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ABSTRACT

This thesis proposes a method of detecting autonomic neuropathy in low-income countries using an
infrared camera. Access to healthcare is often limited in low-income countries delaying the detection of
neuropathy. If neuropathy can be detected in the earliest stage, often the autonomic state, damage to
motor and sensory nerves can be prevented. To develop the method for detecting autonomic
neuropathy, first the autonomic system was researched, followed by looking into the effects of
neuropathy on the autonomic system to discover what physical properties might be measured with the
detection device.

Four affected physical properties were determined through literature research: blood flow, blood
pressure, skin resistance, and skin temperature. Of these properties, skin temperature was found to be
the most promising based on a literature study, as it seemed to be both easily measurable and relatively
independent of other bodily functions. Then the constraints of healthcare in low-income countries were
examined and devices that work within these constraints were identified. Of these, the infrared camera
showed the most promise, because of its ease of use and cost to accuracy ratio.

A single-subject study was performed to test the restorative capacity of the autonomous system by
deliberately changing the temperature of the hand with a heating and cooling agent. Four locations were
used on both hands, and both palmar and dorsal side of the hand, using different doses of the agents.
The temperature change of the skin was measured using an InfraRed (IR) camera.

A large variation in results was found, but the results did show some evidence for structural differences
in the temperature normalization between the affected and unaffected hand. The palmar side shows a
stronger reaction than the dorsal side. The cooling agent seems to be more effective, but there are some
caveats attached to its use. An interesting observation is that the most noticeable difference between
left and right was measured in an area of low circulation. This gives some indication that this area has
the most difficulty with returning to the neutral state.

Conclusion: This research shows that skin temperature variation as a result of applying heating or cooling
agents to the skin can be measured using an infrared camera, suggesting that minor variations in skin
temperature as a result of neuropathy can also be measured, further research with more test subjects
should be done.



1 INTRODUCTION

According to the World Health Organization (WHO) more than 200.000 new cases of leprosy, also known
as Hansen'’s disease, are reported each year in over 120 different countries [1]. -Leprosy can be
effectively treated when detected using a regiment of antibiotics [2]. This has led to a great reduction in
leprosy cases in the world.

<100

: ; Nt
I_? ; o

2 100 - 999
B : 000 - 10000

B >:10000

Not applicable

No data

Figure 1: New cases of leprosy in 2021 [3]

As Figure 1 shows, leprosy has been mostly eliminated from the developed countries and the main
hotspots are in South America, Asia-Pacific, and Southwest Asia. These countries have in common that
access to healthcare is often limited. This means diagnosis is often late and irreversible damage has
already been suffered.

Leprosy is a disease that damages nerves. It damages the nerves in an asymmetrical pattern and is
generally limited to the extremities[4]. Most often it tends to affect the autonomous nerves before the
sensory nerves[5].

To prevent permanent damage, it is important to diagnose leprosy early so that treatment can be
administered as quickly as possible[5]. Since leprosy first affects the autonomous system before affecting
the sensory system[6], this means that if the damage to the autonomous system can be measured, it can
be used to diagnose leprosy before damage to the sensory system can occur.

To assess autonomous function in a low-income setting, different constraints apply compared to
assessing autonomous function in a higher-income setting. Autonomous nerves are generally assessed
using large expensive devices. Two main methods are used nerve conduction tests (NCS) and
Electromyography (EMG)[7] both of these are impractical for low-income settings where the devices
used for these methods are not easily accessible.

1.1 RESEARCH QUESTION
The autonomous function is not only damaged by leprosy but also by other types of nerve damage.
Therefore, the research question has been made broader by looking at the assessment of autonomous



nerve damage in low-income settings but has been limited to the upper extremities. This has led to the
following research question:

“Is it possible to detect asymmetrical neuropathy at an early stage by assessing the autonomic function
of the upper extremities using existing (non)medical devices in a low-income country?”

This research question consists of various subparts. Sub-questions have been formulated to answer the
various parts of the research question. Each sub-question is followed by a clarification of what the
question is trying to answer.

1. What physical properties can be used to assess autonomic function?

Before neuropathy can be detected it is important to look at how autonomic function can be assessed.
To do this it is useful to look at what physical properties are controlled by the functions of the
autonomous system.

2. What is the relation between autonomic function and (asymmetrical) neuropathy?

The answer to this question will show how neuropathy can disrupt autonomic function. This will help
clarify how neuropathy disrupts autonomic function and help with discovering how this disruption might
be assessed.

3. How does neuropathy affect the upper extremities?

Here the effects of neuropathy are examined on the upper extremities. The focus will mostly be on the
hand region, but the rest of the upper extremities will also be examined.

4. What are the constraints imposed by a low-income country setting?

Here the limitations imposed by a low-income setting are further expanded upon. Not only in terms of
costs but also training and practicality. This gives a list of constraints that possible devices need to fit
within.

5. Which (non)medical devices are suitable for assessing autonomic function?

With the above questions answered a list of requirements can be created to find suitable devices. The
potential devices are gathered and graded with this list of requirements. Then the most suitable device is
chosen to be used in testing.

6. Isit possible to detect neuropathy using the found devices?

Here the devices found in the previous sub-question are tested for their potential usefulness. To do this
the property they extract is determined and test protocols are made. These tests are then performed in
a pilot test that will determine the feasibility of the devices as a means of assessing neuropathy.

1.2 REPORT STRUCTURE
First, the clinical background of leprosy and autonomous nerve damage will be examined. Next a list of
suitable devices and the constraints that limit them are discussed. After this, the experimental design will
be explained. Then the results will be analyzed and lastly, a discussion of the found results is made.



2 CLINICAL BACKGROUND INFORMATION

To assess autonomous function and possible damage done to it, it is important to know what exactly the
autonomous system is and how it may be damaged by neuropathy. The original question that led to this
research was to assess autonomous function with existing low-cost devices in patients suffering from
leprosy. Therefore, the analysis of the autonomous function is placed into the context of leprosy. To do
this, first leprosy is examined and how it affects the body after that autonomous function is assessed and
the physical properties that are affected by disruption of autonomous function.

2.1 LEPROSY
Leprosy, also known as Hansen’s disease, is a chronic infectious disease caused by a bacterium,
Mycobacterium leprae. It predominantly affects the skin and peripheral nerves and can be effectively
treated with multidrug therapy[8].

2.1.1 Transmission
Leprosy is transmitted by droplets from the mouth and nasal passages, and possibly by skin-to-skin
contact. Prolonged contact is needed for transmission [9]. The incubation time of leprosy can be very
long ranging from 1 to 20 years, averaging around 5 years [10]. An estimated 95% of the world’s
population is not genetically inclined to the disease, but there is some variation in the degree of
immunity to the disease [11].

2.1.2 Symptoms
The main symptoms of leprosy can be divided into symptoms of the skin and symptoms of the nerves
[12]. Symptoms of the skin include the onset of redness and swelling, as well as lesions. The symptoms of
the nerves may include pain or tenderness, numbness, loss of nerve function, and muscle weakness [13].

2.1.3 Diagnosis
Three cardinal signs are mainly used to diagnose leprosy: anesthetic skin lesions, enlarged peripheral
nerves, and acid-fast bacilli [14]. Of these, the nerve thickening is indicative of possible neuropathy. The
anesthetic skin lesions can be seen after physical examination, for the other two symptoms multiple
tests are available.

To find acid-fast bacilli a smear test may be employed. This is taken from nasal, mucosa, ear lobe, and/or
skin lesions [15]. Then a Ziehl-Neelsen stain is used to make the bacilli visible proving infection. Another
option is to take a skin biopsy and stain it using the Fite-Faraco technique [16]. To test the nerves a
monofilament test may be used. This consists of filaments being run over the suspected affected region
with varying thickness testing for sensitivity.

Leprosy may also present in a purely neural way. This complicates diagnosis because there are no lesions
to observe [17]. Because only the nerves are affected detection is usually delayed until sensory nerves
have been affected. This might lead to permanent disability, as treatment has less effect when this stage
of the disease is reached.

2.14 Treatment
Originally patients diagnosed with leprosy were required to take antibiotics their entire life until Multi-
drug therapy was introduced in 1982 [18]. This proved to be very effective and is only required to be
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taken for about a year according to the WHO. After treatment, both physical and social limitations may
remain, as damaged nerves may not recover and stigmata of once having suffered leprosy may never go
away [19].

2.2 AUTONOMOUS FUNCTION
Autonomous function is controlled by the autonomous nervous system. To increase the understanding
of autonomous functions first the entire autonomous nervous system will be examined. After this, the
focus will be shifted to the peripheral nervous system and then the physical properties associated with
the autonomous nervous system are discussed.

2.2.1 Autonomous nervous system
The autonomous nervous system (ANS) is responsible for all involuntary actions of the body. This
includes digestion, heart rate, respiratory rate, pupillary response, urination, and sexual arousal [20]. It is
also the primary motivator for the flight-or-fight response.

The ANS consists of three different parts: the sympathetic nervous system, the parasympathetic nervous
system, and the enteric nervous system [21]. The sympathetic nervous system is responsible for the
fight-or-flight reactions, the parasympathetic nervous system is responsible for feed-or-breed reactions,
and the enteric nervous system is responsible for the gastrointestinal system.

The sympathetic and parasympathetic nervous system work closely together and are integral to keeping
the ANS in balance. Initially, it was thought that the sympathetic system was responsible for "excitatory"
responses while the parasympathetic is responsible for the "inhibitory" responses, this however has
been disproved. The next distinction that is still generally held is that the sympathetic system is
responsible for quick responses, such as accelerated heart rate and pupil dilation, and the
parasympathetic system is responsible for slower dampening responses, such as decreasing heart rate
and respiration. Although this is not entirely true of the sexual arousal aspect of both systems [20].

2.2.2 Autonomous peripheral nervous system
The peripheral nervous system (PNS) is the nervous system that is not part of the brain, brainstem, and
spinal cord. Neuropathy usually occurs in the peripheral system and this is why the focus lies on the
peripheral system [22]. This focus on the PNS means that of the physical properties controlled by the
ANS, only three main functions remain. The main autonomous function of the PNS is the control of the
dilation and constriction of veins and arteries, skin wrinkling, and control of the sweat glands of the
peripheral system [20].

2.2.3  Physical properties influenced by the autonomous peripheral nervous system
The main autonomous function of the PNS is the control of the dilation and constriction of veins and
arteries, skin wrinkling, and control of the sweat glands [23]. The physical properties associated with
these functions will be discussed to what extend they influence the autonomous nerve system.

Sweating is a form of thermoregulation for the body as a means of temperature reduction while under
heat stress [24]. Sweat glands are, like hair follicles, cutaneous appendages. Sweat is 80% water
combined with minerals and salts. Neuropathy disrupts the function of sweat glands and leads to lower
sweat production or even the absence of sweat production [25]. This disrupts the function of sweat
glands to reduce body temperature which could be measured to assess autonomous function through
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electrical resistance of the skin. Sweat is conductive because the presence of NaCl, with conductivity
increasing with higher NaCl concentrations [26]. With less sweat, the concentration of NaCl will be lower
this decreases conductivity. This conductivity can therefore be linked to neuropathy through skin
resistance, as it will be lower as less sweat is produced. It is important to keep in mind that autonomous
function is not the only driving force behind sweating stress and anxiety may also trigger a sweat
response, especially in the hands and feet. [25].

Skin wrinkling is the appearance of reversible undulations on the surface skin. It is a result of
vasoconstriction and is part of the sympathetic nervous system [27]. The wrinkling of the skin creates a
topological landscape that may be measured to assess autonomic function.

An important mechanism of the autonomous nervous system is the control over the dilation and
constriction of the arteries and veins which is important for body homeostasis [28]. Three main physical
properties can be linked to this dilation and constriction of veins and arteries.

Blood pressure, the first of these properties, is controlled by the arterial baroreflex and autonomic
nervous system [29]. When the blood pressure is changed by for example movement or a change of
elevation, the body will try to maintain blood pressure by constricting and dilating veins and arteries.
This can be disrupted by neuropathy leading to measurable differences, as the body will not react as
effectively to these changes in blood pressure [30].

Linked to blood pressure is the property of blood flow. Blood flow is the speed at which blood flows
through the arteries. Depending on such factors as dilation/constriction and blood pressure the blood
flow will be altered. If one or more of these factors are influenced by neuropathy, blood flow will also be
changed. When measured this may allow for assessment of autonomous function.

Lastly, an important physical property controlled by dilation and vasoconstriction is temperature. Skin
temperature is controlled through sweat, and dilation and constriction of vessels [31]. Vasodilation and
sweating are combined to reduce temperature while vasoconstriction allows the body temperature to
rise [32]. The body prefers to be in homeostasis which is disrupted by neuropathy. This means that
somebody affected by neuropathy will have a more difficult time maintaining and or recovering their
body temperature [33]. By assessing the body’s ability to maintain or restore skin temperature possible
damage to the ANS might be detected.

2.3 NEUROPATHY
To see how the ANS might be influenced by neuropathy it is important to examine neuropathy. First
neuropathy as a whole is examined then the different types of neuropathy, the asymmetrical
neuropathy, and lastly, the relationship between neuropathy and autonomic function is explored.

2.3.1 Neuropathy
The definition of neuropathy is: "A nerve problem that causes pain, numbness, tingling, swelling, or
muscle weakness in different parts of the body [22]." Neuropathy is a disease of the nerves found in
different parts of the body. Neuropathy is most often found in the peripheral system and the cause of
neuropathy is varied, it can be genetic, infection-related, or the result of trauma [34].
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2.3.2 Types of Neuropathy
The types of neuropathy can be defined by how and which parts of the body they affect. The common
types of neuropathy are symmetric polyneuropathy, single and multiple mononeuropathy, and
radiculopathy [35]. Symmetric polyneuropathy is when many or most nerves of the peripheral system
are affected symmetrically. This means that all the nerves of the peripheral system are to some degree
damaged and that this damage is the same severity on the left and right sides of the body [35]. In the
case of mononeuropathy only one (single) or a few (multiple) nerves are affected although this can be
symmetrical it is most often asymmetrical [35]. Radiculopathy is more commonly known as a pinched
nerve [36]. When for example a nerve gets crushed between the vertebrae of the spinal cord damage
can occur leading to neuropathy in the nerves along the spine.

2.3.3 Asymmetrical Neuropathy
In asymmetrical neuropathy, the damage to the nerve is not mirrored in the median plane [14]. This
means that when for example a nerve in the left hand is affected, the same nerve is not affected in the
right hand. The human body prefers to be in homeostasis this means that generally, the body tries to
maintain the same conditions in every part of the body. Because of this, it is possible to use the
unaffected body part to diagnose the affected body part. As throughout the body the same reaction to a
stimuli of the autonomous nerve system should take place. This makes the diagnosis less reliable on a
universal "normal" scale, that might not be true for the current patient in a healthy condition. If, for
example, the asymmetrical neuropathy in the left pink is severe, the pink will have little feeling and can
be easily identified as a site of possible neuropathy. However, when the neuropathy is not as severe this
becomes more difficult; is it neuropathy or simply a person that has lower than usual feeling in their
extremities? However, if the sensitivity of the left pink is compared to that of the right pink possible
neuropathy can be detected earlier in case of asymmetrical neuropathy.

2.3.4 Neuropathy and Autonomic Function
There are three types of nerves; motor nerves, sensory nerves, and autonomic nerves [23]. Neuropathy
affects all three of these nerves. With neuropathy, the usual order in which these are affected are first
the autonomic nerves, then the sensory nerves, and last the motor nerves [37]. The autonomous
nervous system consists of mostly involuntary, non-conscious, actions and reactions which means that
most people don't notice damage to this system until it has reached the sensory nerves. Damage to the
sensory function or motor function is noticed more quickly by the person suffering from neuropathy. To
increase the chance of discovering neuropathy in an early stage, and thus preventing further damage,
the testing of the autonomous nervous system should be introduced and expanded upon. By testing the
physical properties found in the previous chapter and comparing them across the median plane the
chances of discovering neuropathy in an early stage might be possible.

2.4 EFFECTS OF NEUROPATHY
With the relationship between neuropathy and the autonomic nervous system (ANS) established it is
now time to examine how neuropathy affects the ANS. To do this first the general effects of neuropathy
are discussed. Then the regions most often affected are discussed focusing on the regions affected by
leprosy.
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2.4.1 Symptoms of Neuropathy
As mentioned in the previous part there are three types of nerves. The autonomic nerves, the sensory
nerves, and the motor nerves. All of these nerves may be affected by neuropathy. The effects of
neuropathy depend on which type of nerve is affected. Before describing the symptoms first the function
of each nerve type will be examined. The autonomic nerves are responsible for regulating unconscious
activities such as digestion, sweating, etc. The sensory nerves are responsible for conducting sense
signals. These include such things as pressure, heat, and pain. The motor signals are responsible for
conducting the signals for conscious movement.

Depending on which type of nerve is damaged certain symptoms will be present. When the autonomic
nerves are damaged the following symptoms can be present [38]:

e Heatintolerance

e Excessive sweating or not being able to sweat

e Bowel, bladder, or digestive problems

e Drops in blood pressure, causing dizziness or lightheadedness

In the sensory nerve the following symptom may be present [39]:

e numbness and tingling in the feet or hands
e burning, stabbing, or shooting pain in affected areas
e |oss of balance and coordination

And in the motor nerves [40]:
e muscle weakness, especially in the feet

The symptoms associated with the motor and sensory nerves are generally easier to notice than those
associated with the autonomic nerve. Picking up a hot pan and not feeling it is a clearer indication of
issues than not sweating as much as you used to.

2.4.2 Affected regions
As mentioned in the previous part the cause of neuropathy is varied. The regions that are affected
depend on the cause of the neuropathy and where it is located. In theory, any part of the peripheral
system may be affected by neuropathy depending on its cause. The original question this report was
made for asked if it was possible to find a low-cost method of assessing autonomic function in leprosy
patients. For that reason, it makes sense to take a closer look at the regions often affected by
neuropathy as a result of leprosy.

Three cardinal signs are mainly used to diagnose leprosy. These are anesthetic skin lesions, enlarged
peripheral nerves, and acid-fast bacilli [14]. Of these, the nerve thickening is indicative of possible
neuropathy. The nerves commonly involved with leprosy are the following: the great auricular nerve
(which runs from the bottom of the ear to the clavicle), the ulnar nerve (which runs from the shoulder to
the hand on the inside of the arm), this nerve thickens usually above the elbow or below the dorsal
cutaneous branches at the wrist, median and superficial radial nerves, the lateral popliteal, superficial
peroneal, posterior tibial, and sural nerves [41] [42]. This thickening is often visible and/or palpable.
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3 SUITABLE DEVICES AND CONSTRAINTS

3.1 CONSTRAINTS
To diagnose neuropathy two methods are generally used in conjunction [7]. The first is a nerve
conduction test (NCS). This test uses electrodes to send an electric signal through a nerve and measure
the response. The second method is electromyography (EMG). In EMG a small needle is inserted in the
muscle to measure response. These tests provide a reliable way of diagnosing neuropathy but require
costly machines to perform the tests. There are other methods, but these are often expensive,
dependent on very specific conditions, or require highly trained users. This thesis was based on a
guestion from a leprosy physician working in Nepal. He asked if it was possible to find a way of detecting
possible neuropathy using cheap readily available devices. As an example, he gave a moisture meter to
see if neuropathy, which can influence sweating, would give different results for a healthy versus an
unhealthy limb. To broaden the scope of the question it was then rephrased to: are their devices
available in a low-income setting to detect possible neuropathy? To be able to answer this it is important
to look at what kind of constraints a low-income setting will impose. This chapter will aim to answer that
qguestion by first looking at what a low income setting is, next what financial restraints this imposes, then
the training restraints, and lastly the practical restraints.

3.1.1 Whatis a low-income setting
A low-income setting is somewhat hard to quantify. According to the government of the United States of
America, a low-income individual is someone whose family's taxable income from the preceding year did
not exceed 150% of the poverty level amount [43]. The World Bank's definition of a low-income country
is a country in which the gross national income per capita is $1085 or less [44]. These definitions give an
indication of the income of a person in a low-income setting, but that is not the only characteristic
defining a low-income setting.

A second important characteristic is access to healthcare. Healthcare access is the ability to obtain
healthcare services such as prevention, diagnosis, treatment, and management of diseases, illnesses,
disorders, and other health-impacting conditions. The level of access is determined by affordability and
convenience. A country that has free healthcare, but builds its hospitals on top of mountains does not
have good access to healthcare. Conversely, a country with a hospital on every corner but the simplest
healthcare procedure costs more than the average citizen makes in a year and also has low access to
healthcare. For the low-income setting discussed here access to healthcare is considered low. In this
case, both affordability and convenience will be assumed to be on the low end of the spectrum.

3.1.2  Financial Constraints
The financial aspect of a device can be divided into two components. The first component is the initial
cost. The initial cost consists of the cost of purchase, the cost of installing the product, and the cost of
training personnel to use it. To make the device financially functional the initial cost should be $1.000 or
less. This number has been established based on the experience of practicing medical personnel in a low-
income country.

The second aspect is maintenance costs. These costs include material costs and the cost of a technician
to do the maintenance. This cost should be $500 or less per year.
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3.1.3 Training Constraints
Aside from the financial constraints, there are also constraints related to the person using the device. In
a low-income setting, there is often a limited pool of specialists and training is more often broad than
specialized. It is therefore important to limit the complexity of the device to make it easier to operate
and more broadly used. Basic medical training can be assumed for a potential user making this the
maximum of how much training is needed for the device. A similar limitation is added to the difficulty of
maintenance for the device. The maintenance of the device should be easy enough that it can be kept
operational without needing a specialist.

3.1.4 Practical Constraints
Aside from the financial and training constraints, there are also some practical constraints to be mindful
of. One of these is the distance from a potential patient to a specialist capable of determining
neuropathy. Access to hospitals in a low-income setting is often limited by distance. This means that
tests are more often done on location or in out hospitals where resources are limited. This puts a size
constraint on any possible devices. The device should be portable and require minimal outside power.
Ideally, the device would fit in a portable case and have enough battery life or batteries to last at least a
day without charging.

3.2 SuITABLE DEVICES
In the previous chapters, a list of requirements has been created for a device that can be used to assess
neuropathy in the autonomic system. Because the search for possible devices is not limited to devices
currently used in a medical setting it is important to not only examine devices but also the underlying
properties that can be measured. These properties have been examined in a previous chapter. For each
property first currently used medical devices are examined and then possible alternatives are looked at.
Lastly, the most promising devices are selected and these will be tested for suitability. The devices and
the most promising devices were found in the literature study in Appendix A.

3.2.1  Physical properties
In the first chapter, the following physical properties were determined. Temperature, blood flow, blood
pressure, skin resistance, and skin topology. The physical properties that are examined are all linked to a
lesser and greater degree. This means that some devices described below may measure a different
physical property to get the described physical property.

3.2.1.1 Blood Flow
The autonomous system controls the restriction of blood veins and arteries as a result of outside
influences. These changes to veins and arteries lead to changes in blood flow. Blood flow can be defined
as the volume of blood moving through a certain area during a set amount of time. To assess blood flow
it is necessary to use a method that measures these three variables. Currently, three methods are
commonly used to measure blood flow. The electromagnetic blood flow meter is based on the principle
of Faraday's law of electromagnetic induction. This states that a conductor flow will create a magnetic
field. Blood, due to its iron content, is a conductor. This means that if a magnet is placed around an area
through which blood flows a change in the magnetic field will occur. By measuring this change the flow
of the blood can be determined. The ultrasonic blood flow meter uses ultrasound to determine blood
flow. It consists of a source, reflector, and receiver. The received signal will be different depending on
the flow. This is due to the Doppler effect. The last method is the nuclear magnetic resonance blood flow
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meter. It uses a similar principle as the electromagnetic blood flow meter but uses a method similar to
an MRI. This method is mostly outdated and is not often used.

The devices used to employ these methods are large expensive devices. This makes them unsuitable for
use in a low-income setting. Alternative devices that measure flow are difficult to find. Some devices can
measure the flow in tubes and pipes, but these are difficult to adapt to precisely measure the blood flow
in different veins and arteries. A possible device to measure blood flow is a pulse-oxy meter. This medical
device is used to determine the amount of oxygen in a person’s blood. It does this by shining a light
through the finger and measuring how much light is absorbed by the oxygen-rich red blood cells. In
theory, if the oxygen level of the blood in a non-affected region is known then it should be possible to
determine the blood flow. This would require access to the raw data from the device. Again precision is
an issue and the device can only be used on digits, making other neuropathy hot spots difficult to assess.

3.2.1.2 Blood Pressure
Dilation and constriction of arteries and veins will influence blood pressure. Measuring blood pressure
locally and comparing it on the median plane allows for the detection of neuropathy. Blood pressure is a
commonly measured property in a medical setting. Different types of blood pressure monitors are
available. Digital blood pressure monitors are often used on the wrist, but they can also be placed on the
finger or upper arm and are activated simply by pressing a button. They read the blood pressure
automatically based on variations in the volume of blood in the arteries. When taking blood pressure
measurements on the wrist, it's important to keep the hand level with the heart. Otherwise, it can affect
the readings. Digital meters can sometimes be inaccurate and produce unreliable readings, especially in
people with certain heart rhythm problems or arteries that have hardened due to arteriosclerosis. A
sphygmomanometer consists of a cuff that is inflated with air, a pressure meter, and a stethoscope.

Because blood pressure tests are well-established in medical science. Looking for a non-medical device
does not make a lot of sense. When applying blood pressure tests for diagnosing neuropathy it is
important to establish a normal and to change the blood pressure with a test where blood pressure
change is expected. A possible test is having the person stand up and measure the blood pressure before
and immediately after.

3.2.1.3 Temperature
The temperature in the upper and lower limbs, especially in the hands and feet, is controlled by the
autonomous nervous system and more specifically by constriction and dilation. Although body
temperature can vary from person to person and in different environments it is symmetrical in the upper
and lower limbs [45]. This means that asymmetrical autonomous nerve damage can be discovered by
comparing the temperature of left and right upper or lower extremities.

Body temperature is used in diagnostic medicine to check for possible problems in the body. Usually, the
temperature of interest is the average or core body temperature. Currently thermography is already
used in diagnostics for a variety of issues ranging from breast cancer, to personality testing [46].
Thermography can also be used to assess autonomous function. It has been tested in diabetes [47] and
leprosy [48]. The tests are generally between healthy subjects and leprosy patients. However, because
leprosy is asymmetrical it can be tested by comparing left to right. Here the precise temperature is less
important and the difference in temperature for left and right is the important property because this
might indicate damage to the autonomic system. Skin temperature is the physical property that needs
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to be measured. Various devices can measure temperature. The most promising devices are an infrared
camera and liquid crystal thermometers. The infrared camera is often used in the inspection of buildings
and IT infrastructure. The camera has a screen that shows the temperature of whatever it is pointed at
showing temperature differences. When used to measure skin temperature it offers a good view of
differences between upper and lower limbs making it easier to compare the left and right sides. A liquid
crystal thermometer is an interesting option they are most commonly known for their use in mood rings.
These rings supposedly change color based on the mood of the wearer. In truth, the rings change
depending on temperature. This makes these types of rings perfect for at-home testing where a left-right
comparison can be easily done by a person without any medical training. A downside is that
commercially available mood rings are easily influenced by outside forces and only show a color. These
colors may differ on what type of liquid crystal is used and currently, no exact color-to-temperature chart
seems to exist.

3.2.1.4 Skin resistance
Sweating significantly influences skin resistance by adding a saline fluid to the skin surface. Normal skin
resistance is determined by several factors. The makeup of the skin itself, the pressure that is applied to
it, the wetness of the skin, and the contact area. The wetness of the skin is influenced by sweat and
environmental conditions. Again a left-right comparison can be done to diagnose possible neuropathy.
The sweat itself could also feasibly be measured, but as noted in the literature study of Appendix A these
tests require strict environmental conditions which are difficult to establish in a low-income setting.

To measure skin resistance a possible device is a moisture meter. These devices are cheap, commercially
available devices usually used to measure the moisture content of the wood. It uses two prongs that are
inserted into the wood to measure the moisture content. This could be used on the skin (without
piercing or breaking the skin) to compare the skin resistance left and right.

3.2.1.5 Topology
When the skin wrinkles the topology of the skin changes. Valleys and hills form which can be measured
using the right device. The topology of the skin is of interest to dermatology and cosmetic medicine.
There are various devices used in the material sciences that can pick up differences in topology using
light reflection or sound. To score this topology the picture then will need to be analyzed and quantified.
This is most easily done by a computer and would require a lot of man-hours if done by a person. Aside
from a picture, an impression could also be made of the skin topology, either in a soft material or with an
ink print similar to fingerprints.

Skin wrinkling is an autonomic function but compared to the other physical properties described above it
requires quite a long time to initiate. The analysis of the topology also requires a lot of time or expensive
equipment. These characteristics make this physical property unsuitable for the intended purpose.

3.2.2 Device Criteria
As mentioned before the previous chapters have established the criteria the device that will be tested
needs to conform to. These criteria are as follows. Easy to use; the device should require no special
training and should not be more difficult to employ than a standard thermometer. Easy to maintain, no
special training is required for maintaining the device. Low initial cost, it should cost no more than
$1.000. Low maintenance cost, should cost less than $500 per year to maintain. The device should be
portable. The device can supply results on-site.
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3.2.3 Chosen Devices
Using the above criteria and using the Harris profile from the literature study in Appendix A, see Figure 2
the following devices were selected for testing. The infrared scanner, the mood ring, and the moisture
meter. Of these, the focus will be on the infrared scanner as the most promising device.

H Blood Pressure Skin Wrinkling Temperature Sweating Blood Flow
[ rJ72 073 [4 Q0 [27]3[4[fr ]2 3 T4 T [2T]35 7741234 ]
Clinical Significance X X X X X
Accuracy of measurement X X X X X
Ease of measurement X X X X X
Difficulty of implementation X X X X X
Time to measure X X X X X

Figure 2: Harris profile from Literature study in Appendix A

The infrared scanner was picked as the most promising device because most models are handheld and
offer the possibility of testing both sides of the body at once. Furthermore, it investigates the most
promising physical property, temperature, and there are models that have the required precision while
staying within the determined price range.

The mood ring was picked due to its ease of use and availability. The device measures temperature and it
is very cheap. The moisture meter was picked because the initial question asked by the physician was if
this might be a useful device. Because this device is also cheap and can be easily integrated into the
testing procedure for the infrared scanner and the mood ring.
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4 METHODS

To see if the chosen devices might be used to diagnose possible neuropathy it is necessary to test them.
First, the conditions in which the experiment is performed will be described. Then the experiment and
the used materials themselves will be described for the three chosen devices.

4.1 CONDITIONS
This research is meant to be an exploration of possible applications of the infrared camera, the mood
ring and the moisture meter. This means there are certain limitations and conditions surrounding the
tests. An important limitation is that the test was not performed in a low-income country on people with
diagnosed neuropathy. Instead, this test was designed to see if measurements can be done and show
significant results to continue this line of research.

Because the test person doesn’t have neuropathy the test needed to be modified. This was done by
using a vasodilator and a vasoconstrictor gel to disrupt the autonomic system and measure the return to
homeostasis. The tests were performed under no special environmental conditions and the
environmental conditions were not monitored or regulated.

4.2 EXPERIMENT
The experiment performed is an investigative experiment meant to offer insight into the use of an
infrared camera, mood ring, and moisture meter as a diagnostic tool. The tests were performed on a
single subject to narrow down the options for a bigger scale test. To achieve this the restorative power of
the autonomous system was tested by deliberately changing the body temperature of the hand with
heating and cooling agents. Both sides of the hand were tested, palmar and dorsal, using different
amounts of heating and cooling agents.

As the mood rings available did not fit the fingers of the adult test person, this measurement device was
excluded from the experiment during the test phase. And therefore not further described in this
experiment.

4.2.1 Materials
The materials used in the experiment are as follows:

e Cooling agent: 1% Menthol (Ethos).

e Warming agent: Tiger Balm Red

e IR camera (FLIR E75), this infrared camera is on the higher end of both the price and precision
spectrum.

e Precision scale measuring in grams with an accuracy of 0.01 gram up to 200 grams

e Moisture meter (Pattfield)

e Tripod that holds the IR camera.

e ResearchlR software to control the camera and process the pictures.

e Excel, for data processing.

e laptop, this runs the ResearchlIR software that controls the camera and allows pictures to be
processed.
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e Disposable gloves
e USB to USB-b cable
o Mood ring (koning import)

4.2.2 Setup
The test subject was put in a seated position with hands and forearms resting on the table and given a
rest period of 10 minutes before the start of the test. The IR camera was placed on the tripod which was
placed on the table with the camera aimed at the hands of the test subject. The IR camera is connected
to the laptop via a USB to USB-b cable. The laptop runs the ResearchlIR software to control the camera.
See Figure 3 and Figure 4.

. o Every minute

15 minutes A\

5 minutes
@ —

Figure 3: Experimental Setup. The test subject had a an acclimation period of 5 minutes with the arms in the test position. The
hands and forearms were resting on the table. The camera was mounted on a tripod and for 15 minutes every minute a picture
of the hands was taken. The camera sent the pictures to the laptop running the ResearchiR software.

Figure 4: Position of the hands during the experiment. Left the palmar side up, right the dorsal side up.

4.2.3 Exploratory tests
Before the test was performed explorations were made to determine the timing and dosage for the
tests. It was found that after five minutes of rest, the temperature of the hands seemed to stabilize. For
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the heating and cooling agents, it was found that the cooling agent was less effective than the heating
agent so different doses were needed. No conclusive differences concerning the application of the
palmar or dorsal side of the hand were found and therefore it was decided to test both sides. During the
exploratory test, it became apparent that the mood rings were ill-suited for the designed test. They were
sensitive to outside influence and the color ranges are greater for some temperatures than others
making precision an issue [49]. This made comparison between the left and right sides very difficult.
Because of this no test results were obtained for the mood ring and it was not used in the final
experiment. The major effects of the agent are done after 15 minutes and that is the length of the test.

4.2.4 Test parameters
Twelve tests were designed. Six on the palmar side of the hand and six on the dorsal of the hand. Three
different quantities of the two agents were applied to each side. The tests were performed in a
randomized order and each test was performed with a rest period in between. Table 1 shows the test
number, the side of the hand, the type of agent, and the dosage used.

Table 1: Test number, side, agent, and dosage.

Test number | Side of the hand | Agent Dose (g)
1 Dorsal Cooling 0.1
2 Dorsal Cooling 0.2
3 Dorsal Cooling 0.3
4 Palmar Cooling 0.1
5 Palmar Cooling 0.2
6 Palmar Cooling 0.3
7 Dorsal Heating 0.03
8 Dorsal Heating 0.07
9 Dorsal Heating 0.1
10 Palmar Heating 0.03
11 Palmar Heating 0.07
12 Palmar Heating 0.1

To obtain more information and minimize the influence of the previous test multiple runs were done. All
tests were performed three times in a randomized order as shown in Table 2.
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Table 2: Test order for the three runs

Runl | Run2 | Run 3
10 11 11
9 12 1
6 3 4
2 2 8
3 1 2
8 7 12
4 6 6
1 4 7
7 9 9
11 10 3
12 8 5
5 5 10

4.2.5 Steps
The following steps were done for each test:

1. The Test subject spends five minutes stabilizing the skin temperature.

2. A picture was taken at the start as a zero condition. The moisture meter is used to measure skin
moistness.

3. Then the agent was applied, and the required weight was measured out on the precision scale
and applied while wearing the gloves.

4. For The next 15 minutes every minute a new picture is taken with the IR camera of both the left
and right hand. At the same time, the moisture meter is used to measure the moistness of the
skin.

5. Then a minimum of 15 minutes of rest time is observed before the next test is done.

These steps were followed every step and between each run, extra time was taken with a minimum of 8
hours of rest in between.

4.2.6 Analysis
To analyze the measurements taken as described above the following steps were taken. Each test was
performed three times as shown in Table 1 of Section 4.2.4. The results found were then averaged over
the three tests to minimize environmental influences. The resulting average was then normalized to the
begin value found at the start of each individual test. This helps visualize the change of temperature with
regards to the original temperature of the hand showing if and how much the hand has normalized to its
original temperature at the start of the test.
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5 RESULTS

With the two tests performed the results need to be processed. This was done separately for the IR
camera and the moisture meter. The moisture meter will be discussed first followed by the results from
the IR camera.

5.1 MOISTURE METER
During testing the moisture meter proved uncomfortable and difficult to utilize. The pins the moisture
meter uses to measure resistance were experienced as uncomfortable, although no marks or wounds
were left by their use. It also proved difficult to consequently measure the resistance at the same spot
this was especially difficult on the back of the hand. This meant extra discomfort for the subject during
measurement. These factors ultimately lead to the moisture meter being abandoned for measurement
and no useful data for analysis was obtained the raw data from the moisture meter can be found in
Appendix C: Moisture Meter Raw Data. The moisture meter might still be useful, but this will be further
discussed in the discussion.

5.2 INFRARED CAMERA
To analyze the infrared pictures taken with the infrared camera four points were chosen on the dorsal
and the palmar side of the hand as shown in Figure 5. The four points were chosen as follows. One point
close to the ulnar nerve (1) (a nerve often affected in asymmetrical neuropathy and leprosy in
particular), one point that is in an area of high circulation (2), one that is in low circulation (3), and one
point just outside the application area to act as a neutral (4). The first picture is taken before application
and then one after application and one every minute for 15 minutes showing the progress of disruption
and recuperation.

Figure 5: Points of interest on the dorsal and palmar side of the hand

5.2.1 Results
An important note to add to the graphs is that the curve for Test 9 shows some significant abnormal
behavior. Part of the data from one of the runs of this test was corrupted and could not be used. This
means that for Test 9 only 2 runs were averaged. The test was further troubled by the fact that the 2
runs that were available were done under unusually cold circumstances. Other tests were done under
similar circumstances but have averaged out without creating these outliers. To present the data as
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complete as possible Test 9 has been included in the results. For the data points used see Appendix B:
Temperature data average of three runs. The naming convention for the plotted lines are as follows,
TxLyz where x is the number of the test, 1-12, y is the location, 1-4, and z is the side, LS left or RS Right.
The horizontal x-axis shows the moments the pictures were taken where 1 is the temperature before
application, 2 is the moment just after application and after that a picture for each minute till 15 minutes
elapsed. The vertical y-axis shows the temperature difference with the starting value at measurement
Point 1. A positive number corresponds with an increase in temperature, a negative number with a
decrease in temperature. This leads to the following graphs:
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Figure 6: Overview graphs for all locations showing the results from all twelve tests for each specific location. Each line is an
averaged test run with the following naming convention: TxLyz where x is the number of the test, 1-12, y is the location, 1-4, and
z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and those for the heating
agent with a solid line.

The graphs as shown above show a lot of data and give a first insight. To better understand the data, it
will be examined on a more detailed level below. First the left-right results are presented. The left hand
was the affected hand, and the right hand was the unaffected control. Then the palmar dorsal results are
presented, lastly the heating and cooling results are presented.
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5.2.2 Left Right Difference
The first comparison is made between the left and the right hand. The comparisons are made per
location starting with location one shown below.

LOCATION 1 LEFT LOCATION 1 RIGHT

45 45
35 35

25

e
-~
Me-m KA

JRARN N )
e o Pl S-S —oRe B X
J SOt X ~E K-=x-"3m

05

05 05

Temperature difference to baseline [C]
Temperature difference to baseline [C]

Time since application [minutes] . Time since application [minutes]
TiLLS T2L1LS = =%==T3L1LS = =f==TAL1LS TSLILS === T6LILS TILIRS T2L1RS = =%==T3L1RS = =f==TALIRS TSL1RS = -8-= T6LIRS
T7L1LS T8LILS =——&—TILILS =& T10L1LS Ti1L1LS —e— T12L1LS T7LIRS T8LIRS =& TILIRS ==& T10L1IRS T11L1RS ——e— T12L1RS

Figure 7: Location 1 Left - Right Difference. Tests 1 to 6 were done with the cooling agent, test 7 to 12 with the heating agent.
Each line is an averaged test run with the following naming convention: TxLyz where x is the number of the test, 1-12, y is the
location, 1-4, and z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and those
for the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and the
yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is unreliable
as described earlier.
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Figure 8: Location 2 Left - Right Difference. Tests 1 to 6 were done with the cooling agent, test 7 to 12 with the heating agent.
Each line is an averaged test run with the following naming convention: TxLyz where x is the number of the test, 1-12, y is the
location, 1-4, and z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and those
for the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and the
yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is unreliable
as described earlier.
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Figure 9: Location 3 Left-Right Difference. Tests 1 to 6 were done with the cooling agent, test 7 to 12 with the heating agent.
Each line is an averaged test run with the following naming convention: TxLyz where x is the number of the test, 1-12, y is the
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location, 1-4, and z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and those
for the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and the
yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is unreliable
as described earlier.
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Figure 10: Location 4 Left- Right Difference. Tests 1 to 6 were done with the cooling agent, test 7 to 12 with the heating agent.
Each line is an averaged test run with the following naming convention: TxLyz where x is the number of the test, 1-12, y is the
location, 1-4, and z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and those
for the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and the
yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is unreliable
as described earlier.

5.2.3 Dorsal — Palmar side of hand difference
To examine the difference between the palmar and the dorsal side of the hand, their respective graphs
have been placed next to each other. Below the palm and back graphs for the left hand those of the right
hand can be found. This allows for both the examination of the difference between the palm and back of
the affected hand as well as the unaffected hand.
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Figure 11: Location 1 Dorsal - Palmar Difference. Tests 1 to 6 were done with the cooling agent, test 7 to 12 with the heating
agent. Each line is an averaged test run with the following naming convention: TxLyz where x is the number of the test, 1-12, y is
the location, 1-4, and z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and
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the yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is

unreliable as described earlier.
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the location, 1-4, and z is the side, LS left or RS Right. The tests with the cooling agent are represented with a dashed line and
those for the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and
the yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is

unreliable as described earlier.
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as described earlier.
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Figure 14: Location 4 Dorsal - Palmar Difference. The tests with the cooling agent are represented with a dashed line and those
for the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and the
yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is unreliable
as described earlier.

5.2.4 Cooling Versus Heating
Figures 15 through 18 show the comparison between the cooling and heating. Heating and cooling are
compared for both sides at each location. All the graphs show that the cooling agent causes a bigger
difference than the heating agent.
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Figure 16: Cooling versus Heating Location 2. The tests with the cooling agent are represented with a dashed line and those for
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as described earlier.
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Figure 17: Cooling versus Heating Location 3. The tests with the cooling agent are represented with a dashed line and those for
the heating agent with a solid line. The green lines represent tests where the agent was applied to the palmar side and the
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yellow lines the tests where it was applied to the palmar side. The abnormal line T9L1LS belongs to test nine which is unreliable
as described earlier.
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6 DISCUSSION

The previous chapters have shown that it is possible to detect neuropathy while it’s affecting the
autonomous nervous system. This was shown by first examining the underlying mechanics of the
autonomic nervous system and how it is affected by neuropathy. Because the current assessment tools
for autonomic damage are expensive and unpractical for use in low-income countries, different options
were explored. Ultimately the infrared camera was chosen as the most promising and a single-subject
study was performed. In this chapter the results will be compared to those found in the literature, the
limitations of the experiment will be discussed, and recommendations for the future will be made.

6.1 RESULTS

6.1.1 Moisture Meter
As discussed in Section 5.1 the moisture meter proved ineffective for the experiment as designed in this
thesis. The raw data included in Appendix C contains missing data. At these data points no measurement
was possible. This might be caused by the equipment that was used combined with the setup of the test.
During the test the applied agents were moisture rich which greatly influences the results from the
moisture meter. This does not explain the missing data points.

They can most likely be explained by the used equipment. The moisture meter used was bought at a
hardware store and it’s intended use was to measure the moisture content of wood. It measures this
using 2 spikes that are stabbed into the wood. For practical reasons this was not possible during the
tests. This greatly reduces the contact between the points over which the resistance is measured. A
possible alternative approach would be to either file down the spikes into a larger surface area or find a
different type of moisture or resistance meter to use.

The underlying theory for measuring neuropathy through skin resistance is still sound[50]. For future
experiments the setup of the tests will need to be changed to see if a moisture meter can be effectively
used in a low income setting.

6.1.2 Infrared Camera
The results from the infrared camera show more promise. Below the results found in the previous
chapter will be discussed. This will be done in the same order they were presented in the results chapter.

6.1.2.1 Left - Right Difference
A clear difference can be seen between left and right when comparing the first three locations, these are
the affected locations with location 4, which was outside of the application area, acting as a control. Of
the locations where the agent was applied location 3 showed the most visible reaction, this will be
further discussed in 6.1.2.4. The strongest left right difference was visible when the cooling agent was
applied.

The left side shows far more reaction than the right side. Especially the cooling agent (Test 1 through 6)
show a clear difference with the right side. A second thing to note is that the cooling agent also seems to
be normalizing to the starting temperature at the end of the 15 minutes while the heating agent is not
yet normalized
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Location four shows the most interesting results where right seems to be reacting more than left.
However, location four was chosen to be outside of the application area which might go some way to
explaining the above data. This will be further discussed in section 6.1.2.4.

6.1.2.2 Dorsal — Palmar side Difference
The results observed above hold for the three locations within the application area, location 3 shows the
strongest reaction location 2 the weakest. When comparing the palmar side with the dorsal side a
stronger reaction is observed on the palmar side.

Location 4 as seen in the previous results has a wide spread of data. Here it seems that the back of the
hand is slightly more impacted, however one must keep in mind that this is the control point so the
expected data should be different than those found in the other locations.

6.1.2.3 Cooling — Heating Difference
When comparing the results between the heating and cooling agent it can be observed that the
difference between left and right for the cooling agent is more pronounced than that for the heating
agent. The heating agent seems to be causing a reaction throughout the body while the effect of the
cooling agent seems to be more localized.

A possible explanation for this is that the human body is better at heating up a smaller part of the body
than cooling it down. This in general means that a warming effect has a greater influence on the overall
body temperature, while the cooling effect can be more easily dealt with locally.

However, two side notes should be made: the first is that the effects of the cooling agent seem to wear
out quicker than those of the heating agent and secondly that the dose for the cooling agent is higher
than that of the heating agent due to the difference skin absorption. The heating agent saturated the
skin more easily than the cooling agent which meant that a lower dosage of the heating agent was used.

6.1.2.4 Location Difference
When looking at the locations it is important to remember why each region was chosen. Figure 5 in the
previous chapter shows the location of the 4 points of interest. Location 1 is the point of the nerve that is
most often affected by leprosy, Location 2 is a point of high circulation, Location 3 a point of relative low
circulation, and Location 4 is chosen just outside the application area. Below a closer look will be taken at
the results at each location.

Location 1 shows that the region often affected by leprosy also shows a significant difference between
left and right when disrupted. An interesting difference between Location 2 and 3 is that 3 shows the
strongest reaction of the 4 locations. Instinctively the greatest reaction would be expected at the point
of highest circulation, Location 2, but Location 3 shows the strongest reaction for the cooling agent, and
for both the cooling and heating agent it is the most stable location on the right control hand. Location 4
is also interesting and hints at general reaction to the applied agent in the whole body, or at the very
least in both hands. The data show chaotic curves at both the left and right side with little to no return to
the starting temperature.

In summary, the results from the tests show at least some evidence for there being a measurable
difference between the affected, left, and unaffected, right, hand. There is a stronger reaction in the
palm of the hand compared to the back of the hand. The cooling agent seems to have a big effect, but
there are some caveats attached to its use. An interesting result is that the difference seems to be the
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most noticeable in the location with a relatively low circulation. This might indicate that because of the
lower density of veins the bodies ability to deal with temperature changes through the autonomic
system is worse. This makes sense because with less veins to either supply or disperse heat the time to
rectify a thermal imbalance is longer.

The experiment shows that there is a strong suspicion that the cooling cream applied to the palmar
allows for measurable differences between the left and right hand. In neuropathy, the skin temperature
usually lowers [51]. With more testing it should be possible to reliably measure potential neuropathy
using the patient’s own skin temperature along the sagittal plane as a reference.

6.2 LIMITATIONS
During this experiment and thesis, several limitations were encountered. The biggest limitation was the
lack of access to subjects with known neuropathy. Due to time constraints, it was not possible to go
through a medical committee to be able to recruit suitable subjects with known neuropathy instead the
choice was made to start a single-subject study. The subject did not have neuropathy so this had to be
simulated. The original idea behind the experiment was to simply measure the left right difference in
patients suffering from neuropathy. However, the addition of disrupting agents and measuring the
recovery of thermal equilibrium makes the experiment more robust even when applied to test subject
suffering from neuropathy.

6.3 RECOMMENDATIONS
For future research, the following recommendations are made. These are split into two categories: the
first is recommendations for repeating this experiment, and the second is recommendations for future
research into detecting possible neuropathy in the autonomous nervous system.

6.3.1 Improving the Experiment
To improve the experiment performed in this thesis the following recommendations are made. During
the various runs, the temperature in both hands varied over time. This seems to be an indication that the
used waiting time of five minutes for the hands to be at rest might be too short. The recommendation is
to increase this time to 10 or 15 minutes to make certain the hands are at rest.

Furthermore, there is a strong suspicion that homeostasis was not yet reached at the end of the 15-
minute test period. This might be because the hands were not yet at rest as described above, but to
make certain homeostasis is reached it would be beneficial to increase the experiment time by 5 or 10
minutes.

Lastly, the palm-up position, which showed the most promise in the experiment, was experienced as
uncomfortable. To improve comfort and prevent interference from involuntary reactions to the feeling
of discomfort it would be good to perform the experiment with the hands resting comfortably. Care
must be taken however that the armrest does not increase the skin temperature.

With regards to the use of a heating or cooling agent it is prudent to keep in mind the expected reaction
in a patient (potentially) suffering from leprosy. Leprosy will interfere with the temperature control done
by the peripheral nervous system and will lower the temperature around affected areas. Applying a
cooling agent might reduce the area around the affected area to make it seem like the area is not
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affected. It might be a good plan to use a heating agent to try and increase the affected area to show the
affected areas incapability of increasing in temperature.

6.3.2 Recommendations for future research
For future research, the infrared camera is well suited. To find if the IR camera might be used to detect
possible autonomic neuropathy it is important to test on people suffering from neuropathy. A future
experiment might be taking pictures of the hands of people with diagnosed neuropathy to compare left
and right. If this is combined with a graded severity of their neuropathy, for example by using the nylon
monofilament test, a database could be created to detect neuropathy early. This also helps determine
the minimum resolution of the infrared camera. An infrared camera with a lower resolution will be less
expensive than one with a higher resolution. Which means that if the required resolution is known it will
be possible to find the cheapest effective infrared camera.

The next step after this might be to reintroduce the heating and cooling agents to disturb the skin
temperature and measure the recuperation ability. The ability to return to homeostasis is an important
function of the autonomous nervous system and when one or more limbs show clear deviation from the
other limb in the time it takes to return to homeostasis neuropathy might be present.

In future research on diagnosed neuropathy patients, it might be worthwhile to take a second look at the
moisture meter as a tool for diagnosing neuropathy. Although the IR camera is the more promising
candidate the moisture meter is much cheaper and requires less maintenance. Instead of a moisture
meter a different device capable of measuring skin resistance might also be employed. An example of
this is the Neurometer which has already been tested on diabetic neuropathy [52].

The mood ring might also be worth a second look. With liquid crystals with a mapped and stable color
change it might be possible to create a diagnostic device. If this device can be the size of a mood ring it
might be possible to create a self-diagnosis device that does not require a medical professional. This
might greatly increase the detection of neuropathy so treatment may start as early as possible.
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7 CONCLUSION

The experiment has shown promise for using an infrared camera as a tool to assess possible
neuropathy. At the start of the thesis, the following research question was formulated:

“Is it possible to detect asymmetrical neuropathy at an early stage by assessing the autonomic function
of the upper extremities using existing (non)medical devices in a low-income country?”

Thermography has been shown to be able to visualize temperature differences between affected and
unaffected regions in an experiment where neuropathy was simulated. This shows that an infrared
camera might be used in a low income setting to detect neuropathy in an early stage. During the thesis,
the various subparts of the main question have been analyzed and answered. It was shown that the main
physical properties influenced by the autonomic nervous system are blood pressure, blood flow, skin
resistance, and skin temperature. All of these are affected by neuropathy and can be measured in the
upper extremities. Currently used devices for the assessment of autonomic neuropathy are generally big
and expensive which makes them ill-suited for use in low-income countries. To find a solution to this
problem first the constraints of a low-income country were determined followed by an evaluation of
possible devices that might function within these constraints.

Three devices were determined to be suitable, a moisture meter, a mood ring, and an infrared camera.
During the preliminary tests, it was determined that the mood ring was not suitable. An experiment was
designed for the other two devices. The experiment was a single-subject pilot study into the suitability of
the infrared camera and moisture meter. The experiment was done on a healthy subject where
homeostasis was disrupted. During the experiment, the moisture meter in its current form proved to be
unsuitable for the designed experiment. This left only the infrared camera as a possible device. The
results of the experiment showed that there is promise in the infrared camera as an assessment tool, but
more testing is required.

Future research should be focused on further expanding on the results found in this thesis. There are
two main paths forward for this. The first is expanding the pilot study to more subjects and revisit the
mood ring and moisture meter. The second is to use the infrared camera as a diagnostic tool to create a
database of possible neuropathy under normal circumstances or use it to measure the return to
homeostasis after disruption.

The important thing is that there are devices available that can measure possible autonomic neuropathy
in low-income settings. This will help eliminate such diseases as leprosy and make certain that even with
limited healthcare options neuropathy can be detected at an early stage.
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Abstraci—Leprosy can lead to neuropathy. This neuropathy
and other neuropathies are a problem across the world and
especially in low-income countries. Without regular checkups,
it is important to diagnose neuropathy as quickly as possible.
Autonomic function assessment can detect possible neuropathy
before sensory assessment. To do this a query was used based
on a search strategy by the TUDelft library. This literature
review first examines leprosy and how it affects the autonomic
innervation of the body, Then existing and possibly new ways of
assessing autonomous function are discussed and what physical
properties might be a good indication of neuropathy. The most
useful property is temperature. This can be accurately measured
and easily interpreted.

Index Terms—Neuropathy, Leprosy, Autonomic Innervation,
Thermal Scanners, Low Income Countries

1. INTRODUCTION

Leprosy is an ancient disease that now is largely considered
gone in western countries. However, it is still prevalent in sev-
eral countries across the globe. The World Health Organization
(WHO) reported 202.256 new cases of leprosy last year [1].
Leprosy is most prevalent in Southern America, Africa, and
Southeast Asia.

Leprosy is prevalent in lower-income countries where
healthcare is less accessible. This complicates the detection,
treatment, and eradication of leprosy. To add to this problem
a form of leprosy exists that has little to no visible symp-
toms that affect the nerves and is difficult to detect without
expensive, or specialized equipment [2].

In low-income countries, medical resources are not easily
accessible. This means that patients with potential neuropa-
thy see medical professionals irregularly. This leads to neu-
ropathies going unnoticed until irreversible damage is done.
Therefore, it is important to detect neuropathy as early as
possible. A good way to do this is by assessing autonomic
function which is damaged before sensory function. This helps
prevent permanent disfigurement because of losing sensory
function.,

Currently, methods used to detect possible neuropathy are
impractical for use in low-income countries. It might there-
fore be useful to explore new ways of assessing autonomic
function, This review aims to find a novel way to assess
autonomic neuropathy because of leprosy and similar disease.
To do this first leprosy is examined, what it is, how it affects
the body, and how it is currently diagnosed. After this, a closer
look at the autonomous nervous system is taken with a focus
on the sympathetic nervous system. Then the currently used

methods of assessing autonomic function are explored and
physical properties that might offer novel ways of assessing
autonomic function are examined. Then a Harris profile is
made to determine which of these properties is most useful to
further explore. Lastly, recommendations are made for future
research,

II. METHOD

For this literature review, the searching resources guide from
the TUDelft library was used [3]. This guide helps build
a search query from your main question and subsequently
assess the found results. To expand on the found resources
snowballing was used to find additional relevant papers and
information.

A. Search Query

Two search queries were used. One to explore leprosy and
its relation to the assessment of autonomic function, and one
to explore the assessment of neuropathies in a more general
application. To create the search query first core concepts and
their synonyms were gathered these were then combined to
form the search query. The first query looked as follows:

TABLE I
CONCEPTS AND SYNONYMS SEARCH QUERY 1
Leprosy A ic [nnervation M
Hansen’s Disease | Autonomic Nervous System Determination
Han* Disease ANS Scale
Lepro*® Innervation Measur® device
A
TABLE I

SEARCH QUERY 1

Search Query 1.1 “leprosy” OR “Hansen’s Disease” OR

“Han* Discase” OR “Lepro*”

Search Query 1.2
OR “innervation” OR “neuropathy”
“measurement” OR “scale” OR “determination” OR
“measur® device” OR nt” OR “Diagnosis”™

Search Query 1.3

“‘autonomic innervation” OR “Autonomic nervous system”

Search Query 1.4 [Search query 1.1] AND [Search query 1.2] AND

[Search query 1.3]

The core concept and its synonyms were combined into sub-
search queries with an OR condition and then combined into
the final search query by an AND condition. Table I shows
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what the final search query consisted of. This search query
was then entered into PubMed giving 311 hits.

For the second search query table III was used to find the
concepts and synonyms. For this query, the focus was shifted
from leprosy to neuropathy and how they affect the limbs.

TABLE III
CONCEPTS AND SYNONYMS SEARCH QUERY 2

Neuropathy A ic Innervation Measurement Limb*
Neuro* Autonomic Nervous Determination Extremities
System
Neurological ANS Scale Hand
Disorder
Innervation Measur* device Foot
A

These concepts and synonyms were then combined into a
search query similar to the way it was done for the first search
query. This query was entered into PubMed and led to 2250
results.

TABLE IV
SEARCH QUERY 2

Search Query 2.1 “Neuropathy” OR Neuro*” OR
“neurological disorder”
Search Query 2.2 “autonomic innervation” OR “innervation™
OR “Autonomic nervous system”
Search Query 2.3 | “measurement” OR “scale” OR “determination” OR
“measur* device” OR “assessment”
Search Query 2.4 “limb*” OR “extremities” OR “hand” OR “foot”
Search Query 2.5 [Search query 2.1] AND [Search query 2.2] AND
[Search query 2.3] AND [Search query 2.4]

B. Paper selection

In total the search queries have resulted in about 2500
papers. Of course, not all of these will be useful. To find the
most relevant papers a selection was made. To do this more
easily the papers were uploaded to Rayyan an online platform
that allows for easy selection of what to include and what to
exclude.

The first selection was done based on title, the papers
remaining after this were then further reduced by assessing
the abstract of the papers. Papers were selected as appropriate
for the first search query if they discussed the assessment
of leprosy. Reasons for exclusion were single-patient studies,
cohorts, and other studies that did not go into how to assess
neuropathy as a result of leprosy.

The second search query had a high amount of results.
This search was purposefully vague. The goal of this second
search query was to find different assessment methods used
with neuropathies that preferably test the autonomic nervous
system. These types of assessment methods are rare and by
casting a wide net many of these relatively rare methods would
be unearthed. The selection process for the papers was the
same as for the first search query with a particular focus on
finding devices that assess neuropathy.

C. Snowballing

Because no search query is perfect snowballing was used
to broaden the scope of papers considered. Snowballing is the
process of finding new information from papers mentioned
in papers included in the search query. This provides better
background on included papers and allows for new avenues
of information.

IIT. LEPROSY

Leprosy has been around for thousands of years, Currently
in the western world leprosy is mostly found in idioms and
stories however in Africa, South America, and southeast Asia
leprosy is still a problem [4]. This chapter will explore the
epidemiology of leprosy followed by its pathology, including
its classification system. After this, the neuropathy caused by
leprosy is examined. Lastly, the cardinal signs of neuropathy
and the current assessment of leprosy are discussed.

A. Epidemiology

According to the latest information from the WHO leprosy
had 202.256 new cases in 2019 [1]. Leprosy is caused by M
leprae and has a long incubation period, somewhere between
3 and 10 years [5]. M leprae is only found in humans,
Nine-Banded armadillo, and three species of primates [6].
The mode of transmission is poorly understood although the
suspected mode of transfer is through nasal droplets [7]. There
is however also an indication that it might be transferred
through environmental means such as soil or food [8].

B. Pathology

Leprosy is primarily seen as a dermatological condition [9].
It starts cutaneous and prefers the colder regions of the body
limiting itself mostly to the extremities [10].

Two classifications systems exist, one scientific and one
practical. The Ridley-Jopling classification is the classical
more scientific classification that provides insight into the
pathology and disease severity [11]. The second classification
is that of the WHO. This is a more practical classification
that is used in the field to determine the appropriate treatment
according to the WHO [12].

1) Clinical classification: Ridley and Jopling created a
thorough classification that considers the cell-mediated immu-
nity (CMI) of the patient [13]. There are 5 types of leprosy
according to this classification:

1) Tuberculoid (TT)

2) Borderline Tuberculoid (BT)

3) Mid Borderline (BB)

4) Borderline Lepromatous (BL)

5) Lepromatous (LL)

BB is unstable and therefore very rare. Clinical, histopatho-
logical, and immunological criteria determine the type of
leprosy the patient has. On the tuberculoid side of the clas-
sification, patients have a strong antibody production against
leprosy. On the lepromatous side, patients are anergic to M
leprae and antibody production is low [14]. This classification
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system is useful for determining which type of leprosy a pa-
tient may develop. Which in turn will determine the possibility
of nerve function impairment.

2) WHO classification: Its main use is determining what
type of treatment the patient requires. The classification knows
two types: Paucibaccillary Leprosy (PB) and Multibaccilary
leprosy (MB). The classification is based on the number of
lesions and the number of nerves that are affected. A patient
has PB when he suffers from 1 to 5 lesions and only 1 nerve
is involved. A patient has MB if more than 5 symmetrical
lesions and 2 or more nerves are involved [15].

There is also a form of leprosy that doesn’t fit into the above
classification systems. This is pure neuritic leprosy (PNL)
which only affects nerves and has no skin lesions [2].

C. Cardinal signs of leprosy

Three cardinal signs are mainly used to diagnose leprosy.
These are anesthetic skin lesions, enlarged peripheral nerves,
and acid-fast bacilli [10].

Of these, the nerve thickening is indicative of possible
neuropathy. The nerves commonly involved with leprosy are
the following: the great auricular nerve (which runs from the
bottom of the ear to the clavicle), the ulnar nerve (which runs
from the shoulder to the hand on the inside of the arm), this
nerve thickens usually above the elbow or below the dorsal
cutaneous branches at the wrist, median and superficial radial
nerves, the lateral popliteal, superficial peroneal, posterior
tibial, and sural nerves [16] [17]. This thickening is often
visible and/or palpable.

D. Current Assessment

Leprosy is currently assessed by checking the cardinal signs
described above. If one or more of the cardinal signs is present
leprosy might be present [18]. For each cardinal sign, tests
exist to assess these.

For anesthetic skin lesions, the monofilament test is gen-
erally used. In this test filaments of various thicknesses are
touched to the patient’s skin and the patient is asked to pinpoint
the location [18]. If the patient cannot pinpoint the location
anesthetic skin lesions might be present. Another assessment
method tests the temperature sense of the patient. Although
this test is still being developed initial tests are hopeful [19].

To assess enlarged peripheral nerves a few tests are possible.
The easiest is a visual and/or sensory test. Some enlarged
nerves can be easily seen or felt. The nerves may also be tested
with nerve conduction studies that show possible neuropathy
[20]. Ultrasound imaging is also used to find enlarged nerves.
Magnetic resonant imaging is, when available, a good option
to image inflamed nerves [21].

To find acid-fast bacilli a Fite—Faraco staining in skin smears
or skin biopsies should be done [10]. These should be done
on the most active lesions or the lesions that have been there
the longest. Another option would be a PCR test to find M
leprae bacilli.

Of the test described above the monofilament test and skin,
smears are currently the main tools of assessment in countries
in which leprosy is endemic [4].

IV. AUTONOMOUS NERVOUS SYSTEM

The autonomous nervous system (ANS) is responsible for
involuntary functions of the body. The autonomous nervous
system consists of the sympathetic, parasympathetic, and en-
teric nervous system. For the assessment of possible neuropa-
thy, the sympathetic nervous system (SNS) is the most relevant
to examine.

The SNS is responsible for the body’s “flight or fight”
response and is also activated by exercise [22]. The SNS
affects the vasoconstriction and temperature regulation of the
body [23]. Because leprosy mainly affects the extremities only
the SNS of the extremities will be examined. The two main
parts of SNS, vasoconstriction and temperature regulation, will
be further examined below.

A. Vasoconstriction

The SNS controls vasoconstriction to maintain blood pres-
sure under various circumstances. This process mainly in-
volves the skeletal muscles [24]. Little research has been done
regarding blood pressure in leprosy patients. A study from
1978 found some correlation between cardiovascular problems
and leprosy [25]. However, the size of the study fails to
provide definitive proof for causation. The problem might lie
in the fact that leprosy affects too small a region around the
affected nerve leading to difficulty to detect changes in blood
pressure. It might still be possible to assess the constriction
of the blood vessels which seems to be true for patients
suffering nerve damage in their fingers [26]. A different result
of vasoconstriction is skin wrinkling, Skin wrinkling occurs
between 5-30 minutes of immersion in water or application
of vasoconstrictor cream such as EMLA to the hand palm or
foot sole [27]. Here vasoconstriction causes the digital pulp to
lose pulp volume leading to wrinkling of the skin [28].

B. Temperature regulation

The body temperature is preferably constant within a small
margin [29]. The SNS helps the body to maintain this preferred
temperature. It does this through a combination of vasodila-
tion, vasoconstriction, and sweating. Vasodilation and sweat-
ing are combined to reduce temperature while vasoconstriction
allows the body temperature to rise [30]. Neuropathy can
inhibit the mechanisms of the SNS making it more difficult to
maintain and restore body temperature [31].

V. ASSESSMENT

Most tools that assess autonomic function are impractical
in a low-income country setting. However, by examining the
existing tools important physical properties associated with
autonomic function can be found. In the second part of
this section, these physical properties and their relation to
autonomic function will be further examined.

A. Existing diagnostic tools

Currently, the following methods are used in assessing nerve
damage. These methods test the autonomic function or at least
partially the autonomic function.
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1) Electrographic: The most commonly used electro-
graphic test used for neuropathies is the sympathetic skin
response (SSR) test [32]. These tests work by sending a stim-
ulating current through a peripheral nerve and then measuring
the response from the corresponding polysynaptic reflex arch.
The amount of stimulation copied is an indication of how well
the autonomic function works. This technique only requires a
simple electrode to trigger and measure the response. The SSR
test however does require a stable room temperature, usually
about 26°, where the subject must be 15-20 minutes before
the test [32].

Another method is sympathetic microneurography. In this
method, a tungsten microelectrode is inserted percutaneously
into a peripheral nerve to directly measure the current passing
through it [33]. However, this method is time-consuming and
difficult making its diagnostic application unpractical [34].

2) Temperature: To assess the thermoregulation of someone
suspected of neuropathy a thermoregulatory sweat test (TST)
may be performed [35]. This test is performed under controlled
circumstances in a sauna-like room with a specific temperature
and humidity [36]. A special powder is applied to the part of
the body being tested that reacts to sweating [37]. A lack of
color indicates an inability to sweat and possible neuropathy.

3) Skin wrinkling: Another test used to test the SNS is the
skin wrinkling test [38] [39]. The test can be performed on the
hand palm or the foot sole. The hand palm is the preferred site
of the test because it makes for easier grading, First, the hand
is either soaked for 5-30 minutes in water, or a vasoconstrictor
cream is applied. After this, the wrinkling is graded from 1 to
4 depending on how much wrinkling has occurred [28]. Before
testing a reference photo is often made of the hand palm to
assist in the grading. A downside to this test is that the grading
is subjective making difficult to monitor small changes.

B. Physical properties

To find novel diagnostic tools it is useful to look at the
measurable qualities influenced by neuropathy. If the expected
physical reaction can be measured, deviation and possible
neuropathy can be quantified. Possible ways of measuring
these properties are suggested.

Blood Pressure: Although the kidneys are the main de-
terminant of blood pressure, the SNS still contributes and
is largely responsible for short-term blood pressure control
[40]. A change in vasoconstriction will change blood pressure.
Certain movements and exercises have an expected change
in blood pressure. This can be measured to assess possible
neuropathy. It is important to note that blood pressure should
be measured as close as possible to the suspected site of
neuropathy.

Skin Wrinkling: As discussed earlier skin wrinkling is
controlled by the SNS [28]. It might be possible to redesign the
skin wrinkling test to be less subjective. A possible solution
would be to compare initial surface area to wrinkled surface
area and express this as a percentage. To do this either AT can
be employed to compare before and after pictures or it might
be possible to use fingerprinting techniques to create before

and after prints. If these prints are made on grid paper it should
be possible to determine the wrinkling as a percentage giving
a more objective result.

Temperature: Neuropathy can disturb temperature regu-
lation. This means that the temperature of the area around
possible neuropathy is divergent from its normal temperature.
This exhibits itself in two ways, the temperature is lower than
it should be, and two the area is slow to regain its former
equilibrium if that equilibrium is disturbed [41].

These two effects can be measured using something like a
thermal scanner. A full body map could be made to monitor
the patient and detect abnormal temperatures. A more focused
thermal scanner, such as those used during the Covid pandemic
to monitor for fever, could be used to analyze the area of
suspected neuropathy after that area is cooled or warmed to
determine how quickly equilibrium can be restored.

Sweating: Sweating is part of the temperature regulation
process. Sweat glands are inhibited by neuropathy. The cur-
rently used thermoregulatory sweat test requires the patient to
be exposed to a specific temperature and humidity for a set
amount of time [36]. The test is also an all-or-nothing test.
The powder will still color the skin even with relatively little
sweat. A test on a scale would allow for monitoring of the
patient’s sweat response over longer periods. This might help
monitor possible neuropathy.

A possible way to measure sweating on a scale is by
measuring skin conductance. More sweat equals less electrical
resistance and more conductance. A moisture meter might
offer a low-cost way of measuring this resistance. A moisture
meter is normally used to measure the electrical resistance
in wood to determine how dry it is. It uses two prongs and
measures the resistance between these two prongs. Likely, this
would also work to measure skin resistance and thus con-
ductance. However, skin conductance is difficult to quantify
[42] and this new test would need extensive use to build up a
database of expected and divergent conductance.

Blood flow: Aside from blood pressure vasoconstriction will
also change the flow at which blood moves through veins and
arteries. Blood in a dilated vein or artery will travel at a slower
pace, conversely, blood will travel faster in a constricted vein.
This characteristic is closely related to blood pressure but is
distinct enough to warrant a different type of assessment.

A widely used way of measuring blood flow is photoplethys-
mogram. This method is used in pulse oximetry to measure
oxygen saturation of the red blood cells using a light-emitting
diode and photoreceptor. Although it measures oxygen it also
indirectly measures blood flow [43]. By plotting the oxygen
in the blood over time the relative speed of the blood flow
can be determined. This can then be used to explore possible
neuropathy by performing a motion or sympathetic stimulation
where a change in blood flow is expected, but not found.

VI. DISCUSSION

Currently, leprosy, and other neuropathies, are mainly tested
using the patient’s sensory functions. These sensory functions
are not the first functions to be affected by neuropathy. The
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autonomic functions of the body parts affected by neuropathy
are generally impaired before the sensory functions [9]. Thus it
might be wise to shift the diagnosis from sensory to autonomic
function. However, as mentioned in the previous section most
currently existing diagnostic tools are impractical or unsuitable
for use in low-income countries. To remedy this below five
physical properties are compared in a Harris profile to find
the most suitable for autonomous function diagnosis in low-
income countries.

A. Physical Properties

In the previous part, five physical properties were identified
as potential means of discovering neuropathy. In this part,
these five properties will be compared to determine which
one has the most potential to be adapted into a new way of
detecting possible neuropathy. To do this a Harris profile is
created.

A Harris profile gives a quick visual impression of which
concept has the most initial merit. To create a Harris profile
first the requirements are identified and ranked by importance.
The most important one will be at the top and the least
important one at the bottom. Each device is then scored with a
1, 2, 3, or 4 indicating how well they fulfill each requirement.
Comparing the center of gravity of the 'tower’ creates the
concepts can be compared. The higher and more to the right
the center of gravity the more suitable the concept is. This
allows a simple visual way to compare different ideas at the
initial stage.

1) Requirements: Before a Harris profile can be made the
requirements desired from the physical properties must first
be determined. To determine these requirements it is useful
to remember the goal of this paper. To find a novel way to
assess autonomic function in low-income countries. All the
described properties are autonomic functions so the important
requirements are how well they can be assessed and if they
can be assessed in low-income countries.

Keeping in mind the former the following requirements have
been determined. Ease of measurement means how easily can
the physical property be measured. If the desired property
can only be measured using expensive and/or large equipment
or requires difficult to create circumstances its suitability
for low-income countries is diminished. Time to measure
describes how quickly the desired property can be extracted
and examined. A quick test requires less time for a patient
this means the incentive to get tested is increased. This will
widen the investigation into possible neuropathy increasing
the chance of detecting it early. Clinical significance describes
what the measured property says about possible neuropathy.
If a property can be accurately measured but leaves too much
possibility for a diagnosis different than neuropathy it is a
less useful property. Although all properties are part of the
autonomous function they might not be exclusively linked
to the autonomous function. Difficulty of implementation
describes how difficult it is to use the property to create a
test for possible neuropathy. To maximize the utility of the
potential test it should require little to no training before being

used. This includes both measuring the property as well as
assessing the obtained results. Accuracy of the measurement,
how small of a difference can be detected. If small changes can
be monitored accurately possible neuropathy can be diagnosed
quicker when periodically tested.

For the order of importance of the requirements the assess-
ment should be prioritized over the application in low-income
countries. Although the use in low-income countries is part
of the goal, detection of possible neuropathy should be the
priority. This means that accuracy and clinical significance are
the two top requirements. Of these two clinical significance is
the more important one. As mentioned before if no significant
possibility of neuropathy can be determined by testing the
property it is not a useful property to test. For the requirements
related to use in low-income countries ease of measurement
should be valued higher closely followed by the difficulty of
implementation. The goal of the assessment is to find possible
neuropathy as soon as possible. To do this the test should be
as widely used as possible. To ensure this the test or device
should be easy to add to tools already used in care facilities in
low-income countries. This leaves the time to measure as the
least important requirement. Reduced time to measure would
increase the usability of the test

2) Harris Profile: To create the Harris profile the different
physical properties should be graded on the requirements
described above. It is important to note that this is not an exact
grading but rather an indication of suitability. For grading the
physical properties some assumptions were made regarding
the difficulty of implementation and time to measure require-
ments. For these requirements, the use of existing devices was
assumed and a possible user has some medical training.

Blood: When measured locally abnormal blood pressure
may indicate neuropathy. However local blood pressure ir-
regularity might also be the result of general hyper- or hy-
potension. This limits the clinical significance of abnormal
blood pressure. This means that for clinical significance blood
pressure scores a 2, Blood pressure can be reliably measured
with accuracy allowing small changes to be noticed. For
accuracy blood pressure scores a 4. Blood pressure can be
fairly easily measured. However, depending on where exactly
blood pressure should be measured local topography might
impede easy measurement. Therefore it scores a 3 in this
requirement. Blood pressure measurements are an established
practice that all health care workers should be able to perform
therefore it scores a 4. Blood pressure can not be measured
instantaneously, but it is quick and therefore scores a 3.

Skin Wrinkling: Skin wrinkling is a prime example of
an autonomous Skin Wrinkling: Skin wrinkling is a prime
example of an autonomous function it, therefore, scores a 4
on significance. For accuracy skin wrinkling scores a 2. It
has degrees of skin wrinkling, but this is very subjective and
difficult to objectively quantify. Measuring skin wrinkling is
easy no special devices are required and therefore it scores
a 4. Skin wrinkling is easy to implement as a test because
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TABLE V
HARRIS PROFILE; BLOOD FLOW AND TEMPERATURE BOTH SCORE A TOTAL OF 17 POINTS, TEMPERATURE, HOWEVER, HAS A HIGHER CENTER OF

GRAVITY AND IS THEREFORE THE

BETTER PROPERTY TO MEASURE.

|| Blood Pressure Skin Wrinkling Temperature Sweating Blood Flow
[Tt ]2 [3 T4 [t T2 73 [4 1 ]2 ]3[4 1t 273741 J27]3T4]
Clinical Significance X X X X X
Accuracy of X X X X X
Ease of measurement X X X X X
Difficulty of impl X X X X X
Time to measure X X X X X

it requires little training to perform. However, judging the
amount of wrinkling objectively is difficult and might require
more experience. That’s why it scores a 3. Skin wrinkling is
not a quick test. It may take up to 30 minutes soaking in water
to activate the wrinkling reflex and even the vasoconstrictor
creams don’t significantly reduce this time. Therefore it scores
al.

Temperature: Temperature is a good indication of au-
tonomous function. Both for abnormalities in skin temperature
and abnormalities in returning to a previous temperature. This
means it scores a 4. Very accurate thermal scanners that offer
a heat map of a larger area already exist allowing small
temperature changes to be measured. Here it also scores a
4, Thermal scanners and similar equipment are handheld and
readily available making measurements of temperature easy
therefore it scores a 3. Measuring the temperature requires no
special training, however interpreting the data might require
some expertise to assess if measurements are abnormal or
not. Because of this slightly more difficult interpretation, it
scores a +. If just the skin temperature is measured it can be
done almost instantaneously however if the ability to restore
temperature is measured it might take significantly more time.
Because this falls outside of the scope of this review to
determine which method gives the best diagnosis the times
are taken on average scoring temperature a 3.

Sweating: Like skin, wrinkling seating is a good indication
of autonomous function. Giving it a clinical significance of
4, The accuracy of measuring the sweating is questionable.
No sweat is a good indication of neuropathy, but a little or
a lot of sweating does not give useful information. Therefore
it scores a 3. Measuring the sweat is not necessarily difficult,
but activating the sweat glands has an optimum temperature
and humidity. Realizing these might not always be possible
and this might complicate the measurement. Taking this into
account a - was given. No special training is required to
implement the measurement although the same with it being a
binary result, sweat or no sweat, makes implementation more
difficult. This means it scores a 3. Like skin wrinkling, it takes
time to activate the sweat response increasing the time required
for this measurement. This is reflected in its score of 1.

Blood flow: Like blood pressure blood flow is not a strictly
autonomous function. This makes it less suitable giving it a
score of 2. With the photoplethysmogram method described
before it should be possible to get an accurate measurement
of the blood flow. This leads to a score of 4. Similar to temper-

ature the measurement of blood flow requires no big machines,
but the machine is somewhat complicated. It, therefore, scores
a 3, just like temperature. The measurement will most likely
not be difficult to implement. The measuring device will most
likely require little training and the result should be easy
to interpret. Leading to a score of 4. This will also be the
fastest property to measure. The flow can be quickly read and
therefore it scores a 4.

Table V shows the Harris profile for the physical properties.
Looking at the Harris profile Temperature is the most suitable
of the five properties. It has the same score as blood flow,
but has a higher center of gravity. However, it would be
unwise to disregard the other properties completely. The Harris
profile looks at each property individually and combining them
might lead to a better assessment. It might therefore be useful
to investigate combinations of the properties. For example,
a logical combination would be temperature and sweating.
Triggering sweating requires an increase in body temperature,
combine this with a test to see how long it takes to return
the skin to its original temperature and data can be gathered.
Other combinations might also work, but this would be part of
future research and falls outside of the scope of this review.

VII. CONCLUSION

The goal of this paper was to find if assessing neurological
damage to the autonomous functions as a result of leprosy or
other neuropathies is possible. Most neuropathy is assessed
using the sensory function of the patient, not the autonomic
function. Generally, this is easier, the tests are cheaper, and
when done regularly allow for proper monitoring. However,
in countries where access to regular medical care is sparse
and irregular, it is important to detect neuropathy as quickly
as possible to prevent permanent injury or disfigurement.
Because autonomic functions are often affected before sensory
functions it is useful to assess these functions.

This review has identified five physical properties that
may be used to test autonomic function to detect possible
neuropathy. Of these properties, the temperature has the most
potential for developing a novel way to diagnose neuropathy.
This will be further explored in the following project. It
is important to note that currently, the properties have only
been compared to diagnose possible neuropathy on their own.
It is might well be more useful, and practical, to combine
different properties to create a new way to diagnose possible
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neuropathy. Howeyver, this falls outside of the scope of this
review and will be done in a follow-up project.
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APPENDIX B: TEMPERATURE DATA AVERAGE OF THREE RUNS

Below the average test results can be found for the 12 tests. The results are the averaged temperature

measured over the three different runs for each test. The tables also show the root mean square (RMS)
and standard deviation (St. Dev.)

Test 1: Back, Cooling, 0,1g

Left

Minute Location 1 Location 2 Location 3 Location 4

30,56
28,99
27,99
28,42
29,05
29,43
29,72
29,92
30,21
30,30
30,42
30,45
30,60
30,54
30,40
30,41
RMS 29,85
St. Dev. 0,83
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Test 2: Back, Cooling, 0,2g

Left

31,60
30,74
30,39
30,84
31,27
31,49
32,26
32,01
32,21
32,29
32,33
32,43
32,55
32,44
32,45
32,36
31,86

0,70

31,94
30,25
29,36
29,40
29,76
29,95
30,27
30,49
30,82
30,69
30,76
30,82
31,06
30,85
31,07
30,92
30,53

0,67

31,10
30,97
32,02
32,32
32,09
32,38
32,28
32,77
32,80
32,58
32,18
32,27
32,41
32,05
31,73
31,73
32,11

0,52,

Minute Location 1 Location 2 Location 3 Location 4

30,48
29,75
28,51
28,71
29,29
30,39
30,23
30,50
30,64
30,79
31,02
30,89
30,80
30,84
30,92
30,41
RMS 30,27
St. Dev. 0,79
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31,89
30,89
31,35
31,88
32,24
32,13
32,45
32,66
32,60
32,67
32,84
32,81
32,79
32,64
32,56
32,70
32,32

0,56

32,49
30,17
29,59
29,22
29,41
29,56
29,95
30,17
30,83
31,12
31,20
31,49
31,51
31,47
31,49
31,72
30,73

0,99

32,28
32,37
32,21
32,10
31,68
31,73
32,59
32,50
32,67
32,48
32,55
32,35
32,30
31,95
31,74
32,22
32,23

0,31

Minute Location 1 Location 2 Location 3 Location 4

31,29
30,80
30,90
30,93
31,22
31,41
31,42
31,47
31,44
31,54
31,66
31,80
31,70
31,75
31,66
31,66
31,42

0,31

32,18
31,91
31,97
32,03
32,10
32,10
32,24
32,17
32,29
32,21
32,22
32,25
32,34
32,30
32,36
32,26
32,18

0,13

30,74
29,95
30,81
31,61
31,65
31,72
31,84
31,85
31,83
31,65
32,00
31,59
31,52
31,36
31,38
31,21
31,42

0,53

Minute Location 1 Location 2 Location 3 Location 4

Right

1 30,58

2 30,02

3 30,05

4 30,02

5 30,63

6 30,41

7 30,50

8 30,44

9 30,70

10 30,57

11 31,00

12 30,95

13 30,97

14 30,74

15 30,65

16 30,71

RMS 30,56

St. Dev. 0,32
Right

1 30,04

2 29,94

3 30,86

4 30,77

5 30,53

6 30,54

7 30,79

8 30,81

9 30,90

10 30,89

11 30,84

12 31,04

13 30,98

14 30,83

15 31,02

16 30,79

RMS 30,73

St. Dev. 0,32

31,25
31,68
31,66
31,85
31,54
31,88
31,82
31,88
31,87
31,95
31,94
32,01
31,85
31,90
31,77
31,84
31,79

0,19

32,19
32,02
32,37
32,53
32,59
32,69
32,78
32,75
32,76
32,86
32,83
32,85
32,98
32,73
32,74
32,79
32,66

0,26

30,25
31,66
31,27
31,22
31,21
31,40
31,78
31,96
31,96
31,86
31,94
31,79
31,70
31,78
31,52
31,55
31,56

0,43,
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Test 3: Back, Cooling, 0,3g

Left

Minute Location 1 Location 2 Location 3 Location 4

1
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RMS
St. Dev.

Test 4: Palm, Cooling, 0,1g

Left

30,33
29,16
27,63
28,01
28,46
29,60
30,03
30,45
30,52
30,37
30,36
30,48
30,54
30,64
30,55
30,50
29,87

0,99

32,08
31,29
31,10
31,02
31,36
31,88
32,74
33,06
33,09
33,05
33,06
32,91
33,12
33,04
32,98
32,97
32,43

0,82

32,66
30,50
29,80
29,65
29,51
30,16
30,33
30,51
30,85
31,00
31,16
31,14
31,32
31,52
31,26
31,35
30,80

0,81

30,38
30,29
31,13
32,05
32,34
32,66
32,82
33,03
32,83
32,82
32,54
32,68
32,92
32,85
32,35
32,19
32,25

0,88

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N O UVbdiw N

RliRr Rk Rk
ot~ W N L O

RMS
St. Dev.

32,03
31,18
31,31
32,03
32,25
33,12
33,40
33,71
33,73
33,91
34,10
34,00
33,68
33,91
33,81
33,86
33,14

1,01

33,61
32,69
33,30
33,18
33,71
34,07
34,06
34,32
34,46
34,98
34,45
34,52
34,55
34,59
34,37
34,56
34,10

0,63

34,73
32,94
32,41
31,93
32,41
32,94
33,51
33,71
33,60
33,82
34,41
34,38
34,30
33,91
33,84
34,41
33,59

0,83

31,25
30,97
30,87
30,80
30,70
30,83
31,35
31,28
31,45
31,73
31,59
32,02
31,86
31,88
32,03
32,06
31,42

0,48,

Right

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N O UV|bdlwN

N = S S
ol W NP O

RMS
St. Dev.

Right

30,20
30,11
30,38
30,63
30,79
30,80
30,99
31,51
31,16
31,11
31,26
30,99
31,17
31,06
31,02
31,18
30,90

0,39

31,41
31,34
31,33
31,40
31,54
32,01
32,24
32,25
32,29
32,28
32,21
32,17
32,09
32,23
32,03
32,06
31,93

0,38

32,34
32,58
32,51
32,53
32,59
32,73
32,77
32,69
32,72
32,59
32,76
32,68
32,67
32,71
32,52
32,76
32,63

0,12

29,65
29,73
30,45
31,24
31,94
32,29
32,34
32,42
32,28
32,28
32,01
32,04
32,34
32,36
32,01
31,78
31,71

0,93,

Minute Location 1 Location 2 Location 3 Location 4

1

O N O UVbdlw N

N = S S
ol W NPk O

RMS
St. Dev.

31,47
31,93
31,97
32,10
32,29
32,72
33,05
33,35
33,38
33,15
33,34
33,43
33,40
33,42
33,30
33,31
32,86

0,67

32,64
32,58
32,67
33,14
33,05
33,38
33,59
33,92
34,01
33,70
34,23
34,11
34,01
34,17
33,79
34,08
33,57

0,58

33,11
33,16
32,97
33,48
33,42
33,55
33,95
34,01
34,12
33,79
33,48
33,98
34,05
33,97
33,61
34,11
33,68

0,38

30,78
30,89
30,61
30,88
31,08
31,39
31,42
31,77
32,43
31,94
31,85
32,22
32,27
32,08
32,20
32,18
31,63

0,62,

51



Test 5: Palm, Cooling, 0,2g

Left

Minute Location 1 Location 2 Location 3 Location 4

1

Wi N O Ubdlw N

RliRr Rk |R|Rk|=
ot~ WNIFL O

RMS
St. Dev.

Test 6: Palm, Cooling, 0,3g

Left

34,37
32,56
32,11
32,51
33,60
33,95
33,91
34,08
34,29
34,45
34,81
35,26
35,25
35,54
35,56
35,35
34,24

1,10

35,47
33,85
34,29
34,74
34,95
34,99
35,38
35,47
35,44
35,63
35,84
36,08
35,93
36,22
36,12
36,02
35,41

0,68

35,25
33,24
32,54
32,43
32,20
32,49
32,97
33,25
33,20
33,26
33,44
33,52
33,84
33,97
34,25
34,25
33,39

0,80

33,55
33,58
32,93
32,9
33,10
33,19
33,04
33,21
33,09
33,13
33,42
33,51
33,47
33,75
33,94
33,89
33,36

0,32

Minute Location 1 Location 2 Location 3 Location 4

1

W 0N O UV b iw|N

RliRr Rk |R|Rk|=
ot~ WINIFL O

RMS
St. Dev.

35,30
33,48
32,80
34,00
34,74
35,21
35,98
35,78
36,07
36,10
36,14
35,85
35,83
36,29
36,18
35,58
35,35

1,05

36,32
35,44
35,41
36,14
35,71
36,34
36,82
36,75
36,66
36,89
36,90
36,79
36,73
36,95
36,89
36,83
36,48

0,53

35,59
33,88
32,81
32,70
33,04
33,63
33,76
34,03
34,27
34,51
34,76
34,65
34,95
34,84
35,04
34,99
34,22

0,86

34,50
34,17
33,85
34,33
34,51
34,89
34,95
35,06
35,04
35,32
35,40
35,36
35,18
35,23
35,34
35,04
34,89

0,47,

Right

Minute Location 1 Location 2 Location 3 Location 4

1

W0 N O U bdlw N

RliRr Rk |R|Rk|=
ot~ WNIEL O

RMS
St. Dev.

Right

34,12
33,68
33,57
33,84
34,22
34,77
34,42
34,33
34,36
34,25
34,79
34,46
34,61
35,19
34,83
34,97
34,40

0,46

34,27
33,71
34,38
34,71
34,70
34,86
34,95
34,43
34,29
34,87
35,19
35,38
35,25
35,75
35,55
35,57
34,87

0,56

34,62
34,01
33,88
33,83
33,82
33,99
34,04
33,96
34,18
34,03
34,02
34,06
33,95
34,25
34,05
34,16
34,05

0,19

33,18
33,26
33,13
33,74
33,73
33,83
33,65
33,80
33,74
34,14
34,21
34,70
34,59
35,04
34,84
34,71
34,02

0,61,

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N O U iwN

RliRr Rk |R|Rk|=
ol W NPk O

RMS
St. Dev.

34,94
34,85
35,14
35,77
35,94
36,22
36,23
36,00
36,02
36,18
35,91
35,85
35,92
35,97
36,01
35,74
35,80

0,43

35,58
35,52
35,49
35,87
36,02
36,52
36,66
36,65
36,14
36,70
36,42
36,27
36,01
36,07
36,06
35,35
36,09

0,44

35,43
35,11
35,24
35,55
35,31
35,58
35,79
35,72
35,62
35,62
35,42
35,42
35,45
35,37
35,26
35,25
35,45

0,19

34,89
34,65
34,55
35,17
35,36
35,74
35,84
35,91
35,63
35,83
35,74
35,57
35,63
35,58
35,72
35,55
35,46

0,42,

52



Test 7: Back, Heating, 0,03g

Left

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N uUidlw N

R R R Rk R
ok wWw N L O

RMS
St. Dev.

Test 8: Back, Heating, 0,07g

Left

31,66
31,50
31,38
31,37
31,32
31,35
31,79
31,53
31,73
31,29
32,23
32,06
32,14
32,18
32,05
32,00
31,72

0,34

33,06
33,38
33,26
33,33
33,34
33,78
34,14
34,01
34,04
34,33
34,66
34,52
34,49
34,31
34,06
34,30
33,94

0,51

33,22
32,01
32,75
32,75
32,74
32,81
32,89
32,89
32,90
32,98
33,05
32,93
33,00
32,99
33,09
33,12
32,88

0,27

32,68
32,50
32,56
32,60
33,53
33,26
33,24
33,68
34,69
34,97
35,09
34,91
34,33
34,14
34,00
34,06
33,77

0,90,

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N idlw N

R R R Rk ke
aolnnh~ W N KL IO

RMS
St. Dev.

30,50
31,19
31,39
31,49
31,67
31,42
31,40
30,85
31,13
30,93
30,83
30,80
31,01
31,03
31,34
31,37
31,15

0,31

32,29
32,87
33,07
33,62
33,36
33,56
33,08
33,65
33,43
33,59
33,56
33,46
33,55
33,73
33,75
34,02
33,41

0,41

32,63
32,19
32,74
32,65
32,81
32,63
32,52
32,27
32,38
32,14
32,20
32,43
32,28
32,28
32,37
32,38
32,43

0,21

30,83
32,28
32,24
32,73
32,94
32,54
31,65
32,08
32,70
33,09
32,80
33,05
33,53
33,90
34,26
34,17
32,81

0,91

Right

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N lwN

R RR Rk ke
ok~ wWw N KL O

RMS
St. Dev.

Right

30,84
30,84
30,85
30,73
30,96
31,10
31,22
31,62
31,48
31,76
31,82
32,10
32,19
31,77
32,01
32,26
31,48

0,54

32,52
32,15
32,33
32,08
32,36
32,24
32,43
32,52
32,63
32,81
33,05
33,19
33,02
33,18
32,90
33,06
32,65

0,38

32,70
32,72
32,75
32,79
32,74
32,79
32,84
32,83
32,99
32,92
33,12
33,00
33,16
33,09
33,03
33,05
32,91

0,16

31,90
31,9
31,88
31,99
32,20
32,62
32,96
33,13
33,75
34,62
34,81
34,29
34,17
34,04
33,80
33,94
33,27

1,05,

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N uidlw N

R R R Rk ke
o~ wW N KL O

RMS
St. Dev.

31,27
31,56
31,60
31,59
31,76
31,77
31,48
31,30
31,24
30,95
31,32
31,36
31,33
31,54
31,65
31,65
31,46

0,22

32,18
32,40
32,43
32,31
32,51
32,32
32,21
32,16
32,18
32,18
32,33
32,25
32,40
32,51
32,85
32,81
32,38

0,21

32,72
33,14
33,12
33,25
33,41
33,21
33,07
33,11
33,23
33,02
33,05
33,05
33,16
33,12
33,10
33,09
33,11

0,14

30,71
31,73
32,15
32,41
32,42
31,99
31,73
32,23
32,69
32,77
32,9
33,08
33,48
33,69
33,86
33,92
32,62

0,88,

53



Test 9: Back, Heating, 0,1g

Left

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N uUidlw N

R R R Rk R
ok wWw N L O

RMS
St. Dev.

Test 10: Palm, Heating, 0,03g

Left

29,75
29,59
29,67
29,58
29,52
29,42
29,33
28,97
28,77
28,82
28,33
28,31
28,18
28,31
28,22
28,13
28,94

0,62

30,10
30,62
30,87
30,69
30,82
30,80
30,71
30,72
30,58
30,34
29,70
30,18
30,35
30,15
29,89
29,88
30,40

0,38

31,64
30,20
30,88
31,05
31,08
31,29
31,24
31,26
30,90
30,89
30,75
30,72
30,91
30,86
30,74
30,52
30,94

0,34

29,12
28,81
28,65
28,48
28,49
28,27
28,08
28,21
27,98
27,56
27,19
26,95
27,23
27,29
27,15
26,77
27,90

0,73

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N idlw N

R R R Rk ke
aolnnh~ W N KL IO

RMS
St. Dev.

33,48
34,05
34,88
35,30
35,66
36,45
36,58
36,27
36,56
36,12
36,18
36,16
36,44
36,19
36,22
36,49
35,83

0,93

34,66
35,15
35,47
35,92
36,55
36,68
36,79
36,93
36,88
36,83
36,49
36,71
36,96
36,76
36,79
36,78
36,40

0,71

34,69
34,46
34,95
35,45
35,38
35,79
35,75
35,81
35,91
35,88
35,79
35,85
35,77
35,87
35,88
35,73
35,56

0,46

33,09
33,17
33,05
33,29
33,73
34,06
34,18
34,43
34,49
34,58
34,56
34,51
34,64
34,64
34,52
34,55
34,10

0,61

Right

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N lwN

R RR Rk ke
ok~ wWw N KL O

RMS
St. Dev.

Right

30,42
30,62
30,46
30,60
30,44
30,38
30,22
29,97
29,92
29,64
29,37
29,35
29,38
29,41
29,02
28,77
29,88

0,60

30,92
30,90
31,17
31,09
31,14
31,01
30,75
30,74
30,48
29,99
29,86
29,96
30,10
29,97
29,83
29,52
30,47

0,56

31,96
32,47
32,47
32,54
32,43
32,61
32,50
32,56
32,54
32,51
32,08
32,24
32,28
32,31
32,13
31,95
32,35

0,22

30,11
30,13
29,95
30,09
29,56
29,84
29,54
29,51
28,75
28,24
28,20
28,00
28,31
28,34
28,24
27,70
29,04

0,88,

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N uidlw N

R R R Rk ke
o~ wW N KL O

RMS
St. Dev.

33,05
33,96
33,98
34,36
35,48
35,33
35,58
35,95
36,01
35,47
35,14
35,47
35,57
35,33
35,14
35,46
35,09

0,81

33,62
34,10
34,53
35,03
35,62
36,09
35,82
35,82
36,13
35,75
35,53
35,97
35,87
35,62
35,72
35,50
35,43

0,73

33,52
33,93
33,97
34,15
34,39
34,66
34,87
34,69
34,65
34,71
34,61
34,57
34,66
34,52
34,50
34,46
34,43

0,36

32,40
32,97
33,19
33,56
34,59
34,85
34,91
35,40
35,44
35,12
35,07
35,06
35,26
34,83
34,87
34,82
34,53

0,94,

54



Test 11: Palm, Heating, 0,07g

Left

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N uUidlw N

R R R Rk R
ok wWw N L O

RMS
St. Dev.

Test 12: Palm, Heating, 0,1g

Left

33,89
35,11
35,66
35,76
35,76
36,12
36,44
36,28
36,35
36,60
36,57
36,66
36,75
36,89
37,05
37,05
36,19

0,82

34,39
35,56
35,67
36,01
36,35
36,53
36,73
36,58
36,76
36,84
36,88
36,98
36,94
37,06
37,09
37,16
36,48

0,74

34,10
34,72
34,95
35,37
35,11
35,54
35,52
35,54
35,56
35,49
35,36
35,75
35,59
35,85
35,72
35,87
35,38

0,46

31,64
32,32
32,56
32,96
33,57
33,66
33,73
33,79
34,06
34,06
34,12
34,30
34,40
34,73
34,98
34,90
33,75

0,95,

Minute Location 1 Location 2 Location 3 Location 4

1

W 0N O UV b iw|N

RliRr Rk |R|Rk|=
ot~ WINIFL O

RMS
St. Dev.

35,45
35,40
36,34
36,89
37,03
36,66
36,95
36,82
37,02
37,11
36,85
36,74
36,57
36,69
36,84
36,94
36,65

0,51

36,33
36,43
37,05
37,14
37,42
37,21
37,29
37,24
37,39
37,54
37,37
37,40
36,83
37,08
37,30
37,34
37,15

0,35

35,30
35,34
35,87
36,34
36,26
36,22
36,37
36,29
36,31
36,41
36,33
36,41
36,18
35,97
36,01
36,27
36,12

0,35

34,04
33,98
34,47
34,62
34,90
34,76
35,15
35,15
35,59
35,43
35,14
35,29
35,32
35,05
34,88
34,98
34,92

0,46,

Right

Minute Location 1 Location 2 Location 3 Location 4

1

O 0N lwN

R RR Rk ke
ok~ wWw N KL O

RMS
St. Dev.

Right

33,79
34,87
34,39
35,05
34,99
35,59
35,62
35,44
35,65
36,09
35,88
36,11
36,03
36,19
36,47
36,46
35,55

0,75

33,75
34,43
34,39
34,66
34,93
35,46
35,64
35,76
35,70
36,12
36,24
36,28
36,48
36,25
36,59
36,63
35,59

0,89

33,24
33,64
33,76
33,88
34,29
34,33
34,68
34,75
34,48
34,71
34,67
34,88
34,79
35,08
34,83
34,96
34,44

0,54

31,36
33,17
33,62
33,91
34,20
34,62
35,20
34,85
35,24
35,37
35,56
35,58
35,51
35,65
35,68
35,71
34,72

1,20,

Minute Location 1 Location 2 Location 3 Location 4

1

W N O U bdiw|N

RiRr Rk |R|Rk|=
ol b~ WINIFL O

RMS
St. Dev.

34,71
35,42
36,06
36,32
36,60
36,60
36,59
36,38
36,67
36,84
36,47
36,57
36,03
36,20
36,42
36,44
36,27

0,53

35,25
35,71
36,37
36,53
36,74
36,73
36,78
36,57
36,78
37,03
36,49
36,84
36,24
36,60
36,71
36,88
36,52

0,46

34,67
34,65
35,29
35,51
35,40
35,38
35,52
35,65
35,56
35,62
35,69
35,75
35,42
35,37
35,14
35,43
35,38

0,32

33,97
34,09
34,90
35,32
35,64
35,80
35,99
36,13
36,24
36,17
35,91
35,93
35,55
35,55
35,65
35,77
35,54

0,68,

55



APPENDIX C: MOISTURE METER RAW DATA

Test1
Run 1 Rn 2 JRwn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18,5 18,5 1- 18,8 1 18,4 18,3
2 20,4 18,4 2 20,4 18,6 2 21 18,6
3 19,9 - 3 19,7 18,4 3 19,4 18,4
4 19 18,5 4 18,7 18,4 4 18,9 18,2
5 16 18,5 5 18,8 - 5 18,4 18,5
6 16,9 18,4 6 19 18,8 6 18,3 18,4
7 16,7 18,2 7 18,8 - 7 14,3 -
8 18,8 - 8 18,5 18,8 8 17 18,7
9 18,8 18,6 9 16,5 18,7 9 18,6 18,9
10 18,8 - 10 18,4 17 10 18,8 -
11 18,7 16,6 11 18,5 18,8 11 18,2 18,8
12 18,9 18,5 12 17,7 18,6 12 18,2 18,2
13 19,4 18,6 13 18,2 18,7 13 16,5 19
14 18,8 - 14 18,8 18,9 14 19,4 -
15 18,5 18,5 15 18,3 - 15 18,3 -
Test 2
Run 1 fun 2 JRen 3 |
Minute Left Right Minute Left Right Minute Left Right
1 19,9 16,6 1 18,6 18,9 1 18,5 18,6
2 19,7 18,7 2 20,9 15,1 2 20,6 -
3 20,2 19,1 3 20,6 18,2 3 19,4 18,8
4 20,6 15,4 4 20,4 16,2 4 19 18,4
5 20,5 18,9 5 19,3 18,2 5 18,4 18,4
6 20,2 18,7 6 19 18,2 6 18,9 -
7 19,6 18,9 7 18,8 18,4 7 18,1 18,5
8 20 17 8 19,1 14,5 8 18,9 18,6
9 19 18,4 9 19 18,4 9 19,1 18,5
10 19,4 13,2 10 19,6 - 10 19 18,2
11 19,3 18,6 11 19,4 18,7 11 18,8 18,2
12 17,7 18,8 12 18,8 18,4 12 18,7 -
13 19 18,5 13 18,5 18,8 13 19,2 18,7
14 19,3 18,3 14 19,4 18,2 14 18,8 19
15 19 17,4 15 19 - 15 18,8 -

56



Test 3

Run 1 fn 2 JRn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18,3 19 1 18,5 18,7 1 18,2 15,8
2 19,7 16 2 20,9 18,4 2 22,5 18,6
3 20,6 17,4 3 20,1 18,9 3 21,2 18,8
4 19,9 16,6 4 19 18,8 4 20,5 -
5 19,1 18,3 5 18,6 17,2 5 20,5 -
6 20 18,3 6 19,3 18,6 6 19 18,8
7 19,2 18,7 7 18,4 18,5 7 19,6 18,8
8 19,1 18,7 8 18,3 18,7 8 19 18,4
9 18,6 18,4 9 18,8 18,8 9 19,1 18,6
10 18,4 18,6 10 18,2 18,7 10 19 18,7
11 18,2 - 11 18,7 18,6 11 18,8 18,3
12 19 18,3 12 18,3 18,7 12 18,8 18,3
13 18,6 18,4 13 18,5 18,8 13 18,2 18,4
14 18,2 18,2 14 14,8 18,7 14 19 18,6
15 19,1 - 15 16 18,8 15 18,9 19
Test 4
Run 1 Rn 2 JRwn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18,9 18,9 1 18,7 18,3 1 18,8 18,8
2 20,4 18,6 2 19,4 18,7 2 19 19
3 19,4 18,8 3 19 18,3 3 19 18,8
4 19,1 18,5 4 18,8 18,5 4 18,8 19
5 19,2 18,7 5 18,8 18,8 5 18,8 19,2
6 19,3 18,6 6 19,1 19 6 19,6 18,8
7 19 18,4 7 18,6 18,3 7 18,7 18,5
8 18,8 18,7 8 18,7 18,4 8 19,2 18,6
9 18,8 18,7 9 19 18,3 9 19,1 18,7
10 19,7 18,8 10 18,6 18,6 10 18,9 18,4
11 19,2 18,6 11 18,9 18,8 11 18,7 18,2
12 18,8 18,7 12 18,5 18,7 12 18,6 18,3
13 19,1 19,3 13 18,6 18,7 13 18,7 -
14 18,9 18,8 14 18,6 18,4 14 18,8 18,8
15 18,7 18,8 15 18,3 19,1 15 18,4 18,8
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Test5

Run 1 fn 2 JRn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18,7 18,1 1 18,6 18,5 1 19,4 19,2
2 20,4 18,4 2 18,7 18,7 2 20,9 18,7
3 20,4 19,8 3 20,6 18,6 3 19,6 18,7
4 19,4 18,7 4 20,1 18,6 4 18,6 18,7
5 19 18,2 5 19,2 18,4 5 19,7 18,8
6 19,1 17,8 6 19,3 18,6 6 19,4 18,5
7 18,8 18,8 7 18,8 18,4 7 18,8 18,9
8 19 18,4 8 18,8 17,4 8 19,4 18,7
9 19,4 18,6 9 18,8 18,4 9 19,5 19
10 18,8 18,9 10 18,7 18,8 10 18,5 18,4
11 18,8 18,5 11 18,8 18,8 11 18,8 18,6
12 18,6 18,4 12 18,8 18,2 12 19 18,6
13 18,6 17 13 18,9 18,4 13 19 18,8
14 19,1 18,7 14 18,9 18,8 14 19 19
15 18,8 18,2 15 19 18,4 15 19 19
Test 6
Run 1 Rn 2 JRwn 3 |
Minute Left Right Minute Left Right Minute Left Right
1- - 1 19 18,4 1 18,5 18,3
2 - - 2 20,8 18,8 2 23,3 18,6
3- - 3 21 18,8 3 20,9 18,9
4 - - 4 21 19,7 4 22,2 18,7
5- - 5 20,9 19,1 5 20,9 18,9
6 - - 6 20,3 18,8 6 19,9 18,7
7 - - 7 19,4 18,7 7 18,8 19,2
8 - - 8 19 18,7 8 19,4 18,9
9 - - 9 18,8 17,2 9 20,2 18,4
10 - - 10 19 18,4 10 19,6 18,6
11 - - 11 19,9 17,4 11 20,1 18,8
12 - - 12 19,3 18,8 12 18,8 19
13 - - 13 19,3 18,8 13 19,4 18,9
14 - - 14 19,3 19,4 14 19,3 18,8
15 - - 15 18,8 19 15 20,4 18,6
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Test 7

Minute Left Right Minute Left Right Minute Left Right
1 18,7 - 1 18,7 18,7 1 18,6 -
2 19,2 18,4 2 18,9 18,5 2 18,8 18,7
3 18,3 18,8 3 18,4 - 3 19 18,2
4 18,8 18,7 4 18,6 18,,3 4 18,8 18,5
5 18,9 18,6 5 18,8 18,5 5 18,8 18,7
6 18,8 18,2 6 18,7 18,3 6 18,8 18,7
7 19 18,4 7 18,9 18,4 7 19 18,9
8 19 18,6 8 18,3 18,6 8 19,9 -
9 18,6 - 9 18,8 18,7 9 18,8 18,8
10 18,8 18,5 10 18,9 18,7 10 18,8 18,7
11 18,6 18,7 11 18,8 18,4 11 19,3 -
12 18,7 18,3 12 18,5 18,7 12 18,9 18,8
13 18,5 18,7 13 18,7 18,7 13 18,9 18,4
14 18,7 19 14 18,7 18,4 14 18,8 18,9
15 18,6 - 15 18,6 - 15 19,2 -
Test 8
Run 1 Rn 2 JRwn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18,2 14,6 1 18,3 18,6 1 18,6 18,8
2 18,2 18,5 2 18,7 18,7 2 19,3 18,7
3 18,7 18,5 3 18,4 18,8 3 18,7 -
4 18,7 - 4 18,8 18,6 4 18,7 18,7
5 18,2 18,8 5 18,6 18,6 5 18,8 18,6
6 19,1 18,7 6 18,6 18,6 6 18,6 18,5
7 18,6 18,8 7 18,7 18,5 7 18,7 18,6
8 18,2 18,6 8 18,4 - 8 18,7 18,5
9 18,7 - 9 18,4 18,7 9 18,3 18,7
10 18,5 18,7 10 18,7 18,7 10 18,7 18,8
11 18,5 18,6 11 18,6 18,4 11 18,6 -
12 18,8 18,6 12 18,6 18,8 12 18,8 18,4
13 18,2 18,6 13 18,7 18,5 13 19 18,6
14 19,1 18,2 14 18,4 18,6 14 18,6 -
15 18,3 16,1 15 18,7 19 15 18,8 18,7
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Test9

Run 1 fn 2 JRn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18,4 18,5 1 18,5 18,2 1 18,3 18,7
2 18,8 18,4 2 18,3 18,5 2 19 18,7
3 18,5 18,8 3 18,5 18,8 3 19 18,8
4 18,8 18,6 4 18,5 18,6 4 18,4 -
5 19 18,4 5 18,8 18,2 5 18,8 18,7
6 18,7 18,5 6 18,8 18,2 6 18,8 18,7
7 18,4 18,6 7 18,6 18,3 7 18,8 -
8 18,8 18,4 8 18,6 18,8 8 18,7 18,3
9 18,6 18,5 9 18,5 18,7 9 18,8 -
10 18,3 18,8 10 18,3 18,9 10 18,8 18,7
11 18,9 18,8 11 18,4 18,4 11 18,9 19
12 18,6 18,8 12 18,5 18,4 12 18,9 18,4
13 18,3 18,4 13 18,5 - 13 18,8 -
14 18,8 18,2 14 18,4 - 14 19,4 18,4
15 18,5 18,7 15 18,3 18,3 15 19,4 -
Test 10
Run 1 Rn 2 JRwn 3 |
Minute Left Right Minute Left Right Minute Left Right
1 18 19 1 18,6 18,5 1 18,7 18,8
2 19 17 2 18,8 18,6 2 19,2 18,5
3 18,5 17 3 18,3 18,5 3 20,1 18,7
4 18 18,2 4 18,6 18,5 4 19,1 18,4
5 19,4 18,5 5 18,6 18,2 5 19,3 18,8
6 19,1 18,8 6 18,5 18,8 6 18,3 18,1
7 19 18,3 7 18,7 18,7 7 19,1 18,4
8 19 18,8 8 18,8 18,6 8 19,4 18,6
9 19,3 18,5 9 19,1 18,4 9 19,4 18,6
10 19 18,8 10 18,9 18,3 10 19,4 18,7
11 18,8 18,6 11 18,7 18,3 11 19 18,5
12 19 18,8 12 19,1 18,6 12 20,2 18,3
13 18,7 18,8 13 19 18,6 13 19,7 18,6
14 19 18,4 14 19 18,8 14 19,4 18,8
15 19,2 18,5 15 19 18,4 15 19,9 18,8
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Test 11

Run 1 fn 2 JRn 3 |
Minute Left Right Minute Left Right Minute Left Right

1 19 18,9 1 18,6 18,5 1 18,8 18,1

2 18,9 18,9 2 18,6 18,3 2 18,8 18,8

3 18,9 18,3 3 19,3 18,9 3 18,6 18,7

4 18,9 18,8 4 18,8 18,4 4 18,6 18,4

5 19 18,6 5 18,3 18,8 5 18,8 18,4

6 19 18,5 6 19 18,8 6 18,9 18,4

7 19,3 18,7 7 19,4 18,5 7 18,9 18,5

8 20,4 18,7 8 19,1 18,2 8 18,8 17,8

9 20 18,7 9 19,3 18,7 9 18,5 18,4

10 19,4 18,8 10 19,4 18,8 10 18,4 18,6

11 19,2 18,6 11 19,3 18,8 11 18,6 18,4

12 19,4 18,8 12 19 18,6 12 18,4 18,4

13 18,9 18,7 13 18,9 18,3 13 18,7 18,8

14 19,4 18,8 14 18,8 18,9 14 18,7 18,6

15 19,4 18,4 15 19,4 18,9 15 18,9 18,4

Test 12

Run 1 Rn 2 JRwn 3 |
Minute Left Right Minute Left Right Minute Left Right

1 19 18,9 1 19,3 18,3 1 18,7 18,4

2 19 19,2 2 18,5 18,8 2 18,8 18,7

3 18,8 18,6 3 20 19,3 3 18,9 18,7

4 18,7 18,7 4 19 18,6 4 18,8 18,7

5 18,7 19 5 18,9 18,3 5 19 18,4

6 18,9 18,5 6 18,8 19 6 18,8 18,3

7 19,1 18,7 7 18,8 18,5 7 18,9 18,8

8 19,4 18,6 8 19,3 19 8 18,8 19

9 18,8 17,9 9 18,8 18,7 9 19,1 18,7

10 20,1 19,1 10 19 18,9 10 18,9 18,3

11 19 18,8 11 19 18,9 11 19,2 18,7

12 19,4 18,8 12 19 18,4 12 19 18,6

13 19,1 18,8 13 19,2 18,3 13 19,3 18,8

14 19,1 18,5 14 19,4 18,4 14 19,7 18,2

15 19,4 18,5 15 18,9 17,8 15 19,7 18,8
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