduction
Peripheral neuropathies are disorders of peripheral nerves, which are located in the ex-
tremities. They can be symmetrical across the body axis, asymmetrical or localized.
Polyneuropathy describes involvement of multiple peripheral nerves simultaneously, bi-
laterally and symmetrically. In most polyneuropathies, small sensory nerve fibers are
affected earlier and more severely than large motor fibers. Symptoms progress from the
extremities towards the body, typically starting in toes and gradually affecting larger parts
of legs. Eventually, the disease appears in hands and then arms. Clinical examination
findings, also referred to as ”signs” of polyneuropathy include absent or reduced deep
tendon reflexes, paresthesias, sensory loss and distal muscle weakness in extremities
[1][2].

One of the most common sub-types of peripheral neuropathy is Distal Symmetrical Ax-
onal Polyneuropathy (DSP). There is multiple causes of DSP, including chemotherapeutic
agents, heavy, chronic alcohol use and most prominent - diabetes. Patients may experi-
ence numbness, tingling, decrease in motor function, pain or a mixture of these. Symp-
toms are present in a distal-to-proximal gradient pattern, meaning severity increases with
distance from body center. Usually, they will reach knee level before appearing in hands
[3][4][5][6]. Early detection of DSP is crucial for improving morbidity and mortality, such
as preventing diabetic foot-ulcers [7][8][9]. For judging certainty of the presence of DSP,
Tesfaye et al. [10] define the following levels of certainty:

• Possible: The patient has symptoms or signs of DSP.
• Probable: The patient has symptoms and signs of DSP.
• Definite: The patient has symptoms and signs of DSP and an abnormal result from
a Nerve Conduction Study (NCS) (or different specialized study if NCS is normal).

In order to achieve a definite diagnosis of DSP, an examination consisting of identifying
symptoms, gathering findings and a NCS of the patient is required [11][10]. That exam-
ination is complex and consists of several parts, requiring a trained professional as well
as special clinical equipment. Wait time from referral to a neurology consultation can take
multiple weeks, and patients with a suspicion of a peripheral nerve disorder on average
wait longer for their appointment [12].

In settings where the specialized equipment is not available, like oncology wards or gen-
eral practitioner’s office, a field study can be used to evaluate symptoms and findings of
DSP [11]. A field study is a method of gathering data or research outside of a clinical set-
ting. Since it does not employ NCS, the highest achievable level of certainty is probable
[10].

There is a variety of measures that can be used by a clinician when making a DSP diag-
nosis [5]. They vary in procedures used and the areas of examination. Grading (score)
of the results is also specific to the measure, as points assigned for particular symptoms
or findings are unique to each tool. This means the result point scales for measures are
different, and not all of them provide a diagnosis threshold.

Patient-Reported Outcome (PRO) is a report on a patient’s health condition sourced di-
rectly from the patient, not interpreted by a clinician or anyone else [13]. It is considered to
be growing in importance in the patient-centered healthcare system [14]. Self-assessment
tools and scores can be meaningful in assessing a condition’s extent, an example being
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the Self Assessment Vitiligo Extent Score [15]. While there are many types of PROs, elec-
tronic PROs are found to be more beneficial than paper-based ones, reducing the risk of
incorrect data entry, increasing patient’s willingness to disclose sensitive information, and
enabling immediate access to data [14].

Currently, few self-assessment tools for DSP have been developed (see chapter 2.3) and
most are focused on Chemotherapy-Induced Peripheral Neuropathy (CIPN). One of the
available solutions - Neuropad [16] is a physical self-assessment tool that can be used for
early detection of DSP in diabetes patients [17]. Currently, the product is only available
for purchase in the UK and Ireland. Thus there is a lack of a generally available self-
assessment tool for early assessment of DSP.

mHealth applications can offer a remote way of monitoring a patient, allowing for early
detection of complications and avoiding unnecessary hospitalizations [18]. They could be
applied as a medium to obtain PROs or to perform field studies. Using such applications
for detecting diseases and disorders has also been a topic of research, yielding promising
results in multiple fields, such as Parkinson’s disease detection, automated detection of
strabismus and monitoring sleep disorders [19][20][21].

A field study method - like an mHealth application cannot provide a definite level of diag-
nosis, however, a self-assessment measure could be beneficial in improving and acceler-
ating the diagnostic process of polyneuropathy and DSP. A self-administered electronic
tool grading neuropathy symptoms and findings would be an accessible form enabling
early detection and intervention by clinicians. The fundamental challenge in this is en-
abling the patients to be the user of the state-of-art measures, instead of the clinician. It
requires careful and precise instructions and questions, to ensure the patient can perform
the examination as accurate as possible, without any medical training.

1.1 Research Question
The research question of this project is as follows: What is the design of an mHealth
self-assessment tool for grading symptoms and findings in neuropathy patients, meant to
assist in the early detection and diagnosis of polyneuropathy?

In order to answer this question, a number of sub-questions were formulated. Firstly, what
are the state-of-art neuropathy diagnostic tools and methods? Then, having obtained
the necessary background knowledge, the next question to ask is what are the tasks
and questions that the patients can perform and answer themselves with accuracy and
consistency? Leading from that, what is the design of a mobile PRO tool that will allow for
patients to carry out a neuropathy exam via self-assessment? What is the grading score
for this tool, for its result to provide similar value to other state-of-art options? Having
answered the previously stated questions, lastly, does it perform comparably to existing
clinical measures?

1.2 Research goals and methods
The goals of this project are:

• Review existing work in the field of neuropathy diagnosis and assessment, as well
as Patient-Reported Outcome (PRO) related to polyneuropathy.

• Design a new grading tool for peripheral neuropathy inspired by state-of-art mea-
sures, that can be used by patients.

• Employ user-centeredmethods for the design and usability evaluation of themHealth
application containing the new tool.
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• Implement a mobile application for self-assessment of polyneuropathy with the new
tool.

• Run a small validation study involving neuropathy patients.

Reviewing the existing work will include researching the methods and tests used when
making a neuropathy diagnosis. The research will be carried out using the forward snow-
ball method, starting from materials provided by the clinical supervisor. The signs and
symptoms of peripheral neuropathy will be described, providing the necessary medical
background. We will present the existing measures for neuropathy and their application.

We will explore the existing self-assessment tools in the project domain. The research
will be focused on tools that use mHealth applications, but other measures like ques-
tionnaires will also be investigated. The search will be carried out using scholar search
engines - DTU Findit and Google Scholar, using combinations of the following key words:
”neuropathy”, ”self-assessment”, ”mobile application”, ”measure” and ”PRO”.

The new grading tool meant to be used by patients will be designed based on a state-
of-art measure. We will consult with the clinical supervisor and assess which tests can
be carried out and which should be altered or removed. Then, we will design questions
and instructions for the patients to be able to perform the examination in a manner as
close as possible to how clinicians would perform it. The new tool will be formed as a
questionnaire.

We will design an mHealth mobile application for the new grading tool. In this process,
UCD methods will be used to ensure usability of the tool. The design will be carried out in
an iterative manner, using prototyping software and then implemented application. The
research methods will be described in detail, as they are the focal part of the project.
We will present iterations and important learnings that come with shifting the user of an
evaluation tool from the clinician to the patient.

The designed mobile application will be implemented using Flutter. The grading tool will
be available both in English and Danish. The structure and implementation will be driven
by the Copenhagen Research Platform (CARP) Research Package (RP).

A validation study will be performed to observe and evaluate the new grading tool com-
pared to a different state-of-art measure. It will be performed in a clinical setting, and will
involve patients of the neurology department, including neuropathy patients. The patients
will use the implemented application by themselves, without assistance. We will observe
the process and then perform an examination using a different measure, to compare the
results. We will discuss the findings and the potential of the application to be used by
patients outside of the clinical setting.

1.3 Thesis overview
Chapter 2: Background and Prior Work - The medical background of neuropathy and
some of the measures used in its diagnosis are explained. Other tools that have been
developed to allow self-assessment of neuropathy are briefly reviewed as well.

Chapter 3: Research Methods - This chapter explains how the problem of designing
an app suitable for self-assessment of neuropathy was handled, including how the ques-
tionnaire was designed and how potential users were involved in ensuring that it could be
completed without the help of specialists.

Chapter 4: Mobile Health Application for Self-Assessment of Neuropathy - Here, the
design, flow and implementation of the self-assessment tool as a Flutter app is presented.
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Chapter 5: Validation Study - A study was carried out to validate the scoring system by
comparing it to a commonly used measure of neuropathy. This chapter explains how the
study was carried out and displays the results.

Chapter 6: Discussion - The research sub-questions, study results and other important
topics of the self-assessment tool are reflected upon, putting the project into perspective.

Chapter 7: Conclusion - This chapter summarizes the project, results, and learnings.
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2 Background and Prior Work
To provide an overview of the project and the domain, medical background on polyneu-
ropathy is presented in this chapter. To understand the procedures and examinations
used for polyneuropathy diagnosis, it briefly introduces the disease and the elements of
examinations that are performed in various diagnostic measures.

Then, a summary of diagnostic tools for polyneuropathy is given, followed by a section
reporting existing tools for self-assessment that are applicable in the neuropathy field.

2.1 Medical background
The peripheral nerves are responsible for communication between the central nervous
system and peripheral receptors or effectors - for example skin and muscles. A nerve fiber
is the long part of the nerve cell, called an axon. Nerve fibers are protected by Schwann
cells and are surrounded by connective tissue. Each peripheral nerve contains multiple
nerve fibers, both nonmyelinated and myelinated. Myelinated fibers are enclosed in mul-
tiple myelin sheets, which increases the fiber isolation and increases signal transportation
efficiency [22].

DSP, polyneuropathy in the axon, is a result of interrupted function of peripheral nerves. It
can be caused by a toxic or metabolic factor, such as diabetes, alcoholism, chemotherapy
and more [3][23]. Both myelinated and nonmyelinated fibers can be affected [24][25].

Figure 2.1 shows the possible findings of DSP in diabetes. Themyelin sheets and Shwann
cells break down, which disrupts signal transportation. In nonmyelinated fibers Shwann
cells can still detach. Eventually, the disease causes axonal degeneration that progresses
from the ends of extremities proximally [24][23]. In drug-induced neuropathy - caused by
for example chemotherapeutical agents, similar findings are also observed, with or without
axonal degeneration. Nerve fibers can regenerate the myelin sheets, but the prognosis
of recovery and disease management depends on the sustained damage [23].

In the United States, conservative estimates reckon that DSP is affecting over 20 million
people, more than 10% of the population [5]. The disorder is more prevalent and bur-
densome with older age, and depends on the duration of disease and its management
[26][27]. Symptoms range in severity, and usually progress from the end of extremities
towards the body. Patients report experiences such as numbness, tingling, pins and
needles, and pain. Since the neural transmission is disturbed, loss in motor functions,
diminished reflexes and abnormal nerve conduction can occur [3][4][5][6].

Medical terms and various procedures that are used in diagnostic tools and examinations
are described in detail in this section, for better understanding of the domain of the project.

2.1.1 Pin-prick Sensation
Examining the pin-prick sensation is used to determine sensory loss in different areas of
the body. A clinician demonstrates the test to the patient, and then gently pricks multiple
areas of patient’s skin with a sharp object. The patient is then asked if the sensation was
sharp or dull [28].

The sharp object used can for example be a safety pin or a sharp wooden pin. Oftentimes,
a reference area is used so the patient can compare the sensation. Since polyneuropathy
affects distal nerves first, the comparison is made against sections of skin closer to the
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Figure 2.1: Neuropathological findings of distal symmetrical polyneuropathy in diabetes
[24].

central nervous system, for example the clavicle or neck. If the patient is affected by DSP,
they may feel reduced sharpness in extremities, or not feel the prick at all.

2.1.2 Large Fiber Sensation
Large fibers are responsible for both cutaneous touch sensation and sense of movement
and position [29]. Cutaneous senses include touch, pressure, vibration, temperature and
pain reception [30]. Abnormalities in this sensation are measured with joint position and
vibration tests. The most distal joints are tested first, as they are affected before more
proximal ones. If testing on the distal joint finds an abnormality, more proximal joints are
tested successively until reaching a joint with normal sensation [31].

For the joint position test, the patient closes their eyes. The clinician moves the joint up
and down, while the patient reports every movement. An alternative method is to examine
when the movement is perceived, by starting with moving the joint slightly and gradually
extending the range of movement [31].

The vibration sensation test should be done over joints or areas where bones are close to
the skin. A tuning fork is used and the patient reports if they can feel the vibration - often
described as a buzzing sensation, and when they can no longer feel it [31]. The tuning
fork used is usually 128Hz, less often 256Hz [32].

2.1.3 Nerve Conduction Study (NCS)
A Nerve Conduction Study (NCS) is a tool broadly used in evaluation of the peripheral
nervous system, assessing large myelinated nerve fibre function [33]. It measures various
parameters of nerve and muscle action potentials. They are used to ascertain the number
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of functioning nerve fibers and speed of conduction. Electrodiagnostic patterns involving
those measures assist in discerning the type of pathophysiology affecting the nerves [34].

Two types of NCS are usually carried out: motor and sensory. They are performed with
an external handheld stimulator that is stimulating the nerve, while surface recording elec-
trodes record the potentials [34].

2.1.4 Deep Tendon Reflexes
Peripheral neuropathy is the most common cause of absent reflexes [35]. When a muscle
tendon is tapped, the muscle immediately contracts. Presence of these reflexes can be
influenced by a variety of factors including patient’s age, sex and examiner’s technique
[36]. In a screening examination of deep tendon reflexes, multiple points can be tested.
The commonly examined reflexes are in the ankle, knee, finger, wrist, biceps, triceps and
jaw [35]. The tendon of muscles in these points are briskly tapped with a tool such as a
reflex hammer.

The best results are acquired when the patient is relaxed, and not thinking about the
examination. There are multiple techniques the clinician can employ if the reflex is hard to
obtain - for example changing the limb position or having the patient put slight tension into
the muscle. When a reflex is present on one side, the other side is examined immediately,
as asymmetrical reflexes can suggest abnormality [35].

2.1.5 Motor Examination
Muscle weakness in extremities can be a sign of polyneuropathy, and a standard neuro-
logical examination contains manual muscle testing [37]. Motor strength can be tested by
instructing the patient to oppose the clinician’s force on part of the body [31]. For example,
to measure great toe extension - dorsiflexion, the examiner will press down on the toe,
while the patient tries to overcome that pressure and extend the toe upwards. This test
can be performed on various points on the extremities, such as ankles, knees, fingers and
wrists, to assess the degree and areas of the weakness.

2.1.6 Other indicators
Paresthesia is a term describing an unexpected sensation of burning or pricking. It usually
appears in the extremities. It can also be described by patients as tingling, numbness,
skin crawling or itching. Paresthesia can be temporary or chronic and stem frommultitude
of neurological diseases [38].

Hyperesthesia is a term describing increased sensitivity to stimulation including touch,
thermal sensation and pain. It’s a common symptom of neuropathic pain [39]. To describe
hyperesthesia for a particular stimulus, Allodynia and hyperalgesia can be used. Allodynia
refers to pain evoked by a stimulus that usually does not cause pain - for example light
touch, while hyperalgesia is an increased response to a stimulus that normally causes
pain - for example pricking [40].

2.2 Diagnostic measures for peripheral neuropathy
Although there is a variety of available measures of neuropathy, they differ in which phe-
notype of DSP they are best for. To address the problem of early detection of neuropathy,
measures aimed at Small Fiber Neuropathy (SFN) are of the biggest value to us, since
studies suggest that SFN is the earliest nerve damage. As stated in chapter 1 it is recom-
mended to verify the presence of symptoms, signs and an abnormal NCS result before
diagnosing DSP. A common issue with this recommendation is that an NCS tests the large
fibers, meaning that it will often give a normal result in patients with early neuropathy. For
this reason, measures of early neuropathy will generally leave out the NCS [33].
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Below we introduce a subset of the common clinical measures that are used in assessing
neuropathy. Most of the measures don’t offer a cut-off point for diagnosis, leaving it up to
the specialist to interpret the result.

2.2.1 Utah Early Neuropathy Scale (UENS)
UENS is a physical examination focusing on detecting and quantifying early signs of SFN
in Diabetic Peripheral Neuropathy (DPN) [41][5]. An ACTTION systematic review of mea-
sures for DSP [5] found that 62% of the total UENS score is dedicated to the domain of
SFN, with a minor focus on large fiber, reflexes and motor assessment. The examination
requires a safety pin and a 128 Hz tuning fork, and consists of 5 examination areas:

1. Motor Examination (0-4 points)
2. Pin-prick Sensation (0-24 points)
3. Allodynia/Hyperesthesia (0-2 points)
4. Large Fiber Sensation (0-8 points)
5. Deep Tendon Reflexes (0-4 points)

The motor examination is performed on the great toes and 2 points are scored for each
toe with notable weakness. A safety pin is used for measuring pin-prick sensation, which
starts with testing a reference area to set a baseline. Then the sensation is measured
in legs, starting with the top of the great toe and gradually moving up the foot and leg.
The results are noted for 6 sections in each leg, scoring 2 points per section with absent
sensation, and 1 point where it’s diminished. If allodynia or any hyperesthesia is present
in feet, 1 point per foot is added.

Large Fiber Sensation is examined in the great toes through vibration and joint position
tests. The criteria for vibration are: 2 points per toe with absent sensation, and 1 point if
the sensation diminishes in less than 10 seconds.Great toe joint position sensation can
be determined as absent (2 points per toe) or diminished (1 point). Finally, deep tendon
reflexes are tested in the ankles, each scoring 1 point if diminished, 2 if absent.

In each category both the left and right leg are examined, and the highest possible score
is 42 points. Out of that, over half of the score is dedicated to the pin sensation. UENS
across 20 comparisons is reported to have a 94% inter-rater reliability, as well as high
specificity and sensitivity. No threshold recommended for diagnosis is provided [41].

2.2.2 Total Neuropathy Score (TNS)
TNS is a well established neuropathy measure testing both the legs and arms. It focuses
on DPN and CIPN neuropathy types, offering a broad testing area not focused on a par-
ticular phenotype [5]. The components in this scale are:

1. Sensory Symptoms (0-4 points)
2. Motor Symptoms (0-4 points)
3. Pin-prick Sensation (0-4 points)
4. Vibration Sensation (0-4 points)
5. Motor (0-4 points)
6. Deep Tendon Reflexes (0-4 points)
7. Nerve Conduction Test (0-8 points)

Unlike UENS where individual scores are given for both legs, each component of TNS
only records the result of leg or arm with the highest number of points.

Presence of sensory symptoms (tingling, numbness, neuropathic pain or cramps), de-
creased vibration and pin-prick sensations are scored based on most proximal point of
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the limb where they occur: in fingers or toes (1 point), up to wrist or ankles (2 point), up
to elbow or knee (3 points), beyond the elbow or knee (4 points).

Motor symptoms are assessed by the level of difficulty the patient has using their feet,
legs, hands and arms in daily life: slightly difficult (1 point), moderately difficult (2 points),
requires assistance (3 points), or the limbs have lost function (4 points).

The motor strength is evaluated with ankle dorsiflexion, finger spread and wrist extension
and graded by the weakest of the three: mild weakness (1 point), overcomes gravity but
not resistance (2 points), only moves when gravity is eliminated (3 points) or is paralyzed
(4 points).

Reflexes are tested in the biceps, triceps, brachioradialis, knee and ankle. The scoring
for this segment is: ankle reflex is reduced (1 point) or absent (2 points), ankle reflex is
absent and other reflexes are reduced (3 points), all reflexes are absent (4 points).

Lastly, an NCS is performed, giving individual scores for motor and sensory study. The
score is based on what percentage of normal value the result is: 75-95% (1 point), 51-75%
(2 points), 26-50% (3 points) or below (4 points).

The highest score possible is 36 points, including PROs - the first two components. The
test cannot be conducted remotely, due to the NCS, which requires a physical clinical
setup. A common critique of TNS is that it weighs symptoms and signs in the arms equally
with those found in the legs. As stated in chapter 1, neuropathy usually advances in the
legs much earlier than in the arms [42].

TNSc is an alternative version of TNS that excludes the NCS, eliminating the need for
specialized equipment. It adds autonomic symptoms to the measure instead. Up to 4
points are possible, 1 point is scored for each of the following symptoms the patient ex-
periences: loss of bowel and bladder control, fainting, impotence and constipation. This
makes the maximum score for TNSc 32 points [42]. A study on CIPN patients found TNSc
to be a reliable measure, and a valid alternative to other TNS versions when an NCS is
not feasible [43].

2.2.3 modified Toronto Clinical Neuropathy Score (mTCNS)
Another measure targeted at early DSP in the legs is the mTCNS. It consists of two parts,
each with a set of sub-questions:

1. Symptom scores (0-18 points)
2. Sensory test scores (0-15 points)

Akin to TNS, each component score is decided only by the area that gives the highest
score.

For the symptoms score the patient is asked how much their well-being and daily life is
affected by the following symptoms in legs: foot pain, numbness, tingling, weakness, re-
duced muscle control, and any upper limb symptoms. Each symptom is scored if present:
without interfering with well-being (1 point), interfering with well-being but not daily life (2
points), or interfering with both (3 points).

In the sensory test score it’s determined how far up the legs the following sensations
are reduced: Pin-prick, temperature, light touch, vibration and joint position sense. Each
sensation is scored for reduced presence: in toes only (1 point), up to the ankles (2 points),
reduced above the ankles or absent in toes (3 points).
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The maximum score of mTCNS is 33, and the measure was found to have good inter-rater
reliability [44].

2.2.4 Douleur Neuropathique 4 Questions (DN4)
In order assess the presence of neuropathic pain, the DN4 questionnaire was developed
consisting of two parts:

1. Patient interview (0-7 points)
2. Patient examination (0-3 points)

In the interview the patient is first asked whether their pain can be described as feeling
like burning, cold or electric shocks, scoring one point for each they agree with. Then, 1
point is scored for each of the following symptoms felt in the same area: tingling, pins and
needles, numbness and itching.

In the examination, the patient is tested for allodynia and hyperalgesia, scoring 1 point for
each that is present. Finally, if the pain can be provoked or worsened by stroking with the
hand, 1 point is scored.

The maximum 10 points, and a score of 4 or above indicates neuropathic pain. The DN4
questionnaire showed good ability to discriminate neuropathic pain from non-neuropathic
pain [45].

2.3 Existing tools for self-assessment of neuropathy
This section presents a short report on tools for unsupervised self-assessment of neu-
ropathy and their application. The tools include both mobile applications and other forms
of obtaining the PRO.

2.3.1 NeuroPad
NeuroPad [16] is a plaster you put on the sole of your foot for 10 minutes, after which it
will change colors from blue to pink, if the foot’s ability to produce sweat is normal [46].
The usefulness of Neuropad as a tool for diagnosing DSP has been the subject of many
studies, and a study on its value as an early detector of neuropathy found it to have a
sensitivity of 83.33% and specificity of 68.04% [17].

Unlike the self-assessment tool we will develop throughout this project, Neuropad is a
physical product that must therefore be purchased and delivered to the user. The plaster is
available for purchase online for residents of the UK and Ireland, but they are not available
outside of that region.

2.3.2 Mobile application for self-management of neuropathy
A Korean mHealth application [47] was developed as a self-management program for
CIPN patients. It uses various questionnaires to monitor the patient and assess CIPN’s
severity, negative impact on daily life and reduction in quality of life. Additionally, the
application functions as a learning tool about CIPN and as a coach, suggesting exercises
for relieving symptoms.

The reliability of the self-assessments were not studied since the focus of the paper was
on the value provided by the application rather than its precision. We did not find evidence
of the app being publicly available or that further research has been carried out.

2.3.3 NeuroDetect
NeuroDetect [48] is another mHealth application aimed at patients with CIPN which can
be used for assessing the severity of the condition. The application makes an assessment
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based on two types of functional tests, one testing the strength and dexterity of the hands,
the other testing gait and balance.

A partial least-squares discriminant analysis of NeuroDetect results showed good ability
to differentiate between CIPN patients and controls, but . The app is available on the
Apple App Store [49], but it has not been subject to further studies.

2.3.4 PeriVib
PeriVib [50] is the combination of an mHealth application and a portable vibration device
which enables assessment and diagnosis of CIPN. The vibration device is used for de-
termining the vibration sensitivity threshold of the patient’s feet with vibration tests, and
the mobile application for performing gait and sway functional tests to assess presence
of CIPN.

The vibration threshold test was correlated with a biothesiometer and tuning fork, with
coefficients R2 = 0.68% and R2 = 0.15% respectively. The motor examination - balance
and gait test correlated poorly with the threshold test and severity of CIPN. Neither the
vibration device or the app are publicly available, and no further studies on the tool have
been carried out.

2.3.5 DASH Outcome Measure
DASH Outcome Measure [51] is an extensively studied 30-item self-evaluation question-
naire for assessing muscular-skeletal disorders in the upper-body extremities. A study
was carried out to validate the usefulness of DASH for assessing neuropathy in the el-
bow [52]. The study found that DASH scoring correlates well with clinical assessment of
neuropathy in the elbow.
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3 Research Methods
Creating a PRO grading tool that is suitable for assessing DSP is a major challenge, since
the examination must be implemented in a way where even first-time users can conduct
it accurately and confidently without guidance from a trained specialist. Therefore the
tests, inspired by measures created for clinicians, should be easy to carry out and have
unambiguous instructions.

For that reason, the design focus of this project has been on the set of tests used for
grading, how they should be performed and how they are conveyed to the user. Medi-
cal doctors specialized in the field played a big role in formulating the questionnaire and
providing feedback over the course of the project, and UX design methods have been
employed in order to ensure that the self-assessment tool caters to the users. Figure 3.1
shows when during the design process we received feedback from doctors consulting on
the project and when UX methods were used to validate the design.

The survey was developed in both Danish and English at the same time. The Danish
version that was the one validated, while the English version followed the Danish phrasing.

Project
start
 

Implementation
and validation
study

Project proposal
and discussion with
clinical supervisor

UX validation of 1st
design iteration
(3 patients + 1
non-patient)

Feedback on
questionnaire
from doctors

First version of
questionnaire

1st design
iteration

2nd design
iteration

Feedback on 2nd
design iteration
from doctors

UX validation of 2nd
design iteration
(4 non-patients)

3rd design
iteration

Figure 3.1: Overview of feedback and validation throughout the development of the ques-
tionnaire.

3.1 User Experience (UX) design methods
In essence, UX design is a process that is concerned with providing users a satisfactory
experience with a product. For apps, many parameters contribute to the experience,
including ease of use, enjoyment, efficiency and usefulness, but that is just a small part
of what can constitute a good user experience. The main challenge in UX design is that
it is very difficult to engineer an experience for other people [53].

Unless explicit measures are taken to validate and amend assumptions made about the
users, there’s a great risk for the resulting app to be unintuitive, ineffective or to simply be
left unused [18]. For this reason UX design relies heavily on User-Centered Design (UCD)
methods to ensure that the designs lead to a pleasant experience for users.

UCD is an approach to design where potential users are involved in the design process
of an app in order to validate assumptions and get feedback and suggestions on the UX.
They aren’t given direct control over design choices, rather, their involvement is used by
developers to learn about the target users, improve existing designs as well as guide future
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ones. The participants in UCD should be representative of the target users of the app,
and if they are included early in the design process, many design flaws can be corrected
before they become too ingrained in the product. There exists a plethora of user-centered
methods that are applicable in various phases of the design process, and each contribute
with different insights [18][54][55]. Two of the most common user-centered methods will
be explained further into this section after an introduction to iterative design, one of the
cornerstones of UCD.

3.1.1 Iterative design
Iterative design is a methodology that acknowledges that designs rarely are, and in gen-
eral cannot be expected to be, perfect at the first attempt. It instead focuses on testing,
learning and then improving the designs iteratively. Testing is done by first creating a
prototype that represents the current design or, in the late stages of design, using the
functioning app itself. Then potential users are presented with the prototype and get to
experience it in a specific way defined by the employed method. Learning happens during
the tests either through observing, listening, asking questions or discussing, or a combi-
nation of those. Finally, the design is improved by using the insights gained to guide the
development of the next iteration, after which a new cycle of testing, learning and im-
proving begins. This pattern is repeated as long as time allows or until the results are
satisfactory [55][56].

Design validation may lead to unexpected findings that can only be addressed by mak-
ing drastic changes. Therefore it’s inadvisable to spend a significant amount of time on
implementation or grow too attached to the design without prior validation. Preferably the
first iteration of a product should be a minimalistic implementation of the idea that allows
for gradually building on top of it, otherwise known as a Minimum Viable Product (MVP).
The premise of MVP is to distill the application you aim to create down to a simplified
version of it. This allows the core concept to be validated before effort is put into less
essential features like graphical design and login screens. The MVP doesn’t need to be
a functioning app implemented in code, but could instead be represented with a mock-up
made with pen and paper or wireframes, as long as it accurately conveys the core idea
[55].

A wireframe is a visualisation of all the possible states of an app, usually represented as a
set of screens to the like of those you’d find in a finished product. Some common ways of
creating wireframes are drawing them by hand or using a digital design tool. The screens
should contain only the essential elements that the app would have, such as buttons,
forms, images and relevant text [55].

3.1.2 Usability testing
Usability testing is a qualitativemethod used for the testing and learning phases of iterative
design. Potential users interact either with a prototype of the app, or the app itself in the
current iteration, while an observer is present to make note of how it is used. Testing is
performed with one person at a time, and they are asked to carry out one or more tasks
on their own while articulating their thoughts and actions; thinking aloud. If the app has a
linear flow, a task could be to complete said flow. For a more complex case, a task could
be to use a single feature to achieve a specific goal. The benefit of usability testing is
that developers can discover how first-time-users perceive and interact with the app, and
this method is likely to reveal the parts of the product that need UX improvements. It’s
common to use only around four people each iteration, since that is often enough to find
the current major issues [54].

The main challenge of this method is that the observer must restrain themselves from
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helping the user or answering questions, unless absolutely necessary. Instead a note
should be made of the difficulties and questions that are asked, as well as how the user
deals with problems they encounter. This part is crucial, as it provides insights into the
main UX issues that could prevent users from successfully using the app on their own[55].

While usability testing on its own rarely provides immediate solutions to problems that it
has revealed, discussing with the user after the test can be a good way to look for them.
The discussion should be carried out with caution and attention to how questions are
formulated. If the goal is to generate ideas it’s important to avoid yes-no-questions as
they prompt the user to validate solutions that have already been thought of, while open-
ended questions encourage them to come up with their own. Examples of informative,
open-ended questions that are applicable to most products are how they feel the test went,
asking about points where they struggled, and what could improve the experience. There
may also be other questions worth posing depending on the specific product. Additionally,
asking the user to elaborate on their replies, and investigating their train of thought can
provide invaluable information [55].

3.1.3 A-B testing
A-B testing is a quantitative method that can be utilized to decide between two or more
design options. There are multiple ways to carry out an A-B test, and an example is to
simply show the options to users and ask them which they prefer. This could be done
by showing pictures of the options or by letting the user interact with prototypes of the
options. With enough tests performed a preference for one of the options, or lack thereof,
should become visible.

It’s imperative that the options are presented in a non-biased way without signs of de-
velopers’ preference for any of them. Randomizing the order of shown options greatly
helps ensuring this is the case. Two common ways of conducting this test is either us-
ing a survey or doing it in person, both types having certain benefits. There exists many
online tools for making and distributing surveys, making it possible to accumulate a large
quantity of responses. It’s generally more difficult to acquire participants for in-person A-B
testing, however, a qualitative element can be added to each response by asking them
to elaborate on their preferred choice. As with usability testing, this means asking open-
ended questions in order to start a discussion, while taking care to avoid bias towards
existing ideas [55].

3.2 Grading tool design
The initial foundation of the designed grading tool is the UENS metric, primarily owing to
its emphasis on the SFN and early neuropathy. In its base form, the UENS scoring sheet is
not easily readable for non-medical personnel and patients. It also requires specialist tools
not commonly found in a household, like a tuning fork. An essential point of the design
was developing step-by-step instructions to provide accessible and understandable tasks
that patients could conduct themselves.

All of the discrepancies from the original measure were consulted with medical doctors
specialized in the field, in order to ensure the most medically accurate results possible.
The objective was to develop a grading tool that encompasses a comprehensive range
of assessments congruent with the UENS in order to maximize its applicability and effec-
tiveness.

It was decided that the questionnaire will contain questions and tasks in two categories
- graded and non-graded. Responses in the non-graded part can still have individual
scores, though they do not contribute towards the overall examination score. It was done
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Table 3.1: Sections of the new grading tool and corresponding point ranges.
Section Summary Item count Point Range

Graded Sections

General Symptoms Symptoms in the legs and their severity 1 0-4

Pin-prick Sensation Investigation into pinprick sensation in 6 sections in both legs 12 0-24

Allodynia/Hyperalgesia Painful sensation to prick or touch 4 0-4

Large Fiber sensation Feeling the vibration in three points in both legs 6 0-6
Feeling changes in great toe joint’s position 2 0-2

Motor Examination Overcoming pressure on the great toes 2 0-4

Non-Graded Sections

Neuropathic Pain Pain Level 1 1-100
Painful Neuropathy (DN4) Questionnaire 4 0-10

Comments Any additional information patient wishes to disclose 1 N/A

so for the tool to not only provide the score itself but also context around it - such as if the
patient is also experiencing neuropathic pain or has any additional comments to share. An
overview of the main sections of the questionnaire, along with the amount of points they
can contribute to the score is presented in Table 3.1. Those sections are also referred to
as ”parts” or ”segments” of the questionnaire.

The maximum points possible to obtain when using this score is 44, comparable to the
42 points in the UENS. The greater the number of points, the higher the likelihood of
indicating neuropathy. The scoring in the sections is mostly consistent to that in UENS,
even if the methods or questions vary, in aim to maintain a similar emphasis on early
neuropathy detection. Thus still over half of the points is dedicated to investigating SFN
in the form of pinprick sensation and sensitivity.

3.2.1 General Symptoms
While this questionnaire follows the UENS closely, one section in not present at all. During
an examination, a clinician tests the patient’s deep tendon reflexes. These reflexes are
challenging to test on your ownwith nomedical training. Additionally, their presence varies
not only due to the disease, but due to other factors as well, such as age. To compensate
for the lack of this part of the examination, the new questionnaire contains a part absent
from UENS, but present in other scores like TNS - general symptoms. It consist of a single
question, asking if the user is experiencing any pain, numbness, tingling or unexpected
sensations in the legs. If so, the user is asked to specify up to which area the symptoms
are present - toes, ankles, knees or above. The cut-off level of the symptoms determines
the score for the segment, from 0 - no symptoms, to 4 - symptoms above the knees.

In order to avoid mixing symptoms and findings, this question has been placed first in the
examination. This was due to a concern that if a user was asked such question after a
different section, they might drive their answer by what they recorded there. For example,
if they learned that they feel reduced pinprick sensation up to the knee, that could influence
their choice in this section.

3.2.2 Pin-prick Sensation
In order for the user to be able to perform an investigation of pin-prick sensation in their
legs, a fairly sharp, easy to use object is necessary. Ideally, the item would be also acces-
sible and possibly present in the user’s home. Three household items were discussed: a
toothpick, a needle and a safety pin. After studying them and the variety of shapes and
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(a) Pin-prick sections in UENS [41] (b) Pin-prick sections for the project.

Figure 3.2: Comparison between pin-prick sections.

sizes they come in, it was determined that a substantial portion of toothpicks may be too
blunt to provide the required sensation. With that result, a design decision was made to
use safety pins or needles as the tool for the examination.

UENS grades the presence of the pin-prick sensation in six areas, and uses an image
presented in Figure 3.2a for reporting the findings. While informative for the clinician,
the section layout may not clearly communicate which area of the leg the user should be
investigating. The segments for this questionnaire were iterated on and validated in the
design process, which is elaborated on in section 3.3 and section 3.4. The final iteration
can be seen in Figure 3.2b. The chosen form captures not only the areas, but also the
side of the leg that should be subjected to pricking.

The score for each section depends on to what extent the pin-prick sensation is present.
For that, a comparison to a healthy part of the body is necessary. For our tool, the rec-
ommended area it the clavicle. Since DSP affects extremities first and foremost, this area
will be affected in a lesser extent. It is also accessible for the user, as clavicles are easy
to reach. UENS grades each section between 0-2 points. Zero if the sensation is normal,
one point if the sensation is reduced, and two points if sensation is absent. The carried
out validation revealed the original phrasing: ”similar-reduced-absent” was a source of
confusion for the users. Thus, the phrasing for comparing sensation has been changed
to ”same-less-none” and seemed to have been met with more understanding.

In summary, in this section of the examination the user compares the feeling when pricking
six areas in each leg to a reference area - the clavicle. This yields twelve steps to be
completed, scoring between 0 to 24 points for this part of the examination.

3.2.3 Allodynia and Hyperalgesia
In the UENS 1 point is awarded if either allodynia or any hyperesthesia are present in the
toes or foot of each leg. To extend the information of which types of hyperesthesia are
present, we have decided to split them into two separate questions, one about allodynia
and one about hyperalgesia. Thus, 4 points are possible in this segment of our grading
tool, scoring 1 point per condition present in each leg.

The placement of the questions in the questionnaire was also a major point of deliber-
ation. To avoid switching between legs too much during the examination, allodynia and
hyperalgesia questions directly follow the pin-prick part for each leg. Since they refer to
the just examined area, it was a proper place to ask about those hypersensitivities, while
the user’s memory about the sensations was still fresh.
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(a) Great Toe (b) Ankle (c) Knee Cap

Figure 3.3: The points where large fiber sensation examination is carried out. Pictures
present the areas for the left leg, in questions for the right leg they are mirrored vertically.

3.2.4 Large Fiber Sensation
As written in subsection 2.1.2, large fiber sensation is measured by applying vibration to
the affected areas. After it is administered, the patient reports if they feel the vibration,
and when it is no longer present. In UENS, large fiber sensation is only measured in the
great toes. The scoring depends on how fast the vibration diminishes. As it is performed
with a tuning fork, a tool that always vibrates at the same frequency, such information is
a consistent measure. In mobile phones, the frequency varies depending on the manu-
facturer and model, varying between 130-180Hz [57]. Due to that, it was necessary to
rework this section in order to make it applicable for a mobile questionnaire.

With guidance from the clinical supervisor, we have decided to measure vibration only
based on it’s presence, eliminating the ”diminished” option from the question. To com-
pensate for narrowing the scope of the test, we have extended the areas where the large
fiber sensation test is performed. Users are to measure the sensation with their mobile
devices on the great toe joint, ankle, and just below the knee cap, comparable to a test
used in a different measure - TNS. an overview of how those areas were presented to
the user can be seen in Figure 3.3. They remained unchanged since the first iteration
(section 3.3).

The second part of this segment is examining the great toe’s joint position. The users are
asked to move their great toe with their hands, and answer if they are feeling the extension
in the joint.

To keep a similar fraction of total points obtainable in this section analogous to the UENS,
each question would score 0 or 1 points. In the vibration segment, one point would be
assigned per leg area where the sensation is not present, totaling to 6 points possible (3
per leg). Not feeling the extension in the great toe would also score one point (per leg).
Thus, the maximum point in the section is 8, which matches with UENS.

3.2.5 Motor Examination
Akin to UENS, motor examination is performed only for the great toes. UENS inspects
dorsiflexion of the toe and determines if the strength of extension is normal or weak.
The user is asked to apply pressure on top of their great toe and try to oppose it. Each
question would score either 0 or 2 points, 2 being appointed if the pressure was difficult
to overcome.
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3.2.6 Neuropathic Pain
It was brought to our attention by the clinical supervisor, that it would be beneficial to
include a section about neuropathic pain, as it would provide valuable information to the
clinician reviewing the PRO output. Thus, we decided to incorporate questions from the
DN4 questionnaire [58]. As the measure is clinically validated, questions in our tool follow
it closely.

The only significant change is rephrasing the question if the pain is provoked or increased
by brushing. Instead of simply asking that question in the questionnaire, we included
instructions for the user. They are asked to gently stroke the area affected by the pain
and answer if that provoked or increased the pain.

Additionally, we were asked by the clinical supervisor to include a general level of the
pain, in the user’s perception. To do that, the question in this segment provides a visual
analogue scale [59] from 0 to 100, on which the user marks their pain level.

As mentioned before, the scores in this section are for context only, and they do not count
towards the DSP grading score. That said, points possible to obtain in the DN4 part are
exact to the tool - 0 to 10, and the pain level can be scored up to a 100.

3.2.7 Questionnaire design
Some of the design decisions have been mentioned in the previous sections. They mostly
regarded phrasing, or the methods of the self-assessment. All discrepancies between the
new tool and the inspiration - UENS were also presented. In this section, the point is to
outline the overall design choices that concern the new grading tool specifically.

Firstly, the order of the questions and sections was a topic of discussion. It was important
for it to be as smooth and accessible an experience for the user as possible, while still
providing valuable and unbiased findings. The structure of the questionnaire is as follows:

1. Introduction to the self-examination
2. General Symptoms
3. Instructions for pin-prick
4. Pin-Prick - left leg (6 questions)
5. Hyperalgesia and Allodynia - left leg (2 questions)
6. Pin-Prick - right leg (6 questions)
7. Hyperalgesia and Allodynia - right leg (2 questions)
8. Pain presence question
9. Neuropathic pain (5 questions, omitted if there is no pain)

10. Instructions for Large Fiber Sensation
11. Large Fiber Sensation section - left, then right leg (8 questions)
12. Instructions for motor examination
13. Motor examination - left, then right leg (2 questions)
14. Additional Comments

The General Symptoms question (see subsection 3.2.1) was placed at the beginning of
the self-assessment order. The questions were ordered to avoid bias, tackle the largest
parts first, and produce a coherent flow. Thus, the Pin-Prick section (subsection 3.2.2)
follows next, intertwined with Allodynia and Hyperalgesia parts (subsection 3.2.3) to avoid
constantly switching leg sides. Since this examination can trigger or increase pain, the
pain section (subsection 3.2.6) is placed afterwards. Then, the user moves onto Large
Fiber Sensation (subsection 3.2.4) and Motor Examination (subsection 3.2.5), which are
separated by instructions. Finally, the last screen of the grading tool is the Comments
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section, providing an input opportunity for the user to elaborate on the experience or add
any additional information.

Instructional and informational parts separate major sections, and introduce them to the
user. For example, the Pin-Prick section instruction informs that a needle or safety-pin will
be necessary for the next steps. In the Large Fiber Sensation section, users are directed
which side of the phone to use when investigating, as well as that the test should be
performed on bare skin. These instructions are necessary to provide context and relay
important notes to the user, while putting them in separate segments avoids unnecessary
repetition in the examination segments themselves. Despite that, some of the crucial
instructions are repeated at every step of the assessment, as during the validation process
that yielded the best results in correctness of performed tasks.

The Pain presence question asks about whether the user experiences pain in feet. While
the DN4 questions (subsection 3.2.6) inquire about pain in general, if the user was asked
about any pain, it could be answered ”yes” for other non-neuropathic pain, for example
headaches. After discussions with the supervising clinician, it was decided that asking
about presence in feet makes it more likely that only users with neuropathic pain will go
through the section.

Lastly, the Large Fiber Sensation segment is called and referred to as ”Vibration Part” in
the tool. It was decided that it is a more user-friendly language, as well as relates more
to what is performed - investigating if the vibration is felt in the affected areas. Across the
tool the wording and naming of sections and questions was altered or omitted entirely, if it
was of no significance for the user. For example, the Hyperalgesia or Allodynia were not
mentioned, as they are highly specialist terms. Instead, the grading tool contains ques-
tions about increased sensitivity to touch or prick, which encapsulates those disorders.
Those professional terms are still relevant for the physician reviewing the results of the
self-assessment, so we took steps to ensure that exported data properly describes the
results.

3.3 First design iteration
UX and methods from UCD have been in the forefront of the design process during this
project. The app has gone through three design iterations, starting with an MVP based on
the first version of our questionnaire and feedback from medical specialists. At the end
of the first iteration, user validation was carried out to discover issues with the design and
gather general feedback. What we learned was then used to guide the second design
iteration and improve the UX.

3.3.1 Minimum Viable Product
The first iteration was created as a wireframe mock-up with Figma [60], an online tool
that can be used to design high-fidelity wireframes and turn them into interactive mock-
ups. First, the screens for the individual app states are made with their buttons, text and
any other content. The states can be connected with flow lines - interactions designed to
happen between the elements, such as clicking button X will navigate to page Y or show
picture Z. With these in place, Figma can go into Present Mode, where a single state is
displayed and interacting with the components will change the displayed state, as defined
by the flow lines. This allows emulating simple app flows, giving the impression of using
a real app.

The MVP consisted of three components. Firstly, a main page from where a new ex-
amination can be started. Then the examination itself, consisting of the parts as listed
in subsection 3.2.7 aside from a few differences. Originally, Additional Comments didn’t
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exist and General Symptoms came after the second set of Allodynia and Hyperalgesia.
The third and final component was the Examination Completed page displaying a generic
score. While designing the MVP, text on the screens was written in English and a parallel
version was created with every element translated to Danish.

3.3.2 Validation goal
The goal of the first validation was to test the basic premise of the project, a self-assessment
tool for neuropathy. The most important thing to uncover was whether the test partici-
pants would perform the examination as intended based on the instructions and could
confidently answer the questions. This was investigated with the usability testing method
by utilizing the mock-up made with Figma.

The Examination Completed page used in the MVP was a simple placeholder, so another
goal was to get feedback on our ideas for possible implementations. For this reason,
in-person A-B testing was performed on participants after the usability testing.

3.3.3 Validation participants and procedure
Four participants were recruited for the validation, of which three were patients from the
outpatient clinic at the Neurological Department of Zealand University Hospital and one
was not a patient. The participants ages were 45, 54, 65 and 69, and there was an equal
number of men and women.

The usability testing was carried out in Danish with the the Danish MVP and using a pre-
defined validation procedure. The procedure was as follows: First the test was explained
to the participant, and permission was asked to record the test. Next, they were asked
their age and were then provided with a smartphone displaying the interactive prototype
as well as a safety pin. Finally they were asked to carry out the examination while think-
ing aloud, followed by questions and discussions as described in section 3.1. Participants
were given permission to skip repetition across legs after having been observed perform-
ing a test on one leg, since the instructions were identical for both legs. The questions
they were posed afterwards were asked in Danish, and listed below are their English
equivalents:

• How did it go?
• How easy were the instructions?
• Were there any difficulties?
• What do you think of the button size?
• What do you think of the text size?
• What would improve the experience?

After concluding the usability testing, we moved on to the A-B test. Here the participant
was presented with three Figma screens of possible designs for the Examination Com-
pleted page, see Figure 3.4. The options were shown in a randomized order, and they
were asked which they prefer and then elaborate on their choice.

3.3.4 Validation learnings
When the four participants had gone through the validation, the notes and recordings
taken were analysed and collected to a set of learnings.

Carrying out an examination took around 10 minutes on average, but it should be reiter-
ated that participants were allowed to skip repetition across legs. They were all positive
about the potential of the self-assessment tool, but it was clear that perfection was not
reached in the first iteration.
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(a) Option A (b) Option B (c) Option C

Figure 3.4: The three versions of the Examination Completed page that were subjected
to A-B testing

The largest issue that emerged was rooted in instructions for the pin-prick test. Only one
of the participants consistently used the reference point while the rest either forgot it for a
large portion of the test or didn’t notice the instruction at all. Also, a question mark icon that
was intended to provide additional information was not used, even when the participants
were in doubt. Occasionally, participants didn’t notice which leg they were instructed to
use. We also realized that some people may not be able to tell left from right without clear
visual indication. Aside from these issues, pricking was generally performed as intended
and in the correct locations.

There were some areas that were not clearly communicated in the prototype. Many par-
ticipants were uncertain if they were supposed to take off shoes and socks, and those
who wore tight pants were caught off-guard by the need to gradually roll their pant legs
further and further up. Rolling up past the knee wasn’t possible, forcing them to remove
that particular piece of clothing after having already gone through the trouble of rolling up
pant legs.

The names of the three answer choices in the pin-prick test also led to some confusion.
Since it was the Danish version of the self-assessment tool being validated, the choices
”similar”, ”reduced” and ”absent” had been translated to the Danish ”tilsvarende”, ”reduc-
eret” and ”ingen”. The Danish ”tilsvarende” and ”reduceret” are not as commonly used as
their English counterparts. While the words were not unknown to the participants, some
felt that they had to map the answer they wanted to give to one of the options available.
One of the participants suggested using the Danish ”samme” and ”mindre” instead, which
translate to ”same” and ”less”. The choice ”absent” was problematic for a different reason,
namely the fact that it isn’t a natural response when asked to compare two things.

The A-B test found that one participant preferred option A while two preferred option B
and one didn’t give an answer. The reason for that was that they were very concerned
that the presented Examination Completed pages looked a lot like a diagnosis. Despite
not using any certainty levels higher than ”probable”, nor language implying a diagno-
sis, the Examination Completed pages still gave the impression of obtaining one. Later
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(a) Iteration 1 (b) Iteration 2

Figure 3.5: First and second design iteration of pin-prick. The difference in phone types
is due to (a) coming from Figma while (b) comes from an Android emulator.

consultation with the clinical supervisor revealed that the concern was well-founded.

3.3.5 Changes guided by validation
As a result of being the biggest cause of confusion, the pin-prick instructions underwent
major changes between iterations 1 and 2. The instruction text was altered to directly
state that the user must first prick the reference area and then prick the specified area on
the leg. The instruction image was also reworked in order to illustrate both the reference
area and address the issue of pricking the wrong leg. This was done by adding a torso
where the clavicles are marked, and by showing the other leg behind the leg being tested.
Finally, the answer choices were changed to the Danish and English version of ”same”
and ”less”, and for the English version ”absent” was changed to the more common ”none”.
A comparison is shown in Figure 3.5.

To better communicate that the user can get more information about tests, the help icon
button was expanded to also include blue ”more information” text. The button was moved
to its own line, to not blend in with the instruction text.

Since there was a preference for option B (Figure 3.4b) in the A-B test, the gauge chart
presentation was used as the main inspiration for the Examination Completed page. The
concept was further built upon by displaying the number of points scored as well as
the minimum and maximum number of points possible. A certainty level was no longer
showed to the user and the gauge was changed from having ”green-yellow-red” intervals
to a gradient spanning the same colors.
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3.4 Second design iteration
For the second iteration a functional app was developed based on the MVP and learn-
ings from the validation. This also allowed vibration functionality to be added, making it
possible to properly carry out the vibration test.

3.4.1 Validation goal
Since the self-assessment tool concept was met positively during the first validation (sub-
section 3.3.2), the focus of the second validation became to evaluate whether the prob-
lems from the first iteration had been mended and to discover new issues. This meant
observing if the app provided a good user experience and whether the instructions were
sufficient.

3.4.2 Validation participants and procedure
Another four participants were recruited, this time being solely non-patients. The ages
were 19, 24, 72 and 75 with one being female and the rest being male. Usability testing
was carried out in a similar manner to the first validation, after which the questions listed
below were asked in Danish:

• How did it go?
• How easy were the instructions to understand?
• What do you think would improve the experience?
• Were there any difficulties?
• What do you think about the Examination Completed page?
• Is there any information you would have liked to see on the Examination Completed
page?

Additionally, if any difficulties or concerns came up during the usability test, the observer
would ask about those.

3.4.3 Validation learnings
The changes made to the pin-prick test turned out to be a step in the right direction, as
all participants were using the reference area as intended. However, starting with the
wrong leg was still a common occurrence and new issues were introduced as well. Some
couldn’t interpret what the torso image was, and due to the small size of the leg image
some didn’t notice the marked areas on the first two sections or the transition between
them. There were also frequent requests for the option to answer ”more sensitive” instead
of having to use the ”same” option.

Two participants used the new ”more information” text button, indicating that this feature
had become more visible.

With the added vibration functionality the vibration test could be properly validated, and
this revealed a significant limitation within the self-assessment tool. Since people had to
hold the phone while pressing it against the leg, it proved challenging to discern vibration
felt in the leg from vibration felt in the hands. One person attempted balancing the phone
on the leg in order to not mix up the sensations, but the vibration still wasn’t felt. Half of
the participants only pressed the phone lightly against the leg, and there was one who
kept socks and pants on for the test. These factors made it difficult for participants to
confidently answer whether they could feel the vibration.

The change from color intervals to a gradient on the Examination Complete page did not
prevent people from getting the impression of obtaining a diagnosis. They were shown
the generic score of 14, and some interpreted it as ”being in the green” due to the score
lying between green and yellow on the gradient.
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3.4.4 Changes guided by validation
The images for the pin-prick test were updated once again to add clarity. The torso im-
age was extended to show more of the body, and a mouth and nose was added to the
previously featureless head. For the first two sections, which are both located on the foot,
the leg image was substituted for an image of just the foot. A comparison is shown in
Figure 3.6.

(a) Iteration 2 (b) Iteration 3

Figure 3.6: Second and third design iteration of the first pin-prick area

An additional requirement was introduced to the information page at the beginning of the
examination. Since there had been inconveniences and confusion about performing tests
on bare skin, a paragraph was added stating that the user must be able to access bare
skin up to slightly past the knees. In this way people would know to expect it, and be able
to decide before starting whether they can carry out the examination. This requirement is
restated on the information pages right before the pin-prick and vibration tests as well.

The vibration instructions were extended by stating in bold text that the phone should be
pressed firmly against the area being tested. This doesn’t solve the problem of distin-
guishing vibration felt in the legs from that in the hands, but does increase the amount of
vibration felt in the leg.

Finally, the gradient color on the Examination Complete page was substituted for a uni-
form blue color that fills up a portion of the gauge graph corresponding to the score, see
Figure 3.7b. The text was changed as well to better communicate that the result shouldn’t
be interpreted as a diagnosis.
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(a) Iteration 2 (b) Iteration 3

Figure 3.7: Second and third design iteration of the Examination Completed page.
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4 Mobile Health Application for
Self-Assessment of Neuropathy

This chapter presents the application developed for the project. It both describes the de-
sign and functionality, as well as implementation. If the reader is not familiar with program-
ming or the technical aspect of the project is not of interest, section 4.2 can be skipped.

4.1 Design
The third design iteration was the last created during this project, implemented and used
for the validation study (chapter 5). Many features of the app that aren’t the grading tool
flow itself were added at this point. The application has been titled ”Neuropathy Grading
Tool”. This section provides an overview of the final application design and presents the
flow between the presented pages, explaining the behavior of the app.

4.1.1 Application flow
The navigation and interactions between pages in the application are presented in Fig-
ure 4.1. When the user opens the application, they see the splash screen. It will also be
displayed if any changes to the saved results have been made - i.e. deleting the results,
or finishing a new examination. All transitions between pages, except the splash screen,
are slide transitions.

When the user taps the button to add examination, it begins the grading tool flow. It
has 39 steps finishing with examination completed page. Navigation between those is
identical, with the user tapping the ”next” button after each step is completed. At any
point of the examination it can be exited, with a warning dialog that the action will discard
the result. When the examination is completed, the user can download the result, see
detailed results or return to the main page. Download and detailed results can also be
accessed from the main page itself. Downloading the examination result opens a file
saver. It is not presented in the visualization of the flow (Figure 4.1), as it is not designed
or implemented in this project, but native to the user’s device.

Both variants of the main page have access to the settings. When the user taps the
desired setting, either a picker will be displayed on the bottom of the screen, or a dialog
window will pop up. If the action will result in deleting existing results, a warning window
will be shown warning the user and asking to confirm the operation.

4.1.2 Main Page
Themain page is the entry point to the application, preceded with a simple splash screen.
We designed two versions of the main screen to display - one welcoming a user that has
not completed any examinations before, and one when returning to the app when there
already are previous results. The design of those pages can be seen in Figure 4.2.

The text was designed to guide the user to the options they have on each screen. a
floating button allows to add a new examination at any time, and if results are available,
the user can see their details or download them. The detailed results displays the scored
points in all parts of the examination, while downloading a result to csv is mostly meant
for specialists or for data analysis in studies. A button for downloading results is present
in many pages with the same icon for easy recognition.
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Grading tool flow

Go back to 
previous page.

Go back to 
previous page.

Splash Screen

Main Page 
with previous results

Main Page 
No previous results

Examination 
Completed

Exit to main page.

Continue in the 
grading tool

Exit to main 
page.

Detailed Results

Settings

Download result

Figure 4.1: Application flow between pages. Transitions happen when tapping on circled
elements. Add and settings buttons on Main Page with previous results do not have
arrows for better diagram readability. Their behavior is the same as on the other version
of Main Page. The download icon has the same behavior across the application, and
tapping it opens the device’s file saver.
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(a) Main page with no completed examina-
tions

(b) Main page with previous examination re-
sults

Figure 4.2: Main pages of the application. They are the entry point to the application, and
all flows begin here. Their variant depends on whether there are previous examination
results.

4.1.3 Grading Tool Questionnaire
The grading tool has a total of 39 steps if the user is experiencing pain in their feet, or
34 if no pain is present. Each step is considered a separate page in the linear flow of
the questionnaire. It follows the order described in subsection 3.2.7, finishing on the
Examination Completed page. After clicking ”next” the user is navigated to the next step.
It is not possible to go back to previous questions. A lot of steps are repetitive tasks,
where the instructions or questions are very similar, but target a different leg or leg area.
This section describes the unique layouts of steps and what content changes in them if
they are repeated.

All the non-question steps can be seen in Figure 4.3. The first step in the flow is the intro-
duction to the examination (Figure 4.3a). It informs the user what will be necessary during
the course of the examination, so they can prepare accordingly. Prick Test instructions
(Figure 4.3b) precede the pin-prick section, and Vibration Test (Figure 4.3c) is displayed
before the large fiber sensation segment. They both describe in general what the user
can expect in the next steps, and how to properly do the tasks they receive. Note that
both the introduction and those two instructional screens mention testing on bare skin.
During the testing there was confusion around it, which is why it is repeated so often. The
step introducing the motor examination (Figure 4.3d) does not include this, as it is not cru-
cial. Additionally, since it’s the last section of the examination, it’s assumed the user has
already taken off their shoes and socks for the previous steps. The final two steps of the
questionnaire are the Closing comments (Figure 4.3e) and the Examination Completed
page (Figure 4.3f). From the Examination Completed page the user can see their score,
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download and access detailed results, and then navigate to the main page.

(a) Introductory step (b) Pin-prick section (c) Vibration section

(d) Motor Examination section (e) Comments (f) Examination Completed

Figure 4.3: Non-question steps in the assessment questionnaire.

The graded sections of the questionnaire that have multiple variants can be presented
in six unique step layouts (see Figure 4.4). Each of the steps states the currently tested
leg. All the steps that require an answer by default do not have an answer selected. The
questions are single choice and mandatory, so if no answer is selected, the next button is
grey and inactive. The pin-prick step (Figure 4.4a) provides two-step instructions for each
section of the leg. In the variants of this layout, the image of the tested leg area changes -
see all the areas in Figure 3.2b, and the images for left and right leg are vertically mirrored.
When pressing ”More Information” on this screen the user can see a detailed explanation
what the ”same”, ”less” and ”none” answers exactly mean. Hyperalgesia (Figure 4.4b)
and allodynia (Figure 4.4c) steps come in two variants, changing only the tested leg.
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(a) Pin-prick step (toes) (b) Hyperalgesia step (c) Allodynia step

(d) Vibration step (great toe) (e) Great joint position step (f) Motor examination step

Figure 4.4: The layout of repeated steps of the graded sections of the questionnaire with
example answers or no answers selected. The steps vary in text and/or image content in
the repetitions.

Vibration steps (Figure 4.4d) display different sections of the leg (see Figure 3.3), mirroring
the images for left and right leg as well. Instruction for each of the points is different as
well, directing precisely where to press the phone to - the user is asked to press firmly
against the ”top side of the bone in your great toe”, ”outside part of your ankle” and ”bone
just below your kneecap”. When the user presses the start button, the phone vibrates,
and the button changes its color to red, displaying ”stop” instead, so the user can cancel
the vibration. The great toe joint position question (Figure 4.4e) in the vibration test only
changes the tested leg text. It directs the user to put the phone aside as it would be
difficult to perform the task while holding the phone, and the ”More Information” button is
available on this screen if the user is unsure about what feeling movement in the joints
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means.

For the motor examination step (Figure 4.4f), only the tested leg text changes, and the
image is mirrored to represent the current leg, along with the text change. With ”More
Information” on this screen the user is informed that they can compare how well their
fingers overcome applied pressure, and to answer ”yes” if their great toe is weaker than
that.

Figure 4.5: General Symptoms step

Finally, there are seven unique question steps in the questionnaire. Of these steps, only
general symptoms step (Figure 4.5) is counted towards the assessment score. It’s a single
choice question asked immediately after the introduction to the examination.

The rest of the unique steps are connected to the pain section and are shown in Figure 4.6.
Asmentioned in subsection 3.2.7, the pain part of the questionnaire is omitted if there is no
pain. If the user answers they experience no pain in the Pain Presence step (Figure 4.6a),
clicking next will move them directly to the vibration section. If pain is present, the user
will go through steps from Figure 4.6b to Figure 4.6f.

Pain characteristics (Figure 4.6c) and symptoms (Figure 4.6d) steps are the only multiple
choice questions in the questionnaire. The user is asked to choose all that apply, and
one of the options is ”None of the above”. That option is not on the DN4 questionnaire,
but on the paper form they can just refrain from selecting any of the options. Instead of
making this step optional and allowing clicking ”next” immediately, they need to confirm
their choice by checking ”None of the above”. This prevents accidentally skipping the
question, since the user cannot go back to previous steps.

4.1.4 Detailed Results
The Detailed Results page can be accessed from the Examination Completed screen or
by tapping an examination listed on the main page. It displays the results sectioned in
collapsible cards, which can be seen in Figure 4.7. If the pain section or the comments
was skipped in the examination, they are not displayed. The initial state of the page is
presented in Figure 4.7a. In the top of the page date of the examination and its final score
is shown, while all the section cards are collapsed. The user can open and close multiple
sections at a time, and the page becomes scrollable if the content is too large for the
screen.
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(a) Pain presence (b) Pain level (c) DN4 Pain characteristics

(d) DN4 Pain symptoms (e) Touch and Prick sensitivity (f) DN4 Response to stroking

Figure 4.6: Pain Presence step and the Pain part of the questionnaire steps.

The pin prick section (Figure 4.7b) displays the total score for the section, and shows the
number of points scored on each area of the leg, as well as and allodynia and hyperalgesia
scores, captioned as touch and prick sensitivity. Tapping and swiping the slider or swiping
the leg image changes which leg is shown. The vibration card (Figure 4.7c) encompasses
the vibration and the toe extension tests which are both part of large fiber sensation.
Figure 4.7d shows other findings, which consists of the motor examination and general
symptoms.

The pain section (Figure 4.7e) displays the pain slider and the DN4 questionnaire re-
sponses. Any symptoms or pain characteristics found are listed along with an icon that
symbolises it - for example, the ”pain feels like burning” presented in the example has
a fire icon next to it. The last card - Comments (Figure 4.7f) - displays the text the user
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entered at the end of examination.

(a) All sections collapsed (b) Pin-prick section (c) Vibration section

(d) Other findings section (e) Pain section (f) Comment section

Figure 4.7: Detailed Results page showing example examination results.

4.1.5 Settings
The settings page can be accessed from both variants of the Main Page, and it can be
seen in Figure 4.8a. It is a list of tiles in two sections - Personal information and Appli-
cation. In the first case the user can provide additional information: sex and date of birth
that will be included in result exports. The date of birth is displayed as age on the tile.
Examinations are associated with a single person, so after entering the personal informa-
tion the first time it cannot be changed without deleting all previous examinations. For any
action that would delete previous results, a warning is shown where the user must accept
or cancel the operation.
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In the Application section, there are 4 actions that can be performed. The user can choose
between supported languages (currently Danish and English). The default language the
first time the application is opened after installation is English. All examination results can
be exported to a single file from this page as well, in the same format as single results
are. Resetting the database will remove all existing results, so the previously mentioned
confirmation dialog is displayed. Lastly, the user can define how long the phone will vibrate
during the examination. This might be necessary as devices will not initiate vibration if
the requested duration is longer than a set limit, which varies per device. A custom dialog
where the user can test the new duration is displayed (see Figure 4.8b).

(a) Settings page overview (b) Vibration duration setting

Figure 4.8: Settings page with example entries

4.2 Implementation
Figure 4.9 shows the overall architecture of the mobile application. It consists of a set of
User Interface (UI) screens (marked red) described in section 4.1, implementing the flow
shown in Figure 4.1, and the non-UI components (marked green). The application is using
the Research Package (RP) [61] framework to build the examination questionnaire, and
relies on many flutter plugins. Themain plugins have been listed in the Figure 4.9 (marked
blue), but some have been omitted. The full list can be found in the pubspec.yaml file in
the applications source code - see Appendix B.1.

Three aspects of the user’s device are used, storage, vibration and file saver (marked
yellow). A Not Only SQL (NoSQL) database is implemented using the Sembast package
[62]. The implemented application does not connect to the internet, but uses local storage
for saving data. A repository pattern is used, where our repositories for settings and results
define simple commands for interacting with data, which the repositories translate to fit
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the database language. The database is initialized on application start, registered as
a singleton, and immediately used to fetch any existing settings and results. Preferred
app language is also stored in the device, with the Shared Preferences plugin [63]. The
Vibration package is used for accessing vibration functionality, which will be elaborated
on later in this section. The device’s File Saver is used by the to_csv package [64] which
allows for downloading the results by the user.

This section goes into detail on implementing the grading tool using RP, as well as other
app functionalities.

4.2.1 Research Package (RP)
Copenhagen Research Platform (CARP) [65] is a set of frameworks and components
developed by Copenhagen Center for Health Technology (CACHET), mainly targeted
at mHealth app development in Flutter. This project uses CARP RP which is a frame-
work for creating surveys and collecting informed consent. The framework is built on the
Business Logic Component (BLoC) architecture, meaning that a central component is
handling states and logic that is common for the whole survey.

An RP survey is called a Task and consists of a series of Steps, most notably the In-
structionStep that displays information and the QuestionStep that contains a question
and a way for the user to provide an answer.

The survey (examination questionnaire) part of our self-assessment tool is implemented
using the RP framework, but uses many modified components in order to add the needed
functionality.

4.2.2 Modified components
The InstructionStep that comes with RP allows displaying a paragraph of text and,
optionally, an image. Due the the importance of performing tests as intended, a lot of text
is conveyed in the survey, and it is much easier to read if it’s separated into paragraphs.
Therefore a modified version of the InstructionStep was created that omits the image
parameter which wasn’t needed, but accepts a list of paragraphs that will be evenly spaced
out on the screen. This version was used for all instructions in the survey.

The QuestionStep from RP only displays a paragraph of text, but as demonstrated in
chapter 3, it is the images that are essential for conveying instructions in tests such as pin-
prick. For that reason a new type of QuestionStep was created that accepts an image as
well as multi-paragraph text. It also has the option of putting a ”More information” button,
that opens a BottomSheet with additional information when pressed.

A custom component that accounts for both single and multiple choice questions was
created. It deselects existing choices that are incompatible with the latest choice (see
algorithm in Figure 4.10). This algorithm is also applied to the toggle-button questions,
like the pin-prick questions, however they skip the Is SingleChoice step and follows the
left path since toggle-button questions can only be single choice. Thus, the Pain level
question is the only question in the survey that doesn’t rely on the algorithm.

The Pain level question appears in the pain section. A custom PainSliderQuestionStep
that presents a slider for pain ranging from 0 to 100 was implemented. The default slider
step provided by RP displays the selected score, which is not part of the visual analogue
scale.

A feature that isn’t part of RP is the ability to utilize the phone’s vibration capabilities.
Another type of QuestionStep was made that, in addition to taking an image and multi-
paragraph text, also displays our custom vibration button.
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Figure 4.9: Architecture diagram of the Neuropathy Grading Tool app (red and green
components), and its use of the Research Package (RP) (orange components), flutter
plugins (blue components) and the device’s system (yellow components). Only the most
notable flutter plugins are listed.

4.2.3 Vibration
Phone vibration is used in large fiber sensation test - see Figure 4.4d. A vibration button
that uses the vibration package [66] makes it possible to start and stop vibration on the
device. Since the package doesn’t allow for indefinite vibration, a default duration of 15
seconds is used for the button, after which the vibration stops. While the vibrating takes
place, the button is turned into a red ”stop” button, and when the vibration completes or
is stopped by the user, the button returns to its original state and can be pressed again.
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Figure 4.10: An algorithm flowchart for selecting an option in single and multiple choice
questions.

The package doesn’t provide any signals when the vibrating stops, meaning that the vi-
bration button must set a timer to keep track of when it should update its state. The timer
is implemented as a cancelable operation, that finishes either when the time runs out or
when the user presses ”stop”. In the first case the vibrating runs out on its own, and in
the second, the vibrating is stopped immediately. In both cases, the vibration button is re-
turned to the initial state. It is necessary that the timer is cancelled and not just left running,
otherwise, rapidly tapping the vibration button would start multiple timers, all returning the
button to the initial state when they finish, regardless whether the phone stopped vibration
or not.

Progressing to the next step also stops the vibration, but not the timer which will still
attempt to update the state of the vibration button. A Step is disposed of when the user
taps ”next”, and attempting to update the state of a disposed Step results in an exception.
For this reason the widget checks whether it is mounted whenever it tries to update its
state.

4.2.4 Combining sections in the survey
When the app creates a Task, it provides a list containing all steps of the survey, except
for the Examination Completed page which is not part of the Task object. This means that
the Task receives 38 steps, and in order to keep them manageable, subsets of the full list
are defined in separate files, one for each section of the survey.
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Those files define each step of their respective section: Whether it’s an InstructionStep
or QuestionStep, the type of question as well as the image and text used. Additionally,
an integer value is assigned to each answer option, which is used for score calculation.
These values are in accordance with the point allocation from section 3.2. While some
steps are unique and need to be defined individually, others are repeated many times after
each other with small changes. In those cases, generator methods are used to reduce
redundancy.

Listing 4.1 shows how the smaller lists for each section are combined into a single list and
passed to the Task. It also shows the NavigationRule that is applied to the Skip pain step
(Figure 4.6a). The value 0 is mapped to the first step of the vibration section, meaning
that if the user gives the 0-answer, ”No”, when asked if they experience pain in feet, the
Task navigates to the vibration section skipping the rest of the pain section.

1 RPStepJumpRule noPain =
2 RPStepJumpRule(answerMap: {0: vibrationInstructionStep.identifier});
3

4 RPNavigableOrderedTask examinationTask = RPNavigableOrderedTask(
5 closeAfterFinished: false,
6 identifier: 'ExaminationTaskID',
7 steps: [
8 introductionStep,
9 symptomsStep,

10 ...prickStepList,
11 skipPainStep,
12 ...painStepList,
13 vibrationInstructionStep,
14 ...vibrationStepList,
15 ...motorStepList,
16 freeTextStep,
17 ])
18 ..setNavigationRuleForTriggerStepIdentifier(noPain, skipPainStep.identifier);

Listing 4.1: examination_survey.dart. Collecting all parts and creating the Task.

4.2.5 Examination result score and persistence
The score of the examination is displayed in multiple places in the application and is used
in result export as well. To calculate the score of an examination, an RPTaskResult is
narrowed down to a list of step results that count towards the score. Then, the list is
folded, retrieving the answer values from each of the steps and adding them together.

Examination results are stored using the result repository. After the examination is com-
pleted, the result object is serialized using the carp_serializable package [67] and inserted
into the database. Each inserted result has a unique, automatically generated id. The id
of the last result inserted is stored after it is generated, which enables retrieving the latest
result. When a result is retrieved, it needs to be deserialized back to an RPTaskResult ob-
ject. Deserialization is performed using RP mixed with custom elements to ensure proper
type casting.

The score is not stored with the result, as it is not part of the result object. It is calculated
separately in components that display it. This is also true for the Examination Completed
page shown after questionnaire completion (see Figure 4.3f). The result is first saved
to the storage, then the latest result is retrieved and made available on the examination
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Completed page, making it possible to see the score, download the result or see detailed
results. A loading screen is displayed for at least one second while the results are re-
trieved. If it was only shown for the duration of the operation, it would vanish so quickly
that it would look like a glitch.

4.2.6 Exporting results
Individual or all results can be exported from the application to the user’s mobile device
as a csv file. In that format, each result is a row. The headers are the following:

1. Timestamp of the examination
2. User’s sex (empty if not provided in settings)
3. User’s date of birth (empty if not provided in settings)
4. Result - score of the examination
5. Graded tasks identifiers (27 headers)
6. Comments step identifier
7. Pain section identifiers (5 headers)

In the RP framework, each step has an identifier. All of the examination steps have been
implemented with unique identifiers, so each of the questions will produce one header
for the csv file. Each exported result is mapped to a list of strings that will become a
row during export. For all headers in the above mentioned order, a cell value is retrieved
by matching the header to a step result and extracting the answer value. Cell values
for headers that are not part of the result object, are retrieved from the user’s data from
settings, or calculated. Then, the to_csv [64] plugin is used to create a csv file and open
the device’s file saver so the user can decide where to save the file.

4.2.7 Localization
The application is available in two languages - Danish and English. The language is not
dependent on the user’s device locale, and can be changed in the settings page. That
choice is then persisted using the Shared_preferences plugin [63].

Displaying the text in the correct language is carried out with two localization delegates
- one from the RP and a custom one. With built-in support for Danish and English, RP
delegate translates parts of the survey - the ”next” button, and the warning dialog when
exiting the examination.

For the rest of the text, two files were created in the assets folder, one for each supported
language. Each contains the same set of keys and translated strings in a nested structure,
meaning that a key can indicate a section, which then contains key-value pairs for the
translation. When the application is initialized or when the language is changed, a map of
localized values is loaded. The nested translation file of the selected locale is flattened.
An example of this would be:

"common": { "yes": "Yes"} => "common.yes": "Yes"

The flattened key contains both the section and the individual key. All components of
the application that display text, render it by referring to the translate method of the
localization class, providing the flattened key as parameter. An example of that would be:

Languages.of(context)!.translate('common.yes')

The Languages localization class is initialized during the application start in the widget on
top of the widget tree, so it exists in the context of each child widget.
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5 Validation Study
After arriving at our final design, we carried out a study on the scoring system in order to
validate that the self-assessment tool could be useful in detecting DSP and assessing its
severity.

We would determine this by comparing the scores from examinations using both our ques-
tionnaire and TNSc. Both would be carried out on each participant, thus making it possible
to correlate one score with the other. Getting a high correlation would indicate that our
self-assessment tool’s ability to evaluate the severity of DSP is comparable to that of
TNSc.

The study took place at the outpatient clinic at the Neurological Department of Zealand
University Hospital with aid from the clinical supervisor. Even though the goal of the self-
assessment tool is to be used at people’s home without supervision, the clinical setting
was chosen instead for practical reasons: We would have to be able to provide phones
with the app on it for all participants, the third iteration had not been user validated which
means that there still could be major problems, and the goal of this study was to validate
the scoring system under the assumption that the tests are performed as intended.

5.1 Methods
The clinical supervisor provided an exam room for carrying out the study and time sched-
ules for consultations at the outpatient clinic, as well as a reflex hammer and a tuning
fork. The study had two phases: In phase I, the participant used the app to get a self-
assessment, and in phase II TNSc was conducted on them. This ordering was chosen
to reduce the amount of exposure participants had to the types of tests before the self-
assessment, and so they would base the responses on their own experiences rather than
our findings. Both phases were completed for each participant during the same appoint-
ment.

5.1.1 Preparations for TNSc
TNSc, as explained in subsection 2.2.2, is one of the diagnostic measures aimed at DSP.
It is usually performed by a clinician, but we were trained by the clinical supervisor to be
able to carry it out ourselves.

To ensure that all results from TNSc were collected in one place, a survey was created
in Microsoft Teams containing all the examination questions. We filled out the survey
alongside doing the tests, and upon completion, Teams automatically added the survey
results to an Excel sheet. This also meant that the ordering of completed surveys was
kept intact, ensuring that TNSc results could easily be paired with the app results. As a
precaution, a question field was put in the Teams survey for entering the corresponding
app score.

5.1.2 Recruiting participants
The time schedules provided by the clinical supervisor contained information on the kind
of consultation each patient was coming in for, but not whether they were neuropathy pa-
tients. Alongside neuropathy appointments, patients came for more general neurological
consultations such as Electromyography, making it difficult to know which patients were
DSP patients. Recruited participants were not asked about diagnoses or other sensitive
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information. Some were returning or control patients while others were new, meaning that
their familiarity with the procedures in measuring neuropathy varied greatly.

Considering the goal of the study, it is a benefit if the participants are evenly distributed
across the spectrum of neuropathy severity, and not clustered in either end. This allows
the whole range of possible scores to be tested and help avoid artificial inflation of the
correlation.

Since the majority of the general population will have none or very few symptoms and
signs related to DSP, a cluster is more likely to appear at the low scores. To minimize
the number of participants in this range, patients who had the most relevant consultation
types were prioritized.

A total of 17 patients were recruited for the study, 5 being male and 12 female. Ages
ranged from 40 to 75. The study was an organic process that shifted back and forth
between recruiting and conducting the study on patients. This means that there wasn’t
and overarching phase I and II of the study, but that each participant was taken through
both phases individually.

5.1.3 Phase I of study - Self-assessment tool
In the first phase, the participants performed the survey using the application. They were
provided with a phone running the implemented app in Danish and a safety pin, and then
asked to carry out the examination. Participants performing some of the survey steps can
be seen in Figure 5.1.

(a) Pin-prick (b) Vibration (c) Motor

Figure 5.1: Study participants carrying out the self-assessment in phase I.

Since the goal was to validate the scoring system under the assumption that tests were
conducted as intended, we didn’t enforce strict restrictions on answering participants’
questions.

5.1.4 Phase II of study - Total Neuropathy Score clinical (TNSc)
In the second phase, TNSc was conducted on the participants, and Figure 5.2 shows
some of the components of the measure being performed. The procedure was mostly
as described in subsection 2.2.2, except that testing was mostly focused around the legs
due to the previously mentioned fact that neuropathy develops there much earlier than in
the arms.
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Participants were first asked about the four sensory symptoms. For each of the symptoms
they were asked if they experience it in the feet and legs, and it was determined how far
up. For motor symptoms, they were asked about the feet and legs, as well as the hands
and arms, to uncover if they had any difficulty using them.

Pin-prick sensation was tested with the safety pin on the feet and legs, using the clavicle
as a reference area, and it was determined how far up the leg the sensation was reduced.
A 128 Hz tuning fork was used for testing vibration sensation in the leg. Four bones were
used, the bone on top of the great toe, the outer ankle bone, the bone right below the
knee and the hip bone. For each of those, the participant was asked how well they could
feel the vibration.

For motor strength, the ankles, fingers and wrists were all tested, but reflexes were only
tested in the ankles with the Achilles tendon and in the knee with the patellar tendon.
Finally patients were asked about the autonomic symptoms.

(a) Pin-prick (b) Vibration

(c) Motor (d) Reflex

Figure 5.2: TNSc carried out on study participants in phase II.

5.2 Results
Having conducted the study, the collected data was processed and prepared for analysis.
Out of all the participants, the vast majority showed symptoms or signs relevant to DSP,
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but they were not necessarily caused by it. An example was a person with pinched nerve
in their hand and experiencing leg cramps, which was picked up by TNSc, but didn’t
correspond to any of the factors measured by our application. The total scores from our
self-assessment tool were automatically computed and were in most cases ready to be
used as-is.

There was one case where a study participant had given responses in the app that re-
sulted in a score in the lower half of the spectrum, while the results from TNSc indicated a
much more severe condition. Discussion with the patient revealed that there were major
inaccuracies in their responses to the pin-prick and vibration sections, possibly due be-
ing inattentive to the answer options. After consulting with the clinical supervisor, it was
agreed that since we assume correct usage of the tool and we knew what the score would
have been, we would correct the app score.

Unlike the examination with the self-assessment tool, the TNSc examination was fully
supervised, and no errors in the responses were discovered. The collected results were
sub-scores that were computed into the total score after the whole study was complete.

5.2.1 Quantitative results
After arriving at the total scores from the study participants (see Appendix B.2), the Pear-
son correlation of the two measures was computed to 0.861, which is seen in Figure 5.3.
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Figure 5.3: A scatter plot displaying scores from the application and TNSc, as well as a
linear fit of TNSc score as a function of the app score.

It can also be inferred from the figure that the collected results for both measures are
well-distributed, but Figure 5.4 shows it even more clearly. There are no major clusters in
either measure, and only some gaps.
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Figure 5.4: The scores collected during the study for both measures. The y-values are
randomized in order to reveal duplicate scores. The x-axes span the ranges of possible
scores.

5.2.2 Qualitative results
In phase I we found that the participants did not have much trouble conducting the self-
assessment. Even those with the most severe neuropathic symptoms and signs were
able to complete it on their own. Participants occasionally asked questions about the
tests, but the main thing they asked for was getting confirmation whether they were doing
it correctly, and there was no need for correction.

Participants were confident in their responses for most steps, though vibration was the
one section that was troublesome. Similar to what was found during usability testing in
chapter 3, participants had difficulty telling if the vibration is felt in the feet or hands. This
meant that they often couldn’t answer the vibration questions confidently.

During the study, it became very evident how important it is to make the survey questions
easy to grasp. As previously stated, one participant happened to give responses to pin-
prick and vibration opposite to what they felt, resulting in a large error in their score.
This was a very clear case of an error happening in the self-assessment, and it draws
to attention that there may be errors in other data points as well, though smaller and
unnoticed.

Though TNSc was performed fully supervised, those measurements can contain some
uncertainty as well. As mentioned in subsection 2.1.4, correct testing of reflexes can be
difficult, and when we were doing it, it was often hard to tell if the reflex was absent or if
the test was performed with incorrect technique.
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6 Discussion
In this chapter it will first be discussed whether the research sub-questions, and by ex-
tension the overarching research question, have been answered over the course of the
project. Then, more specific topics of the project, such as design, study and potential will
be discussed.

6.1 Research question
State-of-art neuropathy diagnostic tools were researched in order to determine the fea-
sibility of a PRO assessment tool that people can use without guidance from medical
professionals. It was found that even though state-of-art measures are developed for use
by clinicians, there is great potential for many of the individual measurements to be carried
out by a person on their own. NCS is an example of a measure that is not possible, and
reflex evaluation is unlikely due to the difficulty of reliable execution. On the other hand,
symptom reporting, pin-prick testing and motor strength, which are among the common
measurements of early neuropathy, were shown to be feasible without assistance if proper
instructions are provided. We were not able to determine with high certainty if vibration,
which is also common in early neuropathy assessment, is feasible as well.

A set of tasks and questions were developed in collaboration withmedical specialists in the
field and potential users of the self-assessment tool. Input from both sides was necessary
in order to ensure that the steps are easy to perform, that users can be confident in their
responses and that the collected results are useful for clinicians. This succeeded for most
steps in the iteration used for the study, but some steps would benefit for further iterations,
as will be discussed further in this chapter.

The scoring system of the self-assessment tool is based on the UENS, meaning that both
the set of steps in our survey and the amount of points they add to the final score has
much in common with that measure. While pin-prick and motor tests are identical in their
scoring, testing reflexes was completely removed. Hyperesthesia was expanded to con-
tain individual steps for allodynia and hyperalgesia. Large fiber sensation was drastically
changed in order to simplify the test, only distinguishing between present and absent
sense of vibration and joint position. For vibration, the ankle and knee were included as
well. Despite those changes, the amount of points scored for this section remained the
same as in UENS. General symptoms was added to determine how far up the leg users
feel neuropathic symptoms. A pain section implementing the DN4 questionnaire and a
visual analogue scale for pain were added as well. These scores are separate from the
overall neuropathy assessment score given at the end of the survey.

A study was carried out, testing our final iteration of the self-assessment tool on patients
alongside the clinical version of the widely used TNS measure. Each patient was scored
with both tools to enable a comparison between them. There were 17 participants in the
study and we arrived at a correlation between the two tools of 0.861, which is generally
considered to be a high correlation [68]. The result will be discussed in more detail further
in this chapter.

6.2 Design
When moving a measure of medical relevance from the clinic to an in-home setup, great
care and effort must be put into the implementation. Though measures of neuropathy per-
formed by medical professionals aren’t infallible, the risk of errors is even greater without
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their presence. Through UX design methods and consultations with medical specialists
in the field, we have worked towards making the self-assessment as easy to perform and
reliable as possible.

A major ambition of the project was to make the self-assessment tool accessible, both in
terms of usage, and the required materials. The common measures of neuropathy are
not publicly available, and many rely on specialized equipment, greatly limiting the acces-
sibility of the measurements. Mobile applications have great reach due to the amount of
people owning smartphones. As mHealth apps are increasingly seen as potential plat-
forms for self-assessment, it makes sense to use them to reach people who would benefit
from such self-assessment tools [18]. The vibration functionality of smartphones also has
the the potential to act as a substitute for the tuning fork, which is used by many neuropa-
thy measures.

From both usability testing and the study we have seen that most of the tests in the survey
are easy to conduct and users can respond to questions with confidence. Motor examina-
tion is an example of a test that didn’t change from the first design iteration to the last, due
to it never causing difficulty for the users. On the other hand, the pin-prick test changed
with every iteration, and it wasn’t until the last one that the instructions were conveyed
in a way that users fully understood. Validating and tailoring an mHealth application to a
user with no medical background is not easy and doesn’t always fully succeed. During a
feasibility study of the NeuroDetect app [48], 58% of the study participants reported hav-
ing issues with the study questionnaires. Further 21% of participants had issues with the
functional tests of the product.

There were also some design problems that weren’t solved in this project. Most notably,
”none” is a confusing option when users are asked to compare pin-prick sensations, and
that users had difficulty telling vibration felt in the feet apart from vibration in the hand.
Possible solutions to this problem, that weren’t investigated, could be using a reference
point, asking someone else to hold the phone or putting padding between the phone and
hand to reduce vibration felt in the hand.

From the study it was seen that patients, even those whose ability to move is impacted
by their neuropathy, were able to carry out the steps of the survey. This indicates that the
majority of the target users, people at risk of neuropathy or those with early neuropathy,
would be able to use the self-assessment tool. It was rare for participants to ask questions
due to not understanding tests. When they did ask questions they were mainly asked for
confirmation if they performed tests correctly. We find that this is to be expected when
partaking in a study under observation, and do not see it as alarming.

There was one participant of the study who had major errors in how they reported results
in the survey. This was surprising, as no other instances were encountered of users
consistently giving responses that differed from their experiences. While UX design aims
to make a product as easy to use as possible, this is an example showing that it cannot
guarantee that the product will suit everyone. It indicates that there may still be a need
for either simplification of instructions or clearer communication.

In the last design iteration of the project, the Examination Completed page does not offer
a diagnosis, and was iterated upon to dissuade users from inferring one. This is due to the
restrictions that apply to products that can be considered medical devices, which includes
apps that are intended for use in diagnosis of diseases [69]. Since this project is an in-
vestigation of the feasibility of such tool, implying a diagnosis at this stage of development
could be dangerous and incorrect, as it has not undergone extensive validation.
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Only the survey part of the application was validated, though there are other parts that
would benefit from validation as well. The Settings page (Figure 4.8a), where users can
enter basic personal information, choose language, download or delete all previous re-
sults and set vibration duration, needs validation. Especially the vibration duration setting,
which is used for circumventing hardware limitations and therefore is more technical that
the other settings. The Detailed Results page should ideally be easy to interpret for users
interested in specifics about their condition, as well as medical professionals, who should
be able to use the results to assist in diagnosis. That extends to the result exporting func-
tionality where it should be easy for users to export results and deliver them to medical
professionals, and for the medical professionals to import and get useful information from
the results.

It was decided to make the app completely offline for this project, since adding it would
impose regulations on data privacy and security, which would only distract from the goal
of the project. This is why the two options for sharing data is by showing the app to
someone else or downloading results and sending them through a different service. Data
sharing, especially with medical professionals, could be made much more convenient by
implementing an online functionality in the future.

6.3 Grading Tool Validation
The validation study was a small scale study that was meant to indicate if the tool can
be considered for further, full evaluation of its clinical application and validity. The results
from self assessment have shown high positive correlation to the TNSc measure.

The Pearson correlation of 0.861 that our tool shows with TNSc is comparable to how well
different measures correlate to each other. When UENS was introduced, its correlation
to two other state-of-art tools were 0.895 and 0.863 [41]. The correlation of our tool was
investigated using patients on a wide spectrum of the grading scale (see Figure 5.4). This
indicates that our tool agrees with TNSc on the whole scale evenly.

The study was performed in a clinical setting, and with the scoring correlating in a sat-
isfactory degree, we believe it would perform well when used at home, as the patients
required little to no guidance when using our application. This would require additional
study to validate, for which we did not have available resources or time. Unsupervised
examinations carry the risk of errors, which became apparent during our validation as
well. A broader study would better measure the frequency of the issue.

It would be beneficial to expand the validation to compare the self-assessment tool to
additional measures as well, with a detailed study of the correlation of similar segments
of the measures - such as pin-prick or large fiber sensation. This would eliminate the risk
of bias, and provide better insights to which areas of the examination may be a weak point
of the tool.

6.4 Limitations
There are several limitations of the project that surfaced during design, implementation
and evaluation. These points raise some concerns and require addressing:

• As previously mentioned, vibration aspect of both design and implementation may
be unreliable in the current form. Due to hardware limitations - testing the application
on two mobile phones owned by the authors, it is not certain how it will perform on
different devices. Even with the two devices, there were issues with how long the
phone was able to vibrate. Additionally, patients struggled to differentiate if they felt
the vibration in the point of the leg or in the hand holding the phone.
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• The study contained a medical examination - TNSc, but it was not performed by
clinicians. This could lead to inaccurate measurements, especially in testing deep
tendon reflexes. The technique is not easy to master, and even with training we
obtained, we cannot be sure it was performed reliably by us.

• Unsupervised testing and usage of the application may lead to more errors than we
were able to perceive during the study. One of the patients selected the opposite
answers to most questions, and it was only noticed because there was someone
observing the examination. This case happened for only one of the 17 participants,
but it should be a concern and question in a larger-scale study.

• As the country of the project and the performed study was Denmark, only the Danish
version of the grading tool was validated. The application is available in English, but
we cannot speak on its correlation with TNSc.

• Parts of the final implemented design were not validated, and may require more
development and adjustments. Segments that were not subject to an usability study
were the settings, result export and detailed results page.

• Due to lack to access to iOS devices during implementation, it is not certain if the
application performs as intended on that system.
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7 Conclusion
Data analysis at the end of the project implied that it is possible for patients to use a mobile
self-assessment tool for polyneuropathy with a high positive correlation to a diagnostic
measure used by clinicians.

We developed a design of an mHealth grading tool for polyneuropathy, an innovation
that has not previously been widely implemented, used and studied. The fundamental
objective was shifting the user of a state-of-art measure from the clinician to the patient,
providing a way for patients to conduct the examination themselves. Consulting with the
clinical supervisor, we have modified and expanded the UENS, creating a questionnaire
consisting of tests and question steps.

The new grading tool encapsulates a wide range of findings and symptoms of polyneu-
ropathy, including small and large fiber sensation, hyperesthesia and motor strength tests
that can be performed without the presence of medical professionals or specialized tools.
Like the UENS, it still emphasises signs of early neuropathy, as over half of the points pos-
sible to obtain comes from the pin-prick sensation. In the same tool we included questions
from the DN4 questionnaire, that do not contribute to the score, but provide context about
the pain the patient may be experiencing. The total length of the questionnaire was 38
steps, with 0-44 point range, where more points indicate more findings and symptoms of
polyneuropathy.

The user - a patient or person at risk of neuropathy, was the center of the design. The
clinical measures, meant for medical professionals, rarely provide precise directions and
instructions, and the phrasing used is complicated and not accessible to a user with no
medical training. With an examination meant to be carried out without clinical supervision,
it is imperative to be as certain as possible the patient will perform the tasks as intended.
This is why we compiled a set of precise instructions, with pictures and additional informa-
tion available. During usability testing we identified flaws and corrected them as much as
possible. We noticed the users were not necessarily applying all instructions, especially
in the pin-prick section, so the pictures were expanded to include all the steps and more
precise depiction of sections meant to be tested.

The questionnaire has been implemented as an mHealth application, and the only things
necessary to perform the examination are a safety pin and a mobile device with the appli-
cation installed. The application is not available in any mobile stores, but can be compiled
and installed directly from the code. We implemented the tool as a survey and added result
screens, settings and a home page displaying all previous examinations. The application
language can be English or Danish. Only the grading tool in Danish was validated during
the study, as it was the focal part of the project.

A validation study was performed with 17 patients of the outpatient clinic at the Neuro-
logical Department of Zealand University Hospital. Even though the application is meant
to be used outside of the clinical setting, we decided it was important at this stage to
observe the use of the application, so the study was conducted at the hospital. The pa-
tients used our tool by themselves without assistance, but due to our presence in the
room they sometimes asked questions, mostly to reassure that they were performing the
instructions correctly. Despite the efforts to design precise instructions, some points of
the examination still sparked confusion, especially sensing the vibration. The vibration
was a challenge due to two reasons - phones can have different vibration frequencies,
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and holding the phone in your hand while pressing it to your leg can make it difficult to
ascertain if you’re sensing it in the examined point. The instructions for this part could
still be improved, for example by providing an reference area, such as is done with the
pin-prick examination, provide padding between the hand and phone, or asking someone
else to hold the phone if possible. One of the patients had marked opposite answers
for pin-prick and vibration questions, seemingly not understanding the phrasing. This is
a major concern with unsupervised examination, and it shows it cannot be assumed all
users will receive accurate results.

For all patients that participated in the study, after they completed the self-assessment
using our tool, we performed a TNSc examination. Since it was not performed by trained
physicians, its results might not perfectly resemble those that medical professionals would
obtain. The results from our tool and TNSc were analyzed, and showed a high positive
correlation of 0.86. This is comparable to how well clinical measures correlate to each
other. This data suggest that the new questionnaire might be a useful tool to assist in
polyneuropathy detection or diagnosis.

The data we obtained is not enough to prove that the tool can be used to detect early
neuropathy. It would require a more extensive study, with a much larger number of par-
ticipants. The same is true for using the tool in a non-clinical setting. Though the patients
did not take the phone or application home, they performed the self-assessment without
our intervention or guidance, which leads us to believe that it can be used this way. The
design includes data export, meaning that the application in its current state can be used
for further studies.

In summary, the research question was answered, indicating that the proposed design
and implementation shows potential to become a tool to assist clinicians in diagnosing
polyneuropathy, designed to be performed by patients themselves. While showing good
correlation with state-of-art neuropathy measures, further study including medical profes-
sionals is required to fully validate that, as well as ascertain the ability of the tool to detect
early neuropathy.
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A Acronyms
BLoC Business Logic Component

CACHET Copenhagen Center for Health Technology

CARP Copenhagen Research Platform

CIPN Chemotherapy-Induced Peripheral Neuropathy

DN4 Douleur Neuropathique 4 Questions

DPN Diabetic Peripheral Neuropathy

DSP Distal Symmetrical Axonal Polyneuropathy

DTU Technical University of Denmark

mHealth Mobile Health

mTCNS modified Toronto Clinical Neuropathy Score

MVP Minimum Viable Product

NCS Nerve Conduction Study

NoSQL Not Only SQL

PRO Patient-Reported Outcome

RP Research Package

SFN Small Fiber Neuropathy

TNS Total Neuropathy Score

TNSc Total Neuropathy Score clinical

UCD User-Centered Design

UENS Utah Early Neuropathy Scale

UI User Interface

UX User Experience
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B Results
B.1 Mobile Health (mHealth) Application
The source code for the implemented application can be found in a Github repository by
following this link: https://github.com/jeyjey626/neuropathy-app.

B.2 Validation Study Data
Table B.1 presents the data points of the validation study. The date of appointment with
each participant, their sex and age are listed. The table contains both scores obtained
with TNSc and the project’s self-assessment tool (Application score).

Table B.1: Data gathered from the validation study

Date (DD.MM.YYYY) Sex Age TNSc Score Application score

05.06.2023 Female 42 2 7
05.06.2023 Male 41 15 19
05.06.2023 Female 40 1 2
06.06.2023 Female 55 16 22
06.06.2023 Female 48 19 37
07.06.2023 Female 55 4 2
07.06.2023 Female 48 6 5
07.06.2023 Male 67 10 25
07.06.2023 Female 75 13 25
08.06.2023 Male 58 24 26
08.06.2023 Female 73 10 6
08.06.2023 Male 65 7 0
08.06.2023 Female 51 4 7
09.06.2023 Female 63 16 20
09.06.2023 Male 40 13 13
13.06.2023 Female 58 24 37
13.06.2023 Female 52 9 12
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C Tables of contributions

C.1 Theoretical work

Chapter or section Julia Mads
1 Introduction X X
1.1 Research Question X
1.2 Research goals and methods X
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2 Background and Prior Work X
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2.2 Diagnostic measures for peripheral neuropathy X X
2.3 Existing tools for self-assessment of neuropathy X
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3.2 Grading tool design X
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4.1 Design X
4.2 Implementation X X
5 Validation Study X
5.1 Methods X
5.2 Results X
6 Discussion X
6.1 Research question X
6.2 Design X X
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6.4 Limitations X
7 Conclusion X

Table C.1: Contributions to the thesis. The chapter contributions only encompass the
text before the first section.
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C.2 Empirical work
Area Task Julia Mads

Software structure
and collaboration

Creating GitHub repository and workflow X
Creating GitHub pull requests X X
Reviewing and merging GitHub pull requests X X
Application structure X
Code documentation X

Validation and study

Defining design validation goals X X
Conducting design validation X
Extracting learnings from design validation X
Conducting study X X
Extracting study results X

Design and
implementation of
user interface

Main page X
General symptoms section X
Pin-prick sensation section X
Allodynia/Hyperalgesia section X
Neuropathic pain section X
Large fiber sensation section X
Motor examination section X
Examination complete page X
Detailed results page X
Settings page X

Other software
components

Implementing result and settings database X
Implementing result exporting X
Score calculation X
Making and translating localization files X
Implementing localization X

Table C.2: Contributions on the empirical work.
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