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The great art of life is sensation, to feel that we exist
— even though in pain

Lord Byron
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Thesis at a glance

The overall aim of the thesis was to study two novel techniques for assessment of
neuropathy: multi-frequency vibrometry (MFV) and measurements of intraepidermal
nerve fiber density (IENFD). Specific aims for each paper are described below.

Paper I

Normative values of the vibration perception thresholds at finger pulps and

metatarsal heads in healthy adults

Aim: To establish normative values of vibration perception thresholds (VPTs) using
MEFV, and to investigate potential impact of age, sex, height, weight, foot- or
handedness, and skin temperature.

Method: VPTs were examined in 924 healthy and randomly selected subjects in
southern Sweden (mean 46 years; 628 women and 296 men). VPT's were measured at

the finger pulps of the index and little finger, as well as the first and fifth metatarsal
heads of the foot.

Results and conclusions: Normative VPTs were presented for men and women on age
decades. VPTs deteriorated as age increased (0.1-0.6 dB per year; p<0.001) and
improved with higher temperatures in finger pulps. Height was negatively associated
with VPTs at metatarsal heads, whereas sex, weight, and handedness showed no impact.

Paper IT

Diagnostic contribution of multi-frequency vibrometry to detection of peripheral
neuropathy in type 1 diabetes mellitus compared with nerve conduction studies

Aim: To assess the use of MFV in detecting diabetic peripheral neuropathy (DPN) in
type 1 diabetes in comparison to nerve conduction studies (NCS) and
neurothesiometer (NT).

Method: Adults with type 1 diabetes were examined regarding nerve function in the
lower limbs through MFV, NT, and NCS.



Results and conclusions: Through NCS assessment, 33 participants (50%) were
diagnosed with DPN. VPTs correlated negatively with all NCS parameters, where the
strongest correlation was found between sural nerve amplitude and the 125 Hz
frequency. A combination of two low (4 and 8 Hz) and two high (125 and 250 Hz)
frequencies showed the highest classification efficacy (AUC 0.83). VPT testing for
DPN in the lower limb could thus be shortened in time.

Paper 111

Assessment of intraepidermal nerve fiber densities in 5 pm sections from arm and leg
— a search for normative age-related values

Aim: To assess intraepidermal nerve fiber density (IENFD) in thin 5 um skin sections
from healthy adults, and to investigate the potential impact of age, sex, and excision
site.

Methods: IENFD was assessed in 602 skin tissue samples from individuals between 18
and 97 years, previously examined and stored at the Pathology Department. Samples
were re-sectioned and stained with the protein gene product 9.5-antibody and assessed
for IENFD (assessment criteria: nerve fiber length >15 um).

Results and conclusions: Normative IENFD values for thin sections were presented.
Individuals >65 years presented with significantly lower levels of IENFD in comparison
to all younger adults, and levels were generally higher in the arm compared to the leg.

Paper IV

Temporal trend of small nerve fiber degeneration in people with and without type 2
diabetes mellitus

Aim: To investigate the temporal trend of IENFD and the association between changes
in IENFD and metabolic factors in individuals with and without type 2 diabetes
(T2DM).

Method: Participants underwent clinical and electrophysiological examinations, as well
as a skin biopsy both at baseline and at the follow-up visit (mean 8.1 + 0.5 years).

Results and conclusions: IENFD decreased in both groups, with a greater decline in the
group without diabetes than in T2DM (-2.3 and -0.6 fibers/mm respectively;
p<0.001). Despite lower IENFD levels at baseline in T2DM, IENFD was equal
between the groups at follow-up. A decrease in IENFD is to a limited extent affected
by body weight, and HbAlc, but age seems to be the long-term determinant of IENFD
in an elderly population.

vi



Populirvetenskaplig sammanfattning

Polyneuropati (frin grekiskans poly — flera, neuro — nerver, och pati — lidande) 4r en
sjukdom som drabbar flertalet av kroppens nervtridar och medfér nedsatt funktion i
dessa. Det finns manga olika varianter av sjukdomen och symtomen ir beroende pa
vilka nervtradar som har drabbats. Symtomen stricker sig frain milt obehag med
kinselstérningar si som stickningar och domningar, till ihallande och skirande smirta
samt bortfall av viljestyrda muskelrérelser. Polyneuropati kan utvecklas utan kind orsak
(s.k. idiopatisk polyneuropati), pa grund av érftliga faktorer, eller som f6ljd av och ett
symptom pd en bakomliggande sjukdom. Den vanligaste utlosande faktorn for
polyneuropati 4r diabetes, dir ungefir varannan person forvintas drabbas ndgon ging
under sin livstid. Bland den vuxna befolkningen i virlden lever idag 537 miljoner
personer med diabetes, en siffra som ar 2045 berdknas vara 783 miljoner. I takt med
att prevalensen av diabetes konstant okar innebir det ocksa att antalet patienter med
polyneuropati blir fler. Det finns 4n idag ingen specifik behandling f6r polyneuropati,
utan man forlitar sig pa symptomlindring och, i de fall det gir, preventiva atgarder. For
patienter med diabetes handlar detta frimst om att uppritta en god blodsockerkontroll.

For att kunna arbeta preventivt dr det ocksd viktigt att vi kan uppticka tidiga
forandringar associerade med neuropati genom si kallade screeningmetoder. Dessa
metoder behdver vara litdllgingliga, anvindarvinliga och tillférlicliga. I denna
avhandling har tvd sidana nya metoder undersokts med milet att se hur metoderna
fungerar i klinisk praxis, hur de stér sig mot redan befintliga metoder, samt att uppritta
referensmaterial s att resultaten av metoderna kan tolkas. De undersékta metoderna ir
multifrekvens-vibrametri samt bestimning av nervtithet i huden. Avhandlingen ir
uppdelad i fyra delarbeten, varav varje metod har ett referensmaterial samt en klinisk
tillimpning,.

Under det forsta delarbetet undersoktes over 900 vuxna personer med multifrekvens-
vibrametri i syfte att framstilla referensvirden samt att undersoka vilka faktorer som
paverkar formédgan att uppticka smé finjusterade vibrationer i hinder och fétter.
Genom att placera antingen ett finger eller fotens trampdyna pd en apparat som avger
vibrationer i olika frekvenser — ddrav namnet — kan patientens kinsel undersokas.
Testproceduren paminner mycket om hérseltestet du férmodligen genomgick som
barn. En viktig uppticke som gjordes i studien ir att vibrationskinsligheten minskar
med 6kad alder. I det andra delarbetet jimférdes anvindningen av multifrekvens-
vibrametri med en redan etablerad metod f6r att undersoka nervfunktion — neurografi
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— hos patienter med diabetes typ 1. Neurografi ir en objektiv metod dir man miter
nervernas elektriska signaleringsformaga. Resultaten frin studien visade bland annat att
en forkortad testprocedur av multifrekvens-vibrametri, bestdende av fyra frekvenser, var
jimforbar med neurografi nir det giller att beddma om patienten har polyneuropati.

I de tredje och fjirde delarbetena undersoktes mojligheten att bestimma
nervtitheten i tunna snitt frin hudprover. Huden innehaller de yttersta indarna av véra
nerver, som likt smé, tunna tridar breder ut sig och bidrar till att vi exempelvis kan
avgora temperaturen pa vattnet i kranen. Dessa nervtradar ir ofta de forsta att ta skada
vid en polyneuropati, vilket gér att undersokning av nervtitheten kan vara en bra
indikator for tidiga férindringar. For att rikna nervtradarna behver man ta prov frin
en bit hud — en biopsi — som sedan behandlas i laboratorium med en specifik antikropp
for att gora nervtradarna synliga under mikroskop. I det tredje arbetet insamlades over
600 hudprover f6r mikroskopisk undersékning. I stillet for att ta biopsier fran friska
frivilliga individer, anvindes redan insamlat material som finns arkiverat pa Patologen
i Lund. Skillnader i nervtithet observerades mellan olika aldersgrupper, dir individer
over 65 ar framfor allt uppvisade ligre nivder. Dessutom visade resultaten att
nervtitheten var nigot hogre i armarna 4n i benen. I det fjirde projektet, som syftade
till att jimfora nervtitheten mellan friska personer och de med diabetes typ 2,
konstaterades att aldern har en betydande inverkan, dven om diabetes paskyndar
forloppet.

Sammanfattningsvis utgdér denna avhandling en utvirdering av tva diagnostiska
metoder for polyneuropati, tillimpning pa patientmaterial, samt ett forsoka att etablera
normalvirden for respektive metod. Avhandlingen har dirmed lagt en grund for vidare
forskning kring de undersokta metoderna och framtida studier bér undersoka
mojligheten att integrera dessa i den dagliga rutinvarden. Dessutom har arbetet bidragit
till en 6kad forstaelse av hur diabetisk polyneuropati paverkar olika nervtyper i kroppen.
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Introduction

Prevention is better than cure

—Desiderius Erasmus

Peripheral neuropathy refers to disease or damage affecting the nerves of the peripheral
nervous system. It can manifest idiopathically or result from various underlying
conditions. The pattern of nerve dysfunction mirrors the structural and functional
impairment of the affected nerves, with one common presentation being the
involvement of multiple nerves, known as polyneuropathy. Among the prevalent
polyneuropathies, diabetic polyneuropathy (DPN) is the most frequent, accounting for
around 35% of the cases."” DPN is also one of the most common diabetes-related
complications, although it often receives less attention than others, such as nephropathy
and retinopathy. Like polyneuropathies in general, DPN currently lacks curative
treatments, despite considerable efforts to find them.

The potentially devastating consequences of DPN, including foot ulcers and
amputations, make it a formidable challenge in diabetes management. Beyond the
personal suffering it causes to individuals, DPN also imposes substantial economic
burdens, with annual costs in the U.S. exceeding 10 billion dollars as early as 2003.’

Given the lack of disease-modifying therapies, early detection followed by prompt
and effective interventions is crucial for preventing further disease progression.
Polyneuropathies can involve damage to both myelinated and unmyelinated nerve
fibers, as well as both small and large nerve fibers, meaning several methods may be
used to evaluate nerve dysfunction. While current screening methods are generally
quick and easy to administer, they often lack diagnostic accuracy in the form of
sensitivity, making early-stage DPN detection challenging. Thus, searching for more
reliable diagnostic tools, alongside the continuing research on effective interventions
and treatments, could improve diagnostics and patient care. By exploring the clinical
applicability of two novel methods — multi-frequency vibrometry (MFV) and
intraepidermal nerve fiber density (IENFD) — this thesis hopes to contribute to
improved screening and diagnosis of DPN, ultimately leading to better patient
outcomes and quality of life.






1. Background

1.1. The peripheral nervous system

Our nervous system is an incredibly complex network, encompassing fast-traveling
nerve signals protruding from the brain throughout the body and back again. The brain
together with the spinal cord constitutes the central nervous system (CNS).* The nerve
fibers branching out from the cord and throughout the body are jointly called the
peripheral nervous system (PNS). The PNS can be further subdivided into the
autonomic and somatic parts, where the autonomic nervous system is responsible for
regulating the function of our internal organs and comprises the sympathetic,
parasympathetic, and enteric nervous systems. The somatic nervous system includes
afferent sensory nerves that register external stimuli and transmit this information to
the CNS, as well as efferent motor nerves that carry signals back to the body and its
muscles.

1.1.1. The peripheral nerve

A nerve cell, or neuron, comprises a cell body and projections in the form of dendrites
and axons.” In afferent neurons, the dendrites establish connections with upper neurons
via synapses in the spinal cord, while the cell body is situated outside the spinal cord
within the dorsal root ganglia. The length of the axon can vary significantly, depending
on the location of the associated sensory receptor. For efferent neurons, both the
dendrites and the cell body are located in the ventral horn of the spinal cord, and the
axon continues outward to a motor end plate.

All axons receive metabolic support from glial cells, which are called Schwann cells
in the PNS. Schwann cells may be myelinating, meaning they produce a supporting
fatty sheath that wraps around the individual axons, improving the conduction velocity
of nerve impulses. Regarding the unmyelinated nerve fibers, a single Schwann cell
organizes and encapsulates multiple axons together in a structure called Remak bundles,
as demonstrated in Figure 1.1. Further, all axons are organized into larger bundles
through four different connective tissue structures: the endoneurium, the perineurium,
the epineurium, and the mesoneurium. The endoneurium surrounds the individual
nerve fibers, while the perineurium forms fascicles within the nerve by encapsulating
groups of axons. The epineurium encompasses all the fascicles together, contains



extrinsic blood vessels, and thus provides both metabolic and mechanical support to
the fascicles.” Finally, the whole nerve structure is covered in the mesoneurium, a
connective tissue sheath important for friction-free movement of the nerve within other
structures.

All nerves receive blood supply from nerve-specific blood vessels — called the vasa
nervorum. Extrinsic blood vessels run along the nerve trunk, with branches segmentally
supplying the intrinsic parts of the vascular system — a longitudinal plexus of blood
vessels within the epineurium, perineurium, and, finally, the endoneurium with its
endoneurial capillaries.®

Nerve fibers are classified based on their diameter and amount of myelination, as
illustrated in Figure 1.2. The largest heavily myelinated Aot motor fibers reach
conduction velocities around 100 m/s and are responsible for muscle control and
proprioception.” Among the sensory nerve fibers, we find the moderately myelinated
AP fibers and the thinly myelinated A8 fibers. Lastly, we have the thinnest and
unmyelinated C-fibers where signals transmit at around 1 m/s. Most peripheral nerves
include both motor and sensory functions and thus contain axons of different diameters
and degrees of myelination.

Epinerium

Fascicle

Perineurium  Unmyelinated axon

Vasa nervorum Remak bundle

Schwann cell with
myelin sheath

Blood vessels

Endoneurium

Node of Ranvier
Axon

Figure 1.1. Anatomy of the peripheral nerve

lllustration of the anatomy of a peripheral nerve. Axons can either be individually myelinated by Schwann
cells or grouped together with multiple unmyelinated fibers in Remak bundles. The axons are further
supported by the endoneurium, forming a fascicle with other axons and then surrounded by the perineurium.
Multiple fascicles are bundled together to form the complete nerve, which is then enclosed by the
epineurium and supplied by the vasa nervorum. The nodes of Ranvier, gaps between the myelin sheaths,
enable saltatory conduction of nerve signals, allowing for rapid signal transmission.
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Figure 1.2. Classification of nerve fibers

Schematic illustration depicting the spectrum of nerve fiber types, classified by their diameter and degree of
myelination. Motor nerve fibers are consistently large, myelinated Aa fibers. In contrast, sensory fibers vary
in form, ranging from large, myelinated Aa. or AB fibers to smaller Ad fibers, which are thinly myelinated,
and C fibers, which are unmyelinated.

1.1.2. Innervation of the skin and mechanoreceptors

With an area of approximately two square meters, the skin constitutes the largest organ
of the human body. The skin plays many important roles, being both a physical,
chemical, and immunological barrier against the environment and its external threats.
It is also important for our temperature regulation, vitamin production, and finally
sensation. The skin is densely innervated with different kinds of nerve endings and
sensory receptors that register external stimuli and transmit signals from the skin, via
the PNS, to the CNS and the primary somatosensory cortex where the signals are
interpreted.” The cutaneous sensory receptors can be found in the subcutis, dermis, and
epidermis, the three layers of the skin, and include thermoreceptors, nociceptors, and
mechanoreceptors, see Figure 1.3. Thermoreceptors register cold and heat, whereas
nociceptors transmit signals regarding pain caused by e.g. toxic agents or hot
temperatures. Both these receptors are free nerve endings of either A3 or C fibers.”
Mechanoreceptors respond, as the name implies, to mechanical stimuli such as pressure
and vibration.

There are four types of complex mechanoreceptors: Pacinian, Meissner’s, and Ruffini
corpuscles, as well as Merkel discs, all innervated by AP fibers. Meissner corpuscles are
located beneath the epidermis in the apex of the dermal papillae in glabrous skin.® They
are supplied by several axons which terminate between lamellar Schwann cells and form
an encapsulated structure. Meissner corpuscles are sensitive to light touch as well as
low-frequency vibrations, particularly around 50 Hz.* Merkel discs, or more accurately,
the Merkel cell-neurite complexes are found at the basal layer of the epidermis. The
complex involves a specialized tactile cell, the Merkel cell, and a flattened nerve ending
that together forms a synapse-like membrane contact. Merkel discs detect stimuli of



pressure, static touch, and vibration of low frequencies (optimally 5 Hz). Pacinian
corpuscles are large, onion bulb-like structures with a central axon that is surrounded
by several layers of connective tissue. Pacinian corpuscles detect surface textures, gross
pressure changes, and vibrations of high frequencies (200 Hz). They have a large
receptive field but are fewer in count than the other receptor types. Last, we have the
Ruffini corpuscles, which are fusiform bulbous nerve endings intertwined among
collagen bundles. These corpuscles are sensitive primarily for skin stretch and finger
positioning and movement. Both Pacinian and Ruffini corpuscles are found either
deeply situated in the dermis, or the subcutis.

Mechanical stimuli can also be detected by hair root plexuses as well as free nerve
endings of Ad fibers. Whereas the myelinated AP fibers only reach the subcutaneous
and dermal layers, free unmyelinated nerve endings can protrude to stratum basale and
stratum spinosum, i.e. the two deeper layers of the epidermis.’ In order to be receptive
to the signals provided by surrounding cells, such as melanocytes and dendritic cells,
the nerve fiber sheds its Schwann cell layer as it crosses the dermal-epidermal junction.
As aresult, the nerve fibers within the epidermis are “naked” axons.” Beyond the sensory
nerve fibers mentioned above, there are also autonomous nerve endings to be found in
the skin, innervating e.g. the sweat glands and arrector pili muscles.

The distribution of mechanoreceptors and their afferent fibers varies across the body
and exhibits differences also among hairy and glabrous skin. For example, the palms of
the hands, and particularly the fingers, are more densely innervated with receptors,
which also have smaller receptive fields in these regions.'” Consequently, discriminative
touch is more pronounced in certain areas, such as the finger pulp compared to the
arm.
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Figure 1.3. Innervation of the skin

Schematic illustration of the nerve fiber types and mechanoreceptors present in the different layers of the
skin. The layers include A: epidermis (with D: stratum corneum, E: stratum spinosum, and F: stratum basale),
B: dermis, and C: subcutis. Meissner corpuscles are located at the apex of the dermal papillae, while Merkel
disks are part of complexes situated in the basal layer of the epidermis (stratum basale). Pacinian and Ruffini
corpuscles are found deeper in the dermis. All the mechanoreceptors are innervated by AP fibers.
Unmyelinated C-fibers innervate sweat glands or extend as free nerve endings into the epidermis, while A8
fibers can also reach epidermis after first shedding their myelin.



1.2. Peripheral neuropathy

Damage or disease to either the axon or the myelin sheath, the primary components of
peripheral nerves, leads to peripheral neuropathy. This impairment disrupts normal
signal transmission, resulting in a spectrum of symptoms and complications. The
manifestation varies depending on the cause, its severity, and the specific nerves
affected. The disease pattern reflects the structure and function of the damaged nerves,
with clinical presentation influenced by whether motor, sensory, or autonomic nerves
are involved, as well as the number of nerves affected.

Affected Aa fibers, i.e. motor neuropathy, result in loss of strength and function of
the skeletal muscles. The lower extremities are most commonly affected, leading to
impaired postural stability, balance, and gait.'"'* These challenges in walking and
maintaining balance significantly increase the risk of falls. Motor neuropathy can also
cause imbalances in the muscle tonus between the flexor and extensor muscles, resulting
in foot deformities. Damage to the AP fibers results in sensory large fiber neuropathy,
characterized by symptoms such as reduced sensibility, paresthesia, and numbness.
Instead, when AJ and/or C-fibers are affected, it is called small fiber neuropathy (SFN).
Symptoms and dysfunctions of SFN include tingling, burning, and loss of temperature
sensation. Although symptoms are very specific for the axon type and its location, it is
common for both sensory and motor fibers, as well as for small and large nerve fibers,
to be involved, resulting in a mixed neuroparhy. This complexity further complicates
the clinical landscape, contributing to the varied symptoms experienced by affected
individuals.

In cases where a single nerve trunk is affected, termed mononeuropathy, we find
conditions with local deficits, such as carpal tunnel syndrome, i.e. entrapment of the
median nerve, and Bell’s palsy, an idiopathic facial paralysis. Multiple nerve
involvement, termed polyneuroparhy, will be thoroughly described below.

1.2.1 Polyneuropathy

Peripheral neuropathies frequently manifest as distal symmetrical polyneuropathy
(DSPN), presenting in a stocking-and-glove pattern where the distal regions of the arms
and legs are the first to be affected.” There are multiple etiologies of polyneuropathy.
Inflammatory conditions, like Guillain-Barré syndrome, infectious diseases such as
leprosy, and hereditary disorders like familial amyloid polyneuropathy, all contribute
to the diverse etiology of polyneuropathy.

Additionally, acquired metabolic or toxic factors, such as vitamin B12 deficiencies
and chronic alcoholism, further underscore the complexity of this condition. Further
examples can be found in Table 1.1. In approximately 30% of the patients, signs and
symptoms of polyneuropathy are present without any known cause, a condition called



idiopathic polyneuropathy. However, the most common cause of polyneuropathy is
diabetes, accounting for around 40% of the cases.”

Table 1.1. Examples of causes and underlying diseases associated with polyneuropathy

Hereditary Charcot-Marie-Tooth's disease

Familial amyloid polyneuropathy

Metabolic Diabetes mellitus
Hypothyroidism
Chronic kidney disease

Nutritional deficiencies (e.g. vitamin B1z, B, folate)

Toxic Alcohol
Chemotherapy (vinca alkaloids, taxanes)

Heavy metals (e.g. lead, mercury, arsenic)

Inflammatory Infectious Lyme disease
HIV
Diphtheria
Non-infectious Guillan-Barré syndrome
Amyloidosis

Connective tissue diseases (e.g. Sjogren’s syndrome)

HIV: human immunodeficiency virus

Patients can suffer from a range of symptoms, including abnormal sensations, such as
tingling and numbness, weakness in the extremities, and debilitating pain. The pain,
experienced by nearly half of the patients, is associated with burning or stabbing
sensations, significantly impacting their quality of life by disrupting sleep, reducing
mobility, and limiting daily life activities."* Management is mainly focused on the
underlying cause along with pain treatment in cases where needed. Pharmacological
strategies include selective serotonin reuptake inhibitors (SSRIs), serotonin-
norepinephrine reuptake inhibitors (SNRlIs), tricyclic depressants, and anticonvulsants
with the intention to handle pain and allodynia.



1.4. Diabetic polyneuropathy

Diabetic polyneuropathy (DPN) is not only the most common type of polyneuropathy
but also one of the most common microvascular complications of diabetes. The
prevalence numbers vary depending on diabetes duration, but it is believed to affect up
to 50% of all individuals with diabetes mellitus over their lifetime.'””> DPN affects both
individuals with type 1 diabetes mellitus (T1DM) as well as type 2 diabetes mellitus
(T2DM), and the incidence numbers are approximately three times higher in T2DM
compared to TIDM. As the prevalence of diabetes is steadily increasing, from 537
million adults in 2021 to the predicted 783 million by 2045, the related complications
are also likely to increase.'®

Like peripheral neuropathies in general, DPN is mainly manifested as a DSPN,
accounting for approximately 75% of all cases.'” Nonetheless, it is a heterogenous
disease with various clinicopathological patterns, such as focal or entrapment
neuropathies, and autonomic, as well as motor neuropathies.

1.4.1. Definition

The term DPN is employed when the underlying cause of the peripheral neuropathy
cannot be attributed to factors other than diabetes mellitus, as stated in the often-used
definition “presence of signs and/or symptoms of peripheral nerve dysfunction in
people with diabetes after the exclusion of other causes” by Boulton et al.’® Another
more specific definition was proposed by Tesfaye et al. in 2010 on behalf of the
Toronto Diabetic Neuropathy Expert Group.” This definition is subdivided into
possible, probable, and confirmed DPN, and relies on certain criteria for each step.
Possible DPN requires at least one sign or symptom of DPN, e.g. tingling or burning
sensations and impaired ankle reflexes. For probable DPN, a minimum of two signs
and/or symptoms of the following needs to be present: “neuropathic symptoms,
decreased distal sensation, or unequivocally decreased or absent ankle reflexes”. To be
diagnosed with a confirmed DPN however, Tesfaye et al. suggest that the signs and/or
symptoms must be confirmed by an abnormal result obtained within nerve conduction

studies (NCS; further described later in this chapter)."

1.4.2. Pathogenesis

A principal risk factor for DPN is, of course, the hyperglycemia brought on by either
the underlying insulin deficiency or insulin resistance.”’ The DCCT/EDIC trial
showed that improved glycemic control in TIDM can reduce the risk of developing
DPN.*" However, this impact seems less important among patients with T2DM,
wherein other metabolic factors lately have gained more focus.” The pathogenesis of
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DPN is thus complex and multifactorial, involving both microvascular changes and
metabolic disturbances. Thereto, the development of DPN can be both dependent on,
as well as accelerated by factors such as genetic vulnerability, disease duration,
comorbidities, and lifestyle. The role of hyperglycemia, metabolic syndrome, and
vascular changes will be briefly described below.

Hyperglycemia-induced nerve damage

Since neurons and Schwann cells have free access to glucose, relying on osmosis rather
than insulin-dependent receptors, their intracellular glucose concentrations rise parallel
with blood glucose levels.”> Although the complete role of glucose in nerve damage is
not fully understood, studies have shown that hyperglycemia disturbs the
mitochondrial redox state, which results in the formation of reactive oxygen species
(ROSs). These are highly reactive and directly harmful to the cell when abundant.*
Besides the damage caused by ROSs, hyperglycemia induces several additional
metabolic pathways that contribute to the neural damage. In #he polyol pathway, the
enzyme aldose reductase is triggered to metabolize glucose into sorbitol. Increased levels
of sorbitol, along with its metabolite fructose, induce osmotic stress within the cell,
subsequently prompting efflux of myoinositol.” Myoinositol is essential for the
Na'/K*-ATPase, i.e. the sodium-potassium pump, and its depletion within the cell
results in impaired axonal transport. The increased aldose reductase activity also induces
the formation of additional ROSs, causing oxidative stress and eventually cellular
dysfunction.”?

Hyperglycemia also yields an increased glycolysis, resulting in the production of
diacylglycerol (DAG). Accumulation of DAGs activates the protein kinase C (PKC),
which in turn can cause further damage to the Na'/K'-ATPase. This is referred to as
the PKC pathway. The PKC can also contribute to hypoxia and vasoconstriction, by
altering gene expression of important growth factors.” Moreover, glycolysis triggers a
third pathway, wherein the intermediate fructose-6-phosphate accumulates and
activates the hexosamine pathway.” The final metabolite of the pathway, uridine 5-
diphosphate-N-acetylglycosamine, can be transferred to specific sites on proteins,
thereby modifying their function. Key proteins affected by this modification include
the glucose transporter 4 and the insulin receptor substrates 1 and 2.* Yet another
result of hyperglycemia is increased glycation of proteins, i.e. formation of advanced
glycation end products (AGEs), through the AGE pathway. Glycation can e.g. affect
lipids crucial for myelin production, and proteins involved in cytoskeletal structures,
and thus yield both demyelination and axonal degeneration. Additionally, the presence
of AGEs induces inflammatory responses, and the glycation of extracellular matrix
proteins hinders regenerative activity in the cells.””
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Figure 1.4. Hyperglycemia-induced nerve damage
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lllustration depicting a selection of the proposed pathways and pathological processes associated with
hyperglycemia and the development of diabetic polyneuropathy (DPN). Excess glucose levels, i.e.
hyperglycemia, disrupt the mitochondrial redox state, leading to increased production of reactive oxygen
species (ROSs), which in turn cause oxidative stress within the cells. Through the polyol pathway, oxidative
stress and damage to the Na*/K*-ATPase occur. Additionally, the protein kinase C (PKC) pathway exacerbates
Na*/K*-ATPase damage and induces hypoxia and vasoconstriction within the nerve. The combined impact of

these processes leads to demyelination and axonal degeneration.
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The metabolic syndrome

As previously stated, managing hyperglycemia does not prevent the development of
DPN in T2DM to the same extent as it does in TIDM. This suggests that other factors
are also contributing to the development of DPN. While hyperglycemia remains a
likely contributing factor, it operates alongside a range of other comorbidities and risk
factors. One of these factors is the so-called metabolic syndrome (MetS), which is a
cluster of individual conditions known to increase the risk of stroke and heart disease:
abdominal obesity, dyslipidemia, insulin resistance, and hypertension. Both MetS and
some of its components have also been shown to be significant risk factors for the
development of both T2DM and subsequent DPN.*® MetS has also been associated
with neuropathy in cases with prediabetes, i.e. impaired glucose tolerance (IGT).”

Dyslipidemia has been found to trigger altered lipid synthesis, leading to
mitochondrial dysfunction such as impaired motility.”® This, in turn, can result in an
insufficient number of mitochondria in the distal parts of the nerve, causing a failure
to produce adequate energy for cellular requirements. Eventually, this results in distal
axonal injury.”’ In a study on the association between body composition and DPN,
abdominal obesity was pointed out as an important risk factor.”” In addition to
metabolic factors, genetics are also believed to contribute to the complexity by
increasing susceptibility to developing DPN.*

The microvascular component

Given that DPN is a microvascular complication of diabetes, the vascular component
is of course significant in addition to the pivotal metabolic disturbances. Nerve cells are
unique in their structure; being extremely long and thin, stretching e.g. from the spine
to the toes. In addition to their distinctive anatomy, neurons also have high metabolic
demands and thus depend heavily on energy supply. To meet this requirement, nerve
trunks are highly vascularized via the segmentally approaching blood vessels through
the epineurial intrinsic blood vessels and the endoneurial capillaries. However, long-
lasting hyperglycemia can result in structural changes to the endothelial cells and cause
microvascular damage, eventually leading to severe ischemia in neurons.”

Vascular changes have been reported to be associated with neuropathy since the
1950s when basal membrane thickening was found to occur in concurrence of DPN.
Subsequent research has identified additional microvascular changes, such as
endothelial hyperplasia and micro-occlusions, all contributing to reduced endoneurial
blood flow.*** Microvascular damage is also fundamental in other diabetic
complications, including retinopathy, nephropathy, and impaired wound healing
associated with foot ulceration. Moreover, these changes play a crucial role in the
development of nerve entrapment disorders, such as carpal tunnel syndrome and nerve
entrapment at the elbow, which are relevant also in diabetes.**?’
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1.4.3. The debilitating consequences

The consequences of DPN extend beyond the sensory impairments and include
reduced mobility and neuropathic pain. The impaired sensation and proprioception,
together with muscle weakness and loss of reflexes, increases the risk of falling and thus,
fall-related injuries. A significant fear of falling can arise, causing the patient to decline
in mobility even further.”® The neuropathic pain, in turn, is a distressing symptom of
DPN associated with poor responsiveness to treatment.” Painful DPN has been
reported to affect up to half of all patients living with DPN.“ Living with chronic pain
can yield further concerns, such as reduced ability to perform daily tasks, compromised
sleep, and anxiety or depression.”! Collectively, these issues contribute to a significant
reduction in patients’ quality of life.

Moreover, DPN is associated with a severe complication that can increase mortality
rates, i.e. the development of diabetic foot ulcers.”? These ulcers arise from trauma or
irritation and loss of protective sensation inherent in DPN, often combined with poor
circulation. Consequently, patients with DPN are predisposed to acquiring wounds
and experiencing impaired wound healing, leading to chronic ulcers. In cases of
necrotizing tissues, lower limb amputation may be necessary. In high-income countries,
DPN is a leading cause of non-traumatic amputations performed within the general
health care system.” Thus, the impact of DPN is multifaceted, affecting not only the
sensory system or the emotional well-being of patients, but also resulting in serious
medical complications that necessitate significant medical interventions.

1.4.4. Treatment strategies

There is no cure or disease-modifying treatment for DPN per se. However, managing
the underlying disease and associated factors can have preventive effects. This includes
not only monitoring and regulating the hyperglycemia but also addressing factors
associated with the MetS. The growing use of insulin pump therapy in patients with
T1DM is a promising step toward reducing the incidence of multiple diabetes-related
complications.* Progression of neuropathy has also been shown to reduce or even halt
with adherence to lifestyle changes, such as dietary weight loss and supervised
exercise.”*® Additionally, neuropathy symptom relief has been associated with changes
in lipid levels due to lifestyle interventions.”

For painful DPN, as well as for painful neuropathy in general, simple analgesics such
as paracetamol and NSAIDs have little to no effect.®* Instead, pain can be treated
with SNRIs (e.g. duloxetine), tricyclic antidepressants (e.g. amitriptyline), gabapentin,
or pregabalin.
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1.5. Assessment of polyneuropathy

The assessment of polyneuropathy, or the diagnostic methods and routes to diagnosis,
can look different based on the type of neuropathy, its potential underlying causes, and
whether the onset and course are acute or chronic. For instance, an acute onset of
neurological deficits in a previously healthy individual will be managed differently than
a slow progression of dysfunction, such as sensory loss and numbness in the toes in a
patient with a long history of diabetes. However, there are some general techniques and
methods to assess nerve function of both large and small nerve fibers, and these will be
described below.

In addition to these technical approaches, it is essential to investigate the patients’
clinical history and somatic status. A sample of blood and/or cerebrospinal fluid can be
valuable for diagnosing potential vitamin deficiencies or infections. Hence, diagnosis
of polyneuropathy can be based on either solely or a combination of clinical findings,
symptom scales, and objective measures by different instruments and chemical analyses.

1.5.1. Electrophysiology

Electrophysiological studies of the peripheral nerves involve nerve conduction studies
(NCS) and electromyography (EMG), two important diagnostic tools for the
evaluation of nerve and muscle function. Electrophysiology parameters are both
objective and quantitative, and thus often considered the gold standard for assessment
of large nerve fiber dysfunction. EMG measures muscle activity in response to an
electrical stimulation of the associated nerve.”” This is done by inserting small needle
electrodes through the skin, into the muscle, and upon muscle contraction, the
amplitude and pattern of the muscle response can be recorded. By EMG, abnormalities
associated with denervation and neuromuscular disorders can be found.

NCS evaluates the function of specific nerves and is performed by applying small
electrical pulses against the skin covering the specific nerve you want to evaluate.”’ By
exciting and recording the nerves’ reaction to the stimuli, neurophysiologists are
enabled to evaluate different parameters, such as nerve amplitudes, conduction
velocities, latencies, and F-waves. Amplitude, or properly the action potential
amplitude, is the magnitude of a nerve signal, and a reduced amplitude indicates that
axonal degeneration has taken place. Latency refers to the time for a nerve impulse to
travel along the nerve to a specific point and is used to calculate the conduction velocity,
i.e. the speed of the nerve impulse. The conduction velocity reflects the level of
myelination to the nerve. Thus, a low velocity indicates demyelination of the nerve
fibers. Another NCS parameter is the F-wave, a late and low-amplitude response
following the main motor response. It is measured in terms of latency and persistence,
providing an estimate of the conduction velocity along the full length of the nerve. This
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response can indicate the presence of an obstruction along the nerve, even distant from
the specific region being tested.

Electrophysiological studies can be helpful in pretty much all PNS disorders since
valuable information about potential damage to the nerve and its location can be found.
Concerning polyneuropathy assessment of the lower limb, NCS of the tibial, peroneal,
and sural nerves can be performed. Motor conduction velocities and response
amplitudes are then recorded upon stimulation of the tibial and peroneal nerves,
whereas sensory conduction velocity and response amplitude are recorded for the sural
nerve.

1.5.2. Nerve biopsy

A nerve biopsy assessment involves the removal of the entire nerve, such as a whole
sural nerve biopsy, or a small portion of a nerve, like a fascicular nerve biopsy. This is
followed by tissue preparation and examination under a microscope. Due to its invasive
nature, nerve biopsy is only used when a nerve injury cannot be adequately assessed
through non-invasive methods, i.e. exhaustion has been made, and the results are
believed to be useful in terms of initiating treatment. Indications for nerve biopsy can
e.g. be a suspected peripheral nerve vasculitis or leprosy-induced neuropathy.’>*
Commonly, a distal part, branch, or fascicle of the sural nerve is used, due to it being a
pure sensory nerve that is easily accessible. Again, nerve biopsy is an invasive method
with a significant risk for complications, such as chronic pain.’* Therefore, obtaining
well-informed consent from the patient is essential before performing a nerve biopsy.
However, the risk should also be related to the severity of the neuropathy, i.e. if the
sensory impairment is extensive, the risk may be considered low.

1.5.3. Testing the sense of vibration

Tuning fork

Vibratory sensation can be evaluated using a tuning fork, mostly with a fixed frequency
of 128 Hz. The procedure involves striking the tuning fork against a surface to initiate
vibrations, then placing it against a bony prominent on the patient, such as the first
metatarsophalangeal joint or the malleolus. The patient is instructed to signal when the
vibration has ceased. Sensation is thus evaluated based on duration and compared
between the right and left side across the body.”

Neurothesiometer

Vibration perception thresholds (VPTs) can be measured with a biothesiometer or a
neurothesiometer (NT). It is a hand-held device, and its probe is applied against similar
locations as the tuning fork, e.g. the bony prominent of the metatarsophalangeal joint
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or the medial malleolus. The vibratory output, i.e. the amplitude, is gradually increased
by the assessor until the patient reports that they can feel the vibration. The assessor
notes the vibratory output, which is measured in volts (electric tension or difference in
potential), and then repeats the test.

In Paper II, VPTs were measured with the Horwell Neurothesiometer (Scientific
Laboratory Supplies, Nottingham, U.K). This specific NT vibrates within a frequency
of 100 Hz.

1.5.4. Monofilaments

The Semmes-Weinstein’s monofilaments are employed for assessing the cutaneous
sensory perception threshold. This tool consists of a variety of nylon treads that are
applied perpendicular to the skin for a couple of seconds, repeated three times, with
sufficient pressure causing the filament to bend. The test procedure should be
performed in a calm and quiet room to minimize potential distractions, and the patients
are instructed to indicate when they first perceive the pressure. Semmes-Weinstein’s
monofilaments are available in a range of pressure forces required for perception,
ranging from 0.008 g to 300 g. In clinical practice, a set of five filaments (called 2.83,
3.61, 4.31, 4.56, 6.65) are typically utilized and applied in ascending order of pressure
from low to high until the patient detects the sensation. For DPN screening, the sole
use of the 10 g monofilament (referred to as 5.07) is recommended and used to identify
potential loss of protective sensation.’®”” The use of monofilaments in the assessment
of DPN was validated against VPT testing in 1997, demonstrating reproducibility as
well as reasonable sensitivity and specificity for diagnosing DPN.*® However, a study
from 2023 indicated that the diagnostic accuracy of the 10 g monofilament is, contrary
to previous findings, poor.”

1.5.5. Quantitative sensory testing of temperature thresholds

The term quantitative sensory testing (QST) refers to a group of tests that measure
sensory thresholds of different modalities, such as discriminative touch, temperature,
pain, and vibration. These tests are considered semi-objective because, while the test
procedure itself can be standardized, they rely on active cooperation from the patient.
The QST battery may include tools like the monofilaments, tuning fork, or
neurothesiometer, which have been described above. This section will now focus on
the QST of temperature thresholds. Temperature thresholds, such as the detection of
cooling or painful heat, can be measured using several devices. In Paper IV, thermal
testing was conducted with a device called Thermotest® (Somedic AB, Horby, Sweden).
Testing of cold and heat detection was performed according to the ‘method of limits’,
which means that the stimulus intensity is gradually increased from an undetectable
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level up until the patient signals that they can perceive the cold or heat. One of the
main advantages of QST is its ability to assess the function of different nerve fiber types;
vibration testing evaluates large nerve fibers (AB), while cold and heat stimuli target the
small nerve fibers (A8- and C-fibers, respectively). However, the primary limitation of
QST is the patient-dependency.

1.5.6. Scoring systems and symptom scales

Different kinds of scales, scores, or questionnaires can be useful for assessing the severity
of neuropathy as well as its impact on daily life. Among the common screening
instruments, we find e.g. the Michigan Neuropathy Screening Instrument (MNSI) and
the Toronto Clinical Neuropathy Scale (TCNS). The MNSI involves a patient-
administered part, with simple yes and no questions, as well as a part of physical
assessment. The TCNS also consists of both physical assessment as well as questions on
present symptoms, although asked by the examiner. In Paper IV, a modified version of
the Neuropathy Disability Score (NDS) and Neuropathy Symptom Score (NSS) were
applied.

Neuropathy Symptrom Score

The Neuropathy Symptom Score (NSS) was introduced by Dyck in 1988 and is a tool
used to assess the symptoms of sensory disturbances, autonomic symptoms, and muscle
weakness, experienced by the patient.”” It comprises 17 items regarding peripheral
motor, sensory, and autonomic neuropathy symptoms. Each item is dealt a score of
either 1 point if the symptom is present, or 0 if absent.

The modified version used in Paper IV consists of seven items regarding numbness,
abnormal sensation to heat or cold, pins and needles, different kinds of pain (burning,
lancinating, and dull), and contact dysesthesia to bedclothes. This modified NSS,
which has been previously described, was applied to evaluate incident neuropathy
symptoms in the study population.”*" Symptoms are graded and scored based on
whether they are absent (0 points) or occur occasionally (1 point), regularly (2 points),
or frequently at night (3 points). These questions are asked related to both the upper
and lower extremities and can thus yield a maximum score of 42 points.

Neuropathy Disability Score

The Neuropathy Disability Score (NDS), also introduced by Dyck in 1988, is a tool
used to quantify and grade the severity of neuropathy.”® The NDS involves
examinations of the upper and lower limbs, as well as cranial nerves, assessing sensory
perception, muscle strength, and tendon reflexes. The individual tests are scored on a
scale from 0 to 4, where 0 indicates no deficit. A score of 1 is given for a mild deficit,
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2 for a moderate deficit, 3 for a severe deficit, and 4 when there is a complete absence
of function. These scores are then summed to create a composite score.

In Paper IV, a modified version of the NDS was applied to assess the severity of
neuropathy in the cohort. This modified version of the NDS has been previously
described in detail.®! In summary, the sensory perception tests included light touch
(cotton wool), pinprick (needle), vibration (tuning fork), and cold (metal item). These
modalities were assessed at arm, leg, knee, and lateral malleolus. Reflexes were tested at
the biceps, ankle, and patella, while muscle strength was evaluated for the toe, foot,
knee, finger, wrist, and elbow.

1.6. Screening for diabetic polyneuropathy

When it comes to DPN, and other neuropathies with clear associations to their
underlying disease, objective evidence provided by e.g. NCS is not required in routine
clinical practice. Instead, simple and rapid methods are applied, such as the
abovementioned 10 g monofilament and tuning fork. With regards to the high risk for
patients with diabetes of developing foot ulcers, testing for DPN shall be performed
regularly. According to the American Diabetes Association, patients with diabetes
should be tested/screened for DPN annually, with the first assessment performed
directly after being diagnosed with T2DM, or five years after the onset of diabetes for
those with TIDM.%

It is however important to note that the 10 g monofilament, and probably also the
tuning fork, only detects advanced neuropathy, where the risk of developing foot ulcers
is already relatively high. Thus, methods that could detect changes at an earlier stage,
but still be useful in a simple screening procedure, are warranted.

1.7. The methods in focus for the thesis

In the upcoming two chapters, I will present the two methods that were the focus of
my thesis: multi-frequency vibrometry (MFV) and assessment of intraepidermal nerve
fiber density (IENFD). Although these methods are not brand new, they are not yet
established for nerve fiber testing. Instead, they are under investigation to determine
their efficacy and applicability. Both methods hold the potential to provide a
comprehensive picture of peripheral nerve health in a relatively simple manner
compared to current methods.

The methods differ quite significantly in their approach: MFV investigates large
nerve fiber function and requires patient participation, whereas IENFD offers an
objective morphological assessment of the small nerve fibers, relying more on the
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examiner than on the patient. The goal of my thesis was to establish a reference material
for each method and test their applicability in a clinical context to facilitate future use
of these techniques in a clinical setting.
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2. Multi-frequency vibrometry

This chapter will be focused on the first of the two novel methods investigated in this
thesis, namely the multi-frequency vibrometry (MFV). I will present the medical
background and technical properties of the method, as well as shortly describe the aims,
methods, and results for Papers I and II. Lastly, the outcome of the two papers will be
discussed and put into a clinical context.

2.1. Medical background and motivation

The ability to perceive vibration, known as pallesthesia, is mediated through the
mechanoreceptors in the skin, as mentioned in the first chapter. The receptors detect
rapid, repetitive stimuli and generate action potentials that travel through the afferent
nerves to the brain where they are interpreted as a sensation of vibration. Thus, the
vibrational sensation can be studied and provide valuable information about the
integrity of the pathway, where impaired pallesthesia suggests damage to either the
peripheral nerves and their receptors, or the central areas.

2.1.1. Vibration perception thresholds

A vibration perception threshold (VPT) refers to the lowest vibrational intensity
required to detect a stimulus. Determination of VPTs is a form of quantitative sensory
testing that can be used to assess the loss of protective sensation as well as to evaluate
large nerve fiber dysfunction. Traditionally, VPTs are measured using a tuning fork or
a neurothesiometer. The application of tuning forks for assessing pallesthesia and thus
nerve function can be traced back to the late 1880s.> A study from 1899 showed that
VPTs measured with the 128 Hz tuning fork decreased with increasing age. Five years
later, it was found that vibration sensation diminished when peripheral nerves were
injured. Both studies are referenced in a study by Gordon from 1936.%

Several factors have been shown to impact VPTs, such as age, gender, and anatomical
location of VPT testing.** Additional factors significantly influencing the thresholds
include the frequency of vibration, the size and contact force of the vibrating probe, as
well as skin properties, such as temperature.®® To ensure representative measures of
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VPTs, it is therefore crucial to adhere to the international standards for mechanical
vibrations as outlined in ISO 13091-1.”7°

In contrast to the tuning fork or neurothesiometer, which vibrates at a fixed
frequency, MFV is a method applied for VPT measures at multiple frequencies.

2.1.2. The history of multi-frequency vibrometry

Multi-frequency vibrometry was invented by the hand surgeon and Professor Emeritus
Goran Lundborg and his colleagues. The concept for MFV was founded on the premise
that testing across a spectrum of frequencies would provide information about different
receptor types and that using additional test sites would offer insights into multiple
nerve innervation areas. The examination procedure and tool were adapted from a
Békésy audiometer, traditionally used for hearing tests.”! For this adaption, the
headphones were replaced with a probe and a vibration exciter.”” The probe protruded
through a small testing table, against which a finger pulp was placed. Thus, instead of
presenting tones for the patient to hear and register, the ability to feel vibrations of
different frequencies was tested. The VPTs were measured by gradually increasing the
vibration amplitude until the patient detected it and pressed a hand switch, prompting
a decrease in amplitude until the vibration was no longer felt, at which point the patient
released the switch. This data was continuously plotted on a chart, resulting in a
diagram of VPTs measured at different frequencies — i.e. a vibrogram.””

The device was first utilized in a study comparing VPTs between healthy controls
and patients with carpal tunnel syndrome. Vibrograms demonstrated a correlation with
symptom severity: mild symptoms, such as periodic paresthesia, were associated with
slight impairments at higher frequencies, while more severe symptoms, including
abnormal two-point discrimination, correlated with significantly higher thresholds
across all frequencies.”” This study marked the starting point for the tool’s application
in research, leading to several subsequent studies, with an important focus being
patients with hand-arm vibration syndrome (HAVS). One study revealed strong
correlations between pathological vibrograms and both subjective symptoms and
exposure time to vibration, suggesting that the use of MFV could be suitable for
screening purposes.”” Another study indicated that impaired vibrotactile sense among
vibration-exposed workers was linked to decreased grip force and increased cold
sensitivity. Clear relationships were also observed between the vibrotactile sense and the
results of the Stockholm Workshop Scale, which is today’s standard for assessing HAVS
symptoms. These relationships further supported the utility of MFV in assessing and
evaluating the severity of vibration-induced work.”* In 1992, a reference population of
171 males of various ages was collected and assessed.”” The study showed that VPTs
increased with both frequency and age, with the most significant age effect observed at
the highest frequencies. Based on these reference values, a more objective method to
quantify the results was developed.”>”® Until then, test results had been based on a visual
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inspection of vibrogram patterns. The introduction of the sensibility index (SI), which

is the ratio between the examined patient’s results and age-matched reference values,
76

provided a more objective measure.

Figure 2.1. The original multi-frequency vibrometer device from 1986

Pictures of the first device built based on a modified Békésy audiometer. A. Vibration exciter. B. Finger pulp
placed on the probe protruding through the test table. C. Hand switch used for registering perceived
vibrations. D. Full set-up of the device with the recorder in the foreground, plotting the vibrogram in real
time. Reprinted from Lundborg et al.”? with permission from Elsevier.

Succeeding Professor Lars B. Dahlin initiated research on the vibrotactile sense in
patients with diabetes, starting with comparisons of VPTs between healthy controls
and patients with T2DM and IGT.”” Given that DPN typically manifests in the feet,
a specialized foot device was soon developed. The following studies demonstrated
increased VPTs in the feet of patients with diabetes, both TIDM and T2DM, and that
impaired low-frequency VPTs correlated with the risk of foot ulcers.”®” Impaired
vibrotactile sense has also been observed in children and adolescents with TIDM.*
The follow-up study demonstrated improved VPTs.*’ Monitoring VPT changes over
time also led to a test-retest study, aiming to determine whether repeated measurements
would yield any practice effects that could impact the interpretation of results. During
intense periods of examinations, with tests each month, small VPT improvements were

23



observed. However, in a clinically relevant test interval of once or twice a year, no or
only minor effects were found.*

In 2005, the tool and method were commercialized as the VibroSense Meter” when
Professor Lundborg and engineer Toni Speidel founded VibroSense Dynamics AB.
Throughout this thesis, the first version of the marketed device, VibroSense Meter® 1
(VSM D), has been employed. The methodology for assessing VPT's using the VSM 1
will be detailed below. For disclosure, neither I nor my supervisors are affiliated with
or have financial interests in the company.

Figure 2.2. Setup of the VSM I device for examination of the hand

The finger pulp is placed on the probe (shown in the center of the right picture) and the forearm is resting
against the wooden box. The red button is placed in the contralateral hand of the patient and used for
registering the perceived vibrations. Light-emitting diodes indicate the pressure exerted by the finger on the
probe, ranging from low to high (lower right-hand corner of the right picture). Pictures adapted from
VibroSense Dynamics AB with permission.

2.2. Assessment of vibration perception thresholds

Assessment of VPTs with the VSM I can be performed in the pulp of the index and
lictle fingers, as well as at the first (MTI) and fifth metatarsal heads (MTV) in the sole
of the foot. In Paper I, both finger pulps and metatarsal heads in the left and right
hands and feet, respectively, were investigated. In Paper II, however, only the feet were
examined. The designated area is stimulated with a vibrating probe, administering
vibrations at seven different frequencies (8, 16, 32, 64, 125, 250, and 500 Hz for finger
pulps; 4, 8, 16, 32, 64, 125, and 250 Hz for metatarsal heads).

The subject for examination is instructed to be seated comfortably on a chair in front
of the VSM device with either the finger pulp or metatarsal head placed on the probe.
The temperature of the examined area is measured either by an internal temperature
probe or a hand-held thermometer. Surrounding area temperature is also controlled to
be within limit according to the ISO 13091-1 requirements (maintained between 20-
22°C).”® Subjects are briefed on the procedure and instructed to press and hold the
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response button upon perceiving vibrations and release it when vibration perception
ceases. They are also encouraged to maintain a high level of concentration throughout
the test which lasts approximately 4 minutes per test location. The examination is
conducted in a secluded and noise-controlled environment to eliminate external
disturbances. The subjects are thereto provided with hearing protection and
encouraged to close their eyes if needed for further focus.

60 dB 4 Hz 8 Hz 16 Hz 32 Hz 64 Hz 125 Hz 250 Hz

80dB

100 dB

120 dB

140 dB

160 dB

180dB

Figure 2.3. Vibrogram showing impaired VPTs in a young female with probable neuropathy

A vibrogram presented in the VSM software after examination of the right MTI using the VSM Il device. The
VPTs (blue line, with points indicating each press and release of the response button) are increased (note
that the dB scale is inverted) compared to the reference values (pink areas).

Vibrations are applied through the probe, measuring 4 mm in diameter, following a
von Békésy up-and-down psychophysical algorithm. The acceleration of the probe is
expressed in decibels (dB; relative to 10° m/s?). The test procedure starts at a level of
100 dB and then increases with an amplitude ramp rate of 3 dB/s until the subject of
examination presses the response button. Pressing the button causes the intensity to
decrease at a corresponding speed of 3 dB/s until the subject no longer can perceive any
vibrations and thus releases the button again. For examinations of finger pulps, the
protocol of measuring VPTs adheres to the ISO standard for mechanical vibration, i.e.
ISO13091-1, Method A, conducted without a surround and with a contact force of
0.15 £ 0.09 N between the finger pulp and the probe.” This contact force is equivalent
to a static skin indentation of approximately 1.5 mm. For examination of the feet, no
such standardization exists, but a modified version of the method is employed, ensuring
consistency in contact force. Visual contact with the probe is precluded as the hand
device was shielded, and during metatarsal examination, the foot itself covers the probe.

Before exhibiting the first frequency, a trial recording at the second frequency (16
Hz for fingers and 8 Hz for feet) is provided to familiarize the subject with the

25



procedure. The examination procedure is then fully automated, with frequencies
progressing from low to high. Each frequency is repeated four times, whereas the last
three recordings are used to calculate the mean VPT for each frequency. The tests are
supervised and recorded using the VSM software on a computer connected to the
device. Continuous monitoring is carried out by the operator throughout the test to
maintain the force within the required limits, as well as to observe potentially deviant
patterns and/or measurements that require a retry. Test results are presented in the
VSM software as a vibrogram and Sl-values for each frequency measured. Actual VPT
values are visible upon data withdrawal from the program.

2.3. Aims of the projects

The overall aim for the projects behind Papers I and II was to further lay the foundation
for the potential future use of MFV in diagnosing neuropathies. The identified
knowledge gaps that were targeted were as follows:
a. Identifying which factors affect VPTs measured with MFV and establishing
normative values for VPTs in both hands and feet.
b. Investigating how the technique performs in comparison to a gold standard
method, i.e. nerve conduction studies, and if the test procedure could be
shortened.

2.4. Paper I: Establishing normative values

To establish a reference material for VPTs in hands and feet measured with MFV,
recruitment of healthy adults aged 18 years and older began in 2014. After four years
and extensive VPT assessment, involving recruitment and travels across southern
Sweden, data from 924 individuals were collected. The cohort comprises 628 women
and 296 men between the ages of 18 and 90 years. Prior to the examination,
participants had completed a questionnaire regarding their medical status and potential
symptoms of neuropathy to confirm their health. Direct exclusion criteria included
diabetes mellitus or other potential nerve-affecting disorders or injuries. Following data
collection, the questionnaires and vibrograms were manually reviewed jointly by the
examiner (myself or my predecessors) and the principal investigator of the study (Lars
B. Dahlin). Further exclusions of either single frequencies or full vibrograms were made
if not reaching the criteria of adequate curve patterns.

As part of establishing normative values, the identification of potentially affecting
factors was also pursued. Based on this previous research, the factors of focus in this
study were age, sex, height, weight, skin temperature, and hand/foot dominance. The
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dependence of age on vibration sensation has been known since the 1920s, as stated
and referenced in a study by Wiles et al.** Several studies, including the one by Wiles
et al. have demonstrated this age-dependency for VPTs assessed with a
biothesiometer.**® Additional factors influencing VPTs measured with the
biothesiometer involve female sex and taller height, which are both associated with
lower VPTs at the ankle.**® A study on the sensitivity to monofilaments observed
differences between the dominant and non-dominant hand, prompting the inclusion
of foot- and handedness in the statistical models.*” Lastly, in a study that incorporated
a portion of the data from this present study, the VPTs — now measured with the VSM
— were shown to increase with increasing age. Differences were also observed between
sexes, with men exhibiting higher VPTs than women.”

Ethical statement and statistical analyses

The study received ethical approval from Lund University (386/2007), and written
informed consent was obtained from all participants before the examination. To ensure
data privacy and confidentiality, all collected information was decoded, stored securely,
and presented at a group level.

Reference ranges for VPT values were presented as mean values with 95% confidence
intervals, aiming to ensure with 95% certainty that the population mean was included.
Simple and multiple linear regression models were employed to examine potential
influencing factors on VPTs. The factors considered were age, sex, height, weight,
dominant hand/foot, and skin temperature. Due to a large number of comparisons
being made, an alpha level of 0.001 was chosen to minimize the risk of type I errors.

Results

The complete results of the study are presented in Paper I. In brief, normative values
for VPT's were presented for a large cohort of 913 participants, with data stratified by
sex and age decades. These reference ranges can be found in Tables 1, 2, 5, and 6 of the
paper, but are also visually illustrated for the male population in Figure 2.4. The
regression analyses demonstrated that VPT's deteriorated in association with increasing
age, with a decline of 0.1-0.6 dB per year. Additionally, skin temperature showed a
negative linear relationship with VPTs, primarily at the finger pulp of the index finger,
indicating that warmer skin temperatures are associated with lower thresholds.

Note

An erratum for the second table in Paper I is required, as data was omitted during
publication. The mean VPT value for the 500 Hz frequency in male subjects between
60 and 69 years of age should be 132.5 dB.
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Figure 2.4. Vibration perception thresholds assessed with multi-frequency vibrometry

Mean vibration perception thresholds (VPTs; measured in decibels, dB) of the male subjects from Paper |,
stratified by age (years) in categories according to the color scheme at the bottom. Data are presented for
seven different frequencies (indicated at the X-axis) in each of the four test sites: index (DIG Il) and little (DIG
V) fingers, as well as first (MTI) and fifth (MTV) metatarsal heads.

2.5. Paper II: Comparing the method with a gold standard

When introducing a new method, especially when considering its use in a clinical
setting, it should demonstrate that it is at least comparable to, if not better than, existing
methods already available on the market. As mentioned in the first chapter, the gold
standard diagnostic test for peripheral nerve injuries and disorders is the NCS.
Compared to NCS, the assessment of VPTs offers potential advantages in terms of
accessibility and cost-effectiveness. The ease of performing VPT assessment with the
MEFV makes the method feasible in various clinical contexts, as the device is relatively
small, portable, and simple to use. Although not directly comparable to the NCS, since
it is not a fully objective method, VPT assessment could potentially serve as an effective
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screening tool. Regardless of whether diagnoses are based on VSM results or followed
up with NCS examinations, the number of referrals to neurophysiologists could be
drastically reduced. However, both NCS and VPT assessments through MFV are time-
consuming and, consequently, more costly. As part of the project, efforts were made to
explore whether the test procedure could be shortened by reducing the number of
frequencies tested. A previous study suggested a minimum of four frequencies and
preferably a combination of both low and high frequencies to be studied.”

In addition to NCS, VPT measurements using MFV were compared to those
obtained with the NT. Although not considered a gold standard, NT is commonly
used for assessing DPN. Given that the study was based on individuals with T1IDM,
including the NT in the battery of tests was a logical choice. Compared to NCS, the
NT offers even greater advantages over the MFV in terms of accessibility, ease of use,
and cost. However, it also has limitations, such as measuring VPTs only at one
frequency and being used at bony prominences of the feet, like the medial malleolus,
which are not sensory areas. Additionally, the use of NT introduces subjectivity not
only based on the examined person but also from the examiner, as the fact that the
device is handheld can result in varying applied pressures by the probe against the skin.

Ethical statement and statistical analyses

Ethical permission was obtained from Lund University (386/2007, 2015/683,
2017/386). Study participants were verbally informed about the study and provided
written consent.

Correlations between VPTs and NCS parameters were analyzed using the Spearman
Rank Correlations test due to non-parametric data. To test how the test procedure
could be shortened, and which frequencies should be used, MFV values were converted
to z-scores and then combined in four different models. A z-score is a measure of how
many standard deviations a value deviates from the mean. It is calculated by subtracting
the population mean (p) from your value (x) and dividing it by the standard deviation
(o), as follows: z=(x-p)/c. The population means and standard deviations were
collected from age- and gender-matched data (i.e. data from Paper I). The models
consisted of either all frequencies (Model A), the two highest frequencies (125 and 250
Hz; Model B), the two lowest frequencies (4 and 8 Hz; Model C), or a combination of
the two lowest and the two highest (Model D).

Results

A total of 66 individuals with TIDM were examined through VPT assessment in the
feet, using both NT and MFV, along with NCS of the tibial, peroneal, and sural nerves.
The results are detailed in Paper II, but a summary follows. Based on a blinded review
of NCS results, 50% of the cohort was diagnosed with DPN. All VPTs were
significantly higher (p<0.0001) within the DPN group, as demonstrated in Table 2.1,
and moderate to strong negative correlations were found between all VPTs and NCS
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parameters. The strongest correlation was found between the 125 Hz frequency at
MTYV and the amplitude of the sural nerve action potential.

Different combinations of z-values were applied and compared with the NCS
outcome. Regarding the test procedure and frequency selection, a combination of two
low frequencies (4 and 8 Hz) and two high frequencies (125 and 250 Hz) demonstrated
the highest efficacy in classifying subjects as healthy or having DPN. In the search for
a cut-off value, a z-score of 0.5 yielded the highest Youden index, with sensitivity and
specificity values of 79% and 76%, respectively.

Table 2.1. Vibration perception thresholds at the feet in individuals with and without DPN

MTI 4 Hz 93.9(90.2-101.7) 100.9 (96.8-109.9)
8 Hz 101.7 (95.9-108.7) 110.4 (105.2-118.0)
16 Hz 109.4 (104.7-117.2) 118.5(112.7-127.2)
32 Hz 116.6 (111.5-122.9) 127.1(121.0-132.7)
64 Hz 123.2 (112.8-130.5) 135.0 (130.0-141.8)
125 Hz 129.2 (117.8-139.3) 145.2 (137.9-152.5)
250 Hz 138.7 (126.8-148-7) 158.3(149.2-165.3)
MTV 4 Hz 91.6 (87.2-99.0) 100.4 (96.6-106.5)
8 Hz 99.9 (95.2-107.2) 110.1 (104.9-117.1)
16 Hz 108.3 (104.4-116.2) 119.7 (114.2-125.6)
32 Hz 117.0 (110.4-122.3) 125.8 (121.8-133.4)
64 Hz 124.7 (114.8-130.0) 134.0 (130.6-140.5)
125 Hz 126.4(117.1-139.4) 142.8 (138.2-147.3)
250 Hz 141.8 (128.5-153.6) 156.2 (150.2-163.3)

Median (25™M-75" percentile) vibration perception thresholds (VPTs; expressed in dB) assessed with multi-
frequency vibrometry at the first (MTI) and fifth (MTV) metatarsal heads of the feet in individuals with type
1 diabetes, either with or without diabetic polyneuropathy (DPN). Comparisons with the Mann-Whitney U
test showed that VPTs were significantly higher in the DPN group compared to the group of no DPN for all
frequencies (all p<0.0001).
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Figure 2.5. ROC curves for DPN classification of four different MFV models

Receiver operating characteristics (ROC) analyses using diabetic peripheral neuropathy (DPN) status
(determined by nerve conduction studies) as the reference variable, and combinations of frequencies tested
with multi-frequency vibrometry (MFV) in four different models as the predictor variables. Model A includes
all frequencies, Model B focuses on the two highest frequencies (125 and 250 Hz), Model C includes the
two lowest frequencies (4 and 8 Hz), and Model D combines the two highest and two lowest. Each model
is presented with a specific color in the ROC plot, see the color scheme at the bottom where also area under
the curve (AUC) values are displayed.

2.6. Discussion

In the present section, the potential use of MFV will be discussed alongside the results
of the two papers presented in this chapter. A broader discussion on the
implementation of new methods, strengths and limitations of all the studies included
in the thesis, as well as future directions, is provided in Chapter 4.

2.6.1. Assessing VPT's at multiple frequencies

As illustrated in Figure 2.4, the pattern of VPTs across frequencies differs markedly
between the finger pulps and the metatarsal heads. First and foremost, VPTs are also
measured over slightly different frequency ranges — 8 to 500 Hz for the hand, and 4 to
250 Hz for the foot. This variation is based on the distinct dynamics of sensation in
the hands and feet, likely influenced by the distribution and density of
mechanoreceptors, such as Pacinian and Meissner corpuscles.® The choice of
frequencies for testing is thus driven by the sensory properties of human skin, but also
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by the technical limitations of the instrument. To be able to perceive the 500 Hz
frequency in the feet, the instrument would need to generate much greater forces with
consequences being e.g. a high-pitched sound. In fact, similar sounds occasionally arise
within the VSM I device when patients are unable to detect the highest frequencies
until very large amplitudes are applied. The sound causes distraction, and therefore it
is of great importance to consider the use of hearing protection during the test
procedure for more accurate test results.

Secondly, the pattern of the vibrogram presents with notable differences between
hands and feet (Figure 2.4). The VPTSs for metatarsal heads exhibit a consistent linear
increase in VPTs as the frequency rises. In contrast, the vibrogram for finger pulps
shows a more intricate pattern, where VPTs increase from 8 to 32 Hz, then decline at
64 and 125 Hz, before rising again at the higher frequencies. This distinct non-linear
pattern for the finger pulps was documented already in the work presented by
Lundborg et al. and has also been confirmed in subsequent studies.”** The different
patterns of the vibrograms are probably, and again, the result of the distinct
distributions and densities of mechanoreceptors in hands compared to feet.®%%

2.6.2. Potential impact of age and skin temperature on VPTs

In Paper I, a significant association was found between increasing age and impaired
VPTs across all seven frequencies measured at each site. Hence, the results were in
alignment with the previous research, although many of these studies were conducted
with fewer frequencies and on different instruments, such as the biothesiometer.””**
Aging is characterized by several biological hallmarks, including cellular senescence,
mitochondrial dysfunction, altered intercellular communication, loss of proteostasis,
and chronic inflammation.”" These processes also affect the PNS, where nerves may
suffer from e.g. neuroinflammation, disrupted axonal transport, and reduced expression
of essential proteins, leading to demyelination and axonal degeneration.”” Additionally,
loss of Meissner corpuscle and Merkel disks has been observed with aging.”® These
degenerative changes result in functional declines, such as slower nerve conduction
velocities and reduced sensory discrimination. Thereto, the ability for axonal
regeneration declines with age, further exacerbating nerve degeneration.’>*%

Another notable observation from Paper I was the association between lower skin
temperatures and higher VPTs, i.e. decreased sensitivity. The impact of skin
temperatures on VPTs has been well-documented in previous studies.”””® For instance,
Verrillo et al. demonstrated a gradual increase in vibrotactile sensation with rising
temperatures from 15°C to 30°C, but no further changes were observed beyond
30°C.”® In Paper I, participants’ skin temperatures were ensured to be maintained
within a range of 20°C to 37°C.” Thus, quite some space was allowed for variation
within the temperature range, and it is therefore reasonable that the association was
observed. The effect of temperature on nerve function is attributed to altered ion
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channel function, as described by Kiernan et al.”” Higher core temperatures accelerate
temperature-dependent sodium channel activation, ultimately resulting in increased
conduction velocity. Although skin temperatures are likely to be lower than the core
temperatures, Burke et al. suggest that measures at the skin can serve as a qualitative
indicator of the temperature in the nerve when examining nerve function through the
skin surface.'” This relationship further supports the notion that skin temperature is
an important factor to consider in sensory assessments.

Despite the associated factors being found in Paper I, a lot is left to explore regarding
differences in VPTs. Results of the statistical analyses yielded a maximum explanation
rate of 29% in the finger pulps and 42% at the metatarsals. These numbers suggest that
explanatory factors are missing. In the paper, we suggested that anatomical variations
and within-subjects variability could be potential factors.

2.6.3. Diagnostic utility of MFV

The MFV has been employed to study VPTs across various conditions and diseases,
some of which have been discussed earlier in this chapter, including carpal tunnel
syndrome and diabetic neuropathy.”>”*%*'°" Additionally, MFV has been used to assess
VPTs in conditions not previously mentioned in this thesis, such as chemotherapy-
induced neuropathy.'*'** However, the use of MFV for assessing HAVS has perhaps
gained the most traction. According to VibroSense Dynamics, nearly all Occupational
and Environmental Medicine departments at the university hospitals across Sweden
and Norway are now incorporating the VSM into their diagnostic protocols for HAVS
investigations. Beyond the work with the VSM, other studies have demonstrated
beneficial results when applying the assessment of VPT's at multiple frequencies. For
instance, Rolke et al. demonstrated that VPT assessment, across a range of frequencies
from 2 to 600 Hz, was a far more sensitive parameter for the detection of HAVS in
comparison to measures of both temperature thresholds and NCS.'”

Regarding the potential use of MFV for diagnosing DPN, the thesis by E. Ising
suggests that MFV could constitute a valuable tool for screening of impaired
vibrotactile sense — which could serve as an indicator of DPN — in children and
adolescents with TIDM.'* Ising’s work also aligned with the findings in Lindholm et
al. where VPTs of the lower frequencies showed to be the best predictors for the risk of
DPN and subsequent foot ulcers.””'® In the study by Lindholm et al., the use of two
lower and two higher frequencies was suggested to be included in an examination of
DPN. The results from Paper II further confirmed this, as a combination of the two
lowest and two highest frequencies yielded the highest agreement with the diagnosis of
DPN, as assessed by NCS. However, the AUC levels were not convincingly high, and
not all individuals identified as having DPN through NCS presented with VPT values

above the suggested cut-off, i.e. a z-score of 0.5. This cut-off value was thereto
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unexpectedly low, which may indicate that a further refinement of the testing method
or comparisons are needed to improve a future diagnostic accuracy.

Moreover in Paper I, the 125 Hz frequency demonstrated the strongest correlation
with NCS parameters, and particularly with the sural nerve amplitude. This further
aligns with previous studies, where VPTs of the higher frequencies (125, 250, and 500
Hz) were found to be elevated in patients with diabetes, even those with relatively short
disease durations of less than ten years.””'”” One of these studies also showed that VPTs
at the higher frequencies correlated well with clinical scores but not with NCS. These
findings could collectively suggest that both the low and the high frequencies are
valuable indicators for DPN, but also that these might reflect different aspects of the
condition — something that potentially is not detectable through NCS.

Advantages

The possible benefits of using MFV as a diagnostic tool are several, starting with the
fact that the test procedure is entirely non-invasive and harmless. Compared to more
invasive procedures like skin or nerve biopsies, which carries certain risks and
discomfort, as well as the NCS that some patients find unpleasant — VPT assessment
using MFV is gentle and well-tolerated. At worst, patients might find the sensation
slightly ticklish, which can be amusing rather than uncomfortable.

Another important advantage of MFV is the ability to test VPTs at multiple
frequencies, which provides a more comprehensive assessment than traditional methods
for VPT assessment such as the tuning fork and biothesiometer. This broader approach
allows for the evaluation of different mechanoreceptors and innervation areas, which
may be relevant in different situations. Additionally, MFV offers the capability to
compare a patient’s current results with their previous data. Although this is a feature
available also for other diagnostic methods, the straightforwardness of comparing VP T
across different examinations could be useful for monitoring disease progression and
treatment effectiveness in the future. Perhaps the most significant advantage is that
MFV is applicable in most clinical contexts. It is easy to maneuver, simple to use,
practically automated, and relatively time-efficient, making it a practical choice for busy
healthcare settings.

Disadvantages

There are also some limiting properties and weaknesses with MFV. One notable
drawback is the lack of randomization in the frequency presentation. Unfortunately,
the VSM device presents the frequencies in a fixed order, from low to high, which raises
the potential for a practice effect. This occurs when the patient develops a familiarity
with the test procedure and alters the response based on prior stimuli. All test
frequencies begin at the same baseline level of 100 dB, and higher frequencies generally
demand higher amplitudes to be detected. Detection is thus expected to be delayed
when frequencies are sequentially increased. However, after the first two or three
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frequencies, which are often detected immediately, it is sometimes observed that the
patient registers detection before any perceivable vibration has been presented. A
randomized task presentation would perhaps mitigate this pattern of false registrations.
On the other hand, practice effects were investigated in a previous study and considered
to be non-existent when testing is performed over clinically relevant time intervals.* It
is also important to highlight that the potential issue of premature registrations often is
compensated by the fact that the first registered VPT point for each frequency is
automatically deleted and not part of the test result. Additionally, the frequency can be
rerun if necessary.

Another limitation is the subjectivity of the test procedure, where the patient needs
to be actively participating for the test to be performed. Test results can be easily
affected by disturbing factors, such as noises, discomfort, or lack of concentration.
Additionally, the communication between the observer and patient can be limited by
other factors such as language barriers.
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3. Intraepidermal nerve fiber density

In this chapter, I will delve into the second method investigated throughout this thesis,
i.e. assessment of intraepidermal nerve fiber density (IENFD) in skin biopsies. As in
the previous chapter, the medical background and technicalities will be discussed,
followed by a brief description of the aims, methods, and results from Papers III and
IV. At last, the results of the papers and other aspects of the method will be discussed.

3.1. Medical background and methodology

3.1.1. An evolving method

The technique for evaluation of nerve fiber density within the epidermis, referred to as
IENFD, has undergone significant evolution in recent decades. The first protocol for
assessing IENF in the skin was published in 1959 by Arthur and Shelley.'”® It was a
rather complicated technique where the skin was studied from above, by scrolling up
and down through the depth of a thick section. A new protocol of quantification was
introduced in 1995 which overcame the issues with the prior technique. This new
protocol became feasible due to the findings of two research groups at the Karolinska
Institute in Stockholm. There, antibodies against the Protein Gene Product (PGP) 9.5
showed to be a superior agent for visualizing nerve fibers in the skin, compared to
previously used antibodies and neuropeptides, when using bright-field
immunohistochemistry.'””'"° The cytoplasmic protein PGP 9.5 is part of the ubiquitin
hydrolase family and is highly expressed in neurons and their projections. It currently
offers the most reliable and selective staining for cutaneous innervation.’

The developing methodology caught the attention of neurologists, leading to the
first studies investigating skin biopsies to find an explanation for why patients with
normal NCS and nerve biopsy findings could still suffer from neuropathic pain in their
lower limbs."'"'"? These studies suggested that the symptoms could be linked to a
reduced amount of small nerve fibers in the epidermal layer of the skin, i.e. SEN. These
fibers are crucial for thermal sensation and nociception, and thus when impaired, can
yield symptoms such as allodynia and hyperalgesia.
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Shortly after, guidelines detailing the procedure for conducting skin biopsies with
subsequent assessment of IENFD were published by a task force under the European
Federation of Neurological Societies (EFNS).""” The recommended methodologies for
obtaining skin biopsies and preparing the tissue for IENFD assessment — i.e.
immunohistochemistry or immunofluorescence — will be thoroughly described in the
section below. Normative reference values obtained with the two different methods

were published in 2010 as well as in 2016. These studies revealed that IENFD declines

114,115

with age and that it also tends to be slightly higher among women.

Figure 3.1. Photography of a 5 pm skin section immunostained with PGP 9.5

Cross-section of a skin biopsy stained with hematoxylin-eosin, showing the epidermal layer (with the stratum
corneum visible in the upper left corner). The application of immunostaining with an antibody against protein
gene product 9.5 (PGP 9.5) enables visualization of nerve fiber material, which appears in brown in the
photograph.

3.1.2. The EENS guidelines

For diagnostic purposes in polyneuropathy, as per the recommendations of the EFNS
guidelines, 2 3 mm punch skin biopsy is obtained from the distal leg.'"* In the case of
investigating a length-dependent loss, which is typical for axonal polyneuropathies, a
biopsy can also be obtained from the proximal thigh for comparison. The guidelines
do not provide information about anesthesia, wound closure, and aftercare, but indicate
that the procedure is safe if performed using processes that ensure sterility and
hemostasis. Typically, the biopsy is taken under local anesthesia, such as by lidocaine,
and the wound is closed using either sutures or surgical tape. The biopsy should be
immediately fixed in either 2% paraformaldehyde-lysine-periodate (PLP) or Zamboni’s
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fixative (2% paraformaldehyde, picric acid). Skin sample preparations and IENFD
assessment can then be performed through either bright-field immunohistochemistry
or immunofluorescence with or without confocal microscopy.

According to the EFNS guidelines, an assessment of IENFD should be performed
in at least three sections of 50 pm thickness, stained with the PGP 9.5-antibody. Fibers
are counted at high magnification (40X) as single fibers if they cross the dermal-
epidermal junction. Nerve fibers that branch below the junction and project into the
epidermis individually are counted as two (or more) fibers. Branching above the
junction is not taken into consideration, with the nerve fiber still counted as one.
Fragments in the epidermis without visible crossing of the junction are not included in
the counting. To obtain the nerve fiber density, the number of fibers detected is divided
by the length of the section measured in millimeters, i.e. [IENF/mm.'"

3.1.3. From 50 to 5 micrometers

When the technique for assessment of IENFD was introduced in our research group,
adjustments were an inevitable necessity. In Sweden, and possibly also in many other
countries, clinical pathology laboratories do not have protocols for tissue handling that
align with the guidelines from EFNS for diagnostic testing of neuropathies.'"*
Implementing these protocols would be impractical for policy reasons due to the
complexity, cost, and high technical expertise required. This issue, along with other
challenges associated with handling thick cryosections — such as the tendency of 50 pm
specimens to fall off the objective glass during preparation due to their weight —
highlighted the need for a more feasible approach.

Using paraffin-embedded tissue blocks and performing immunohistochemical
staining on 5 pm sections is a technique that likely exists in, or can be readily adopted
by, all clinical laboratories. This method offers several advantages, such as improved
time stability of paraffin-embedded samples, allowing for long-term storage and re-
assessment, which is more challenging with cryosections. The immunohistochemical
approach and assessment criteria for this method are detailed below.

Immunohistochemical skin tissue processing

Skin biopsies, or excisions, are immediately fixed in a 4% buffered formaldehyde
solution for at least 24 hours. At the clinical pathology laboratory, samples are
dehydrated and embedded in paraffin. These paraffin-embedded tissue blocks are
sectioned using a microtome into 5 pum slices, which are then mounted on positively
charged glass slides for immunohistochemical staining. The sections are dried for one
hour at 60° C, followed by de-waxing and rehydration. Microwave pre-treating in 10
mM citrate buffer (pH 6.0) for 19 minutes at 750 W is performed to achieve antigen
retrieval. Immunohistochemical = staining is performed using an automated
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immunostainer (TechMate 500 Plus; Dako). The rabbit polyclonal PGP 9.5 antibody
(Cell Marque, Rocklin, USA) is used as the primary antibody at a dilution of 1:3000.

Figure 3.2. Assessment criteria for IENFD

Fibers are counted as one if they are at least as long as half the width of the epidermal layer (stratum corneum
excluded; indicated by the dashed grey line), regardless of whether they visibly cross the dermal-epidermal
junction (A) or not (F). If a nerve fiber branches within the epidermis, it is counted as one (C), while fibers
branching before crossing the junction are counted as separate fibers (D; two fibers). Fiber fragments are
counted if they form a pattern consistent with a coiling or winding fiber (e.g. in a dotted line, H) suggesting
that the fiber is twisting through the section. Individual fibers or small fragments that do not reach a
substantial length are not counted (B, G, and ). The IENFD is calculated by dividing the number of nerve
fibers detected by the length of the epidermis in millimeters, resulting in a unit of fibers/mm.

Criteria for assessment of intraepidermal nerve fibers

The shift to thinner sections required a revision of the assessment criteria. In the 50-
pm sections, the three-dimensional shape of the nerve fibers, with branches extending
in multiple directions, can be easily visible. The assessment criteria for these thicker
sections emphasize counting each “tree” structure as a single nerve fiber and require a
clear visual crossing of the dermal-epidermal junction for fibers to be counted. With
thinner sections, however, it is not possible to achieve a complete visualization of the
nerve fibers and their arborized pattern. Instead, the three-dimensional structure is
likely to be fragmented. Consequently, the assessment criteria had to be revised and
rewritten to accommodate these limitations and were initially as follows: individual
epidermal fibers are counted if their length is at least half the width of the epidermal
layer in the examined area. Fibers that branch within the epidermis are counted as a
single nerve fiber, while those that branch in the dermis are counted for each fiber that
crosses the dermal-epidermal junction. Even well-defined fibers within the epidermis
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that do not visibly cross the junction are still counted, provided that all other criteria
are satisfactorily met. The assessment criteria are further detailed in Figure 3.2.

Within the Lund/Malmé research group, six papers have been published on this
method for IENFD assessment using 5-pm sections, two of which are included in this
thesis. The early studies from 2009 focused on comparing IENFD between individuals
with diabetes and healthy controls."'®""” Since then, IENFD has also been correlated
with the advanced imaging techniques of nanotomography and corneal confocal
microscopy (CCM).""®'"? However, a crucial missing piece in advancing this work has
been the ability to compare samples against a reference material, which was one of the
objectives of this present thesis. During the process of establishing that reference
material, issues with the existing assessment criteria were identified, prompting the
initiation of further development of the assessment method. These developments are
detailed in Paper I1I and will be further discussed below.

3.2. Aims of the projects

The overarching aim of the projects outlined in Paper III and Paper IV was to establish
a foundation for the potential future application of IENFD for diagnostic purposes.
The identified knowledge gaps and specific aims of the studies were:
a. Establishing normative reference values of IENFD assessed in thin sections of
5 pm, and exploring the impact of age, sex, and site of excision.
b. Investigating the temporal trend of IENFD and associations between IENFD
changes and metabolic factors in individuals with and without T2DM.

3.3. Paper III: Establishing normative values

It is challenging and time-consuming to enroll healthy individuals to establish a
reference material. Consequently, prior normative reference values on IENFD have
been developed through multi-center collaborations. However, we employed a different
approach to overcome these difficulties. By utilizing material that had already been
obtained and stored according to the Swedish Biobank Act, unnecessary harm and/or
discomfort to study participants could be avoided. Specifically, we searched among
archival samples at the Department of Pathology in Lund and Malmé. These skin
samples, originally collected for investigating skin lesions and tumors such as squamous
cell carcinoma and malignant melanoma, are often taken with wide margins to ensure
radical removal. As a result, these samples include end snippets of benign tissue. The
careful selection of samples to include in the study was based on clinical as well as
morphological data: the cause of referral, established diagnosis, and the availability of
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an adequate amount of benign material. Morphological findings (confirmed by
pathology reports) of inflammatory lesions, e.g. eczema psoriatic lesions, and infectious
foci, prevented inclusion. Medical records for all the individuals included in the study
were reviewed to identify potential neurotoxic conditions, disorders, or treatments.
Exclusion from the study based on medical records was primarily due to diabetes
(T1DM and T2DM) or prior cytostatic treatment.

Sample site

The previously published reference materials for IENFD in 50-pm sections primarily
focus on the distal leg. However, multiple studies have indicated the presence of a
proximal-distal gradient of IENFD in the legs."**'** Furthermore, a previous study
within my research group highlighted interesting findings regarding sex and skin type
differences in IENFD at the wrist level."'® These discoveries fueled the interest in
establishing normative values for IENFD at various sites in both the arms and legs.
Initially, the plan was to comprehensively map IENFD along the limbs, but due to
referral texts being vague or lacking in detail, this approach had to be reconsidered.
Instead, samples were categorized into upper and lower arm, and upper and lower leg,
as illustrated in Figure 3.3.

Figure 3.3. lllustration representing the four anatomical sites of excision used in Paper llI
Proximal (brown) and distal (yellow) arms, as well as proximal (purple) and distal (blue) legs.
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New assessment criteria

As mentioned above, the assessment criteria for nerve fiber counting were reconsidered
during this project. After evaluating approximately one hundred sections, a pause was
taken. At this point, it had become evident that many nerve fibers were being missed
due to the requirement that fibers must reach a length of at least half the width of the
epidermal layer (excluding the stratum corneum). Discussions about potential
modifications to the criteria were initiated, and various approaches were tested. In the
method for 50-pm sections, there is no length requirement for nerve fibers to be
counted. The length criterion was implemented in the early studies on thin sections to
account for their reduced thickness. Eliminating this criterion would likely result in the
inclusion of numerous fragmented fibers and background debris, which may not
represent actual nerve fibers. Instead, it was decided to maintain a minimum length
requirement. At the Department of Pathology in Lund and Malmg, histological
samples are scanned and reviewed digitally using the medical imaging software Sectra
IDS7. This program enables precise digital measurements, allowing for accurate
assessment of both the length of the epidermis and the nerve fibers. Through testing
various lengths, we settled on a minimum length of 15 pm. A 20-pm minimum was
deemed too long, with the risk of excluding many fibers, while a shorter length proved
impractical due to the difficulty in distinguishing fibers from debris. Moreover, 15 pm
is approximately the combined length of two adjacent keratinocytes, making it a
suitable and easy-to-use benchmark also for assessments through conventional light
microscopy. The new assessment criteria, further detailed in Figure 3.4, were tested on
a portion of the included samples and evaluated through comparisons between
observers. Intra-observer reliability was considered high (no statistical testing was
performed), and the consensus was that these criteria were easy to implement without
any further adjustments. Consequently, the approximately hundred samples already
assessed were reassessed using the new criteria. Once the reassessment was completed,
the inclusion of additional samples could resume.
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Figure 3.4. The new criteria for IENFD assessment developed during the work with Paper IlI

Fibers are counted as one if >15 um, regardless of visibly crossing the baseline (A) or not (F and G), and if
branching within the epidermis (B and C), or if in a dotted line (H). If a nerve fiber has branched within the
dermis and crosses the junction as separate fibers, the fibers are counted individually (D; two fibers). The bar
represents 15 pm, which is the approximate length of two neighboring keratinocytes (K). The IENFD is
calculated by dividing the number of fibers counted by the epidermal length, i.e. fiber/mm.

Ethical statement and statistical analyses

The Swedish Ethical Review Authority (2020-03597) approved the study. Data was
collected from archived material stored in accordance with the Swedish Biobank Act.
All samples sent to the Department of Pathology are stored and available for further
diagnostic, educational, quality control, and research purposes. The clinician
performing the biopsy and/or excision is responsible for informing patients about
biobank storage and is also required to register whether the patient wishes to opt-out.
Patients can also submit a “no-ticket” and thus request retroactively withdrawal of data
from the biobank. Therefore, no additional consent for participation in this study was
obtained.

Data on IENFD were presented stratified by sex and age decades, with results shown
as median values along with the 25" and 75" percentiles. Comparisons between groups
were performed using the Kruskal-Wallis test, followed by Dunn’s post hoc test, with
adjustments for multiple comparisons using Bonferroni correction. Factors associated
with IENFD were investigated through quantile regression analysis.

Results

A total of 602 samples from 591 individuals, aged between 18 and 97 years, were
selected, re-sectioned, stained, and manually assessed for IENFD. Median IENFD
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values, stratified on age decades, sex, and site of excision, are presented in Table 3.1.
The overall distribution of IENFD across the entire cohort was significantly more
variable and irregular than anticipated. An overall difference was found for IENFD
across all age decades and sexes, but no linear relationship between them could be
established. Nor did quantile regression analyses show any conclusive results regarding
affecting factors, as both age and sex exhibited varying patterns across different
quantiles. Significant differences were, however, found when comparing individuals
over 65 years with either young or middle-aged participants, although no differences

were observed between the two younger groups. Additional results can be found in
Paper II1.

Table 3.1. Intraepidermal nerve fiber densities (IENFD) in 5 pm skin sections from healthy adults

Age n IENFD n IENFD n IENFD n IENFD
M 18-29 11 2.75(1.59-3.60) 11 1.62 (1.16-3.69) 11 1.39(0.82-2.53) 11 0.73(0.56-2.55)
30-39 10 2.12(1.02-3.73) 13 1.58 (1.40-2.61) 10 1.56 (0.96-2.61) 12 0.85(0.31-1.11)
40-49 10  2.40(1.24-3.27) 10 2.18(1.06-3.04) 10 1.53(0.87-3.01) 11 0.45 (0.20-1.06)
50-59 10 1.85 (0.96-2.35) 10 0.89 (0.53-2.33) 10 1.40 (1.04-3.08) 10 1.10 (0.60-1.55)
60-69 70  0.90(0.55-2.20) 10 0.89 (0.50-1.26) 10 0.82 (0.58-2.26) 10 0.55 (0.23-0-86)
70-79 70  0.93(0.48-1.76) 10 0.83(0.53-1.49) 10 0.57 (0.22-1.30) 11 0.15 (0.00-0.82)
>80 14 1.03(0.32-1.77) 11 0.39(0.27-0.65) 12 0.48 (0.20-0.75) 14 0.22 (0.00-0.54)
W 18-29 11 2.31(1.81-5.37) 10 2.21(1.34-3.08) 10 1.60 (1.27-2.09) 11 0.98 (0.63-1.32)
30-39 70  2.36(1.81-5.21) 11 2.12(1.13-2.56) 10 2.46 (2.01-3.76) 11 2.28(0.61-2.97)
40-49 10 2.19(1.53-5.27) 10 2.38(1.79-4.19) 10 2.32(1.82-3.60) 10 1.72 (1.15-3.08)
50-59 10 1.34(0.82-2.70) 10 2.39(1.52-2.94) 12 2.10(1.57-2.81) 11 0.82 (0.42-1.11)
60-69 11 1.98 (0.89-3.09) 10 1.69 (0.63-2.17) 10 0.80(0.21-1.98) 10 0.78 (0.18-1.15)
70-79 10 1.17 (0.37-2.14) 10 1.49 (0.73-2.24) 10 1.06 (0.63-1.61) 10 0.40 (0.08-1.50)
>80 13 0.59 (0.33-1.70) 13 0.70(0.43-1.32) 11 0.90 (0.28-2.07) 15 0.13(0.00-0.48)

Median (25'"-75" percentiles) IENFD values presented for men (M) and women (W), respectively, in age
groups based on decades. n: number of included samples.
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3.4. Paper IV: Investigating temporal and metabolic effects

The project for Paper IV was conducted in collaboration with research colleagues in
Umed, Stockholm, and Linkoping, Sweden. The study focused on investigating
differences in IENFD over time in individuals with and without T2DM, as
longitudinal studies are particularly useful in terms of investigating relationships
between risk factors and outcomes. At the time of initiation of this project, all previous
longitudinal studies had been performed on 50 pm sections and over shorter time
frames of a maximum of five years.'”'*

The study participants were part of a cohort recruited in Skellefted, Sweden, during
2003 and 2004, as detailed in K. Pourhamidi’s thesis.”® This cohort originally
consisted of 119 individuals aged 60 years, categorized into three groups: 39 with
normal glucose tolerance (NGT), 29 with impaired glucose tolerance (IGT), and 51
with T2DM. Individuals with NGT and IGT had been recruited from the
Visterbotten Intervention Programme, while participants with T2DM were recruited
from the primary health care. Several studies have been published based on data from
this baseline study.'”'*” For the follow-up study, the participants were reinvited to a
second assessment approximately eight years later. A final total of 80 participants were
investigated through clinical and electrophysiological examinations, blood sampling,
and skin biopsies at both baseline and follow-up. Group assignment was confirmed
through an oral glucose tolerance test. Skin biopsies were obtained, processed, and
immunohistochemical treated according to the procedures detailed in section 3.1.3.
Since the work was conducted prior to Paper III, the assessment was also carried out
using the previous criteria for IENF counting, as outlined on page 40. The IENFD was
assessed in all sections through bright-field microscopy by two observers — me and
Elisabet Englund. Due to a small number of IGT at follow-up (n=9), the group was
removed from statistical analyses regarding temporal changes.

Ethical statement and statistical analyses

The study was approved by the ethical review board of Umea University (2013-21-31
M), and written informed consent was obtained from all participants.

Changes between follow-up and baseline were tested using the Wilcoxon signed-
rank test. To explore potential associations between biometric or metabolic factors and
changes in IENFD over time, linear mixed models were employed. Three models were
performed: one including all participants, and two separate models for the NGT and
T2DM groups. Factors included in the models were age, sex, height, weight, blood
pressure, statin treatment, and HbAlc.

Results

The overall finding of the study was that IENFD was significantly lowered at follow-
up in both the NGT and T2DM groups. In contrast to what was anticipated, however,
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a larger decrease in IENFD was observed for the individuals with NGT compared to
T2DM. In fact, at follow-up, the groups had reached similarly low levels of IENFD.
In the search for metabolic factors, HbAlc appeared to be associated with IENFD levels
in the entire group. However, this impact diminished when analyzing the T2DM and
NGT groups separately. No association between blood pressure or statin treatment and
IENFD was found. Aside from age, weight emerged as the only factor with a significant
negative relationship to IENFD, both for the cohort as a whole and within the separate
groups, although this relationship was relatively weak. For more detailed descriptions
of the methods and results, see Paper IV.

3.5. Discussion

Following below, the modalities and applicability of the IENFD assessment in thin 5
pm sections will be discussed, along with the results of the two papers presented in this
chapter. Further discussion regarding the implementation of new methods, as well as
strengths and limitations of the studies, and potential future directions, are covered in

Chapter 4.

3.5.1. Assessment in thinner sections

Although a thorough review of the research area has been published together with
methodological guidelines, there are also several other things to take into consideration
when employing a new method.'”” Besides the guidelines presented to the scientific
community, healthcare system regulations specific to each area or country must also be
considered, as they often dictate the feasibility of implementing new methods. The use
of thinner sections for IENFD assessment has also been adopted by other research
groups. While Koskinen et al. studied IENFD in sections with a thickness of 10 pm,
Dabby et al. focused on dermal autonomic fibers in 5 pm sections.”®"' At the
Department of Pathology, Skine University Hospital, Lund, Sweden, the need for a
method that was easily applicable, and frankly, cost-effective, drove the development
of a new IENFD assessment approach tailored to the specific clinical context.

The 5-pm method developed in Lund for IENFD assessment has been applied in
both previous projects and the papers of this thesis. It offers both advantages and
disadvantages in comparison to the recommended methodologies. A significant benefit
is the long-term stability and reliability provided by the formaldehyde fixation and
paraffin embedding. This allows for long-term storage and assures reassessment of both
the glass-mounted section as well as the remaining tissue block. For instance, in a
previous study, numerous archived sections from 2014 were readily interpretable when
reassessed in 2019, demonstrating the robustness of these samples over time.""” In
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contrast, cryosections require storage in a -80°C freezer and are typically viable for only
up to 1 year, making them less suitable for long-term storage and retrospective analysis.

Alongside our search for the normative values of IENFD assessed in thin sections,
we were informed by our former project collaborator K. Pourhamidi that he, together
with his associate O. Aspegren, had been working on a similar project. Like us, they
had identified limitations with the previous assessment method and initiated their
search for a more accurate strategy. While we opted to maintain a minimum length
requirement for nerve fibers to be counted, they chose a more inclusive approach by
counting almost all the positively immunostained material in samples obtained from
68 individuals. Our decision to exclude shorter fragments was driven by the concern
that such positively stained fragments might not truly represent nerve fibers but rather
debris or artifacts. However, Aspegren and Pourhamidi suggested that the broader
inclusion yielded an estimation of the real IENFD (eIENFD), and the study, which
was published in April 2024, showed promising results.””” By assessing el[ENFD, their
results showed more comparable numbers with studies performed on 50 pm sections,
in comparison to the results of our Paper II1.

Despite the encouraging outcome of the elENFD assessment, reservations regarding
its practical use in clinical settings are warranted. Counting small nerve fiber fragments
presents challenges in both accurate identification and also the amount of time required
for assessment. Thereto, discerning these kinds of short fragments is very difficult, if
not using imaging software where annotations and measurements can be applied. Even
then, it can be challenging since every small fragment might need to be measured or
noted, which takes time. Thus, when transitioning from the “half-the-width” to the
15-pm method in Paper II1, the importance of establishing an easily applicable length
requirement was discussed. The length requirement was designed to be practical even
“at a glance” — i.e. without always measuring the nerve fibers directly. It was also
intended to be useful in conventional light microscopy by providing a reference that
could be applied based on surrounding structures, such as the size of neighboring
keratinocytes. In my view, using conventional microscopes for assessing eIENFD is
highly impractical and although digital imaging software simplifies this task, the process
of examination still requires considerable time. However, with the rapid advancement
of digital tools, particularly artificial intelligence (Al), and their growing
implementation in clinical settings, there is potential to further streamline or even fully
automate the process — which could ultimately yield a method of great potential. In
fact, a recent pilot study on Al-assisted IENFD assessment using 50 pm
immunofluorescent slides demonstrated high levels of agreement when compared with
evaluations conducted by a pathologist. This work was performed by C. Gibbons and
colleagues from Harvard Medical School, Boston, USA, and presented as a poster at
the 2024 Peripheral Nerve Society Annual Meeting in Montréal, Canada.'”

Going back to comparing results with previous studies, it is also important to note
the differences in the size of our cohorts. While we included 602 samples from
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individuals between 18 and 97 years, Aspegren and Pourhamidi assessed eIENFD in
samples from 68 individuals aged 20 to 59 years. In fact, all prior studies presenting
reference values on IENFD are based on either smaller populations or on multi-center
collections of data, as demonstrated in Table 3.2 below. This discrepancy likely reflects
the logistical challenges associated with gathering data from larger populations.
However, it may also suggest that the methods employed in these previous studies are
more time-consuming and therefore less suitable for large-scale assessment compared
to the method developed by our group.

Table 3.2. Reference studies on IENFD

McArthur et al. 1998134 1 98
Umapathi et al. 20062 1 84
Lauria et al. 2010"* 8 550
Provitera et al. 2016'"® 4 528
Collongues et al. 2018135 1 298
Aspegren et al. 202432 1 68
Ekman et al. 2024 (Paper Ill) 1 602

Examples of studies presenting reference ranges or normative data on IENFD with the number of study
centers collaborating in the study as well as the number of samples, i.e. the size of the population.

3.5.2. Potential impact of age, weight, and excision site on IENFDs

As part of laying a foundation for IENFD assessment in thin sections, one focus of
interest has been to identify factors potentially impacting the IENFD. As highlighted
in Paper IV, age emerged as the most significant factor associated with IENFD, while
weight also showed a potential relationship. These findings are consistent with previous
studies on IENFD assessment in 50 pm sections, including the reference materials,
which have found an age-related decline.'"*!'®'?> On the other hand, the reference
values presented by McArthur et al. showed no overall effect of age, except for the
significantly higher IENFDs found among the youngest group of their study, including
individuals in ages between 10-19 years, and thus representing a pediatric

1% As described in Chapter 2, nerve-affecting processes of normal aging
91,92

population.
include reduced cellular communication, neuroinflammation, and atrophy.
Evidence of axonal loss due to normal aging can e.g. be demonstrated by reduced sural
nerve amplitudes.'* There are also structural changes in the skin associated with aging,
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such as decreasing epidermal thickness and flattening of the dermal-epidermal
junction.””"?® Tt is imaginable that these alterations in the surrounding tissue create
microenvironments that are less favorable for the nerve fibers, thereby further negatively
impacting skin innervation.

The impact of age was also supported by the findings of Paper 111, although with a
cut-off around the age of 65 years. This could suggest that the impact of aging on
IENFD may become more evident later in life, with nerve fiber densities remaining
relatively stable during younger and middle adulthood, followed by a later life decline.
Considering the environmental changes, dermal-epidermal junction changes have been
shown to appear from the ages of 60 years and upwards."”” These changes result in less
robust and thus, more vulnerable skin tissue. Another consequence is the impaired
connection between the dermal and epidermal areas, ultimately resulting in a loss of
nutrient supply to the epidermis.'* Hence, it is reasonable to believe that epidermal
innervation is reduced after this age.

Weight was another factor found to be associated with IENFD in Paper IV.
Although more prominently observed in individuals with T2DM, where obesity is a
well-known risk factor for DPN, a significant negative association was also observed
between weight and IENFD in healthy individuals.'"! A study examining individuals
at various stages of metabolic syndrome demonstrated signs of SN among those with
obesity, even in the absence of hyperglycemia or hyperinsulinemia.'*? Increased body
mass index (BMI) has also been shown to be associated with reduced action potential
amplitudes, though not with impaired nerve conduction velocities."*>'** This indicates
that weight, or particularly obesity and the presence of fat tissue, may contribute more
significantly to axonal loss than to demyelination. A higher adipocyte content within
the endoneurium could play a role in this relationship. It would have been interesting
to explore this relationship further in Paper III, but this was not possible due to the
lack of data on participants’ weight.

Another finding of Paper III was the differences in IENFD among excision sites,
where higher densities were observed in the arm compared to the leg. However, no
statistically significant differences could be found between the proximal and distal parts
of each limb. This is in contrast with previous studies, which have proposed factors
such as the proximal-distal gradient as well as the “dying-back” phenomenon of nerve
damage.'*>'*>'** Besides this intra-site variability, variations could also stem from an
intra-punch variability, as suggested by McArthur et al.'** This is something I dwelled
upon during the assessment process. Along with the potential differences between, for
instance, a lateral and medial calf, there could also be significant variability even
between sites located adjacent to one another. This topographical variability became
more apparent when examining excisions that could reach lengths of 10-20 millimeters,
compared to the smaller biopsies of approximately 3 mm. In certain samples, it was
almost evident that nerve fibers appeared clustered together in small groves or
gatherings rather than being evenly distributed across the skin surface. This observation
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could be attributed to the thinly cut sections, which might result in specific branches
of a nerve fiber “tree” being visible only in proximity to each other. Alternatively, it
could suggest that nerve fibers are more abundant in certain areas, thereby forming a
patchy distribution pattern within the skin. For instance, Merkel cells are located in the
skin within so-called touch domes, i.e. the Merkel disks. These structures are typically
found in areas of high tactile sensitivity, such as the lips and fingertips, but can also
occur in hairy skin.'"® Although Merkel disks per se are not counted during IENFD
assessment, their distribution could influence the nerve fiber pattern in the epidermis.
If this is the case, the inter-punch variability may be significant, which would limit the
diagnostic utility of IENFD assessment. However, a potential solution could also be to

exclude epidermal sections where Merkel disks are present as suggested by Collongues
etal.'”’

3.5.3. Assessment of IENFD as a diagnostic tool

Unlike for large nerve fiber assessment, there is currently no universally accepted gold
standard for evaluating small fiber neuropathy. The most suggested diagnostic
approaches, both in clinical and research contexts, are the QST and skin biopsy with
IENFD assessment. As mentioned in the first chapter, QST assesses the perception
thresholds for vibration and temperature. However, these measurements depend not
only on the actual sensory thresholds but also on the patient’s capacity to cooperate
during the test, potentially introducing variability. In contrast, skin biopsy offers a more
objective assessment by directly quantifying IENFD in the sampled skin area.

In recent years, the use of CCM has gained increasing interest as a diagnostic tool
for SFN and other types of neuropathies, particularly DPN."¢*>° The use of CCM
allows for a noninvasive, iz vivo examination of the corneal nerve fiber plexus, offering
a potential alternative to the more invasive diagnostic methods. However, in a recent
study that I was involved in, we applied an automated wide-field imaging protocol to
analyze a larger area of the cornea. Thereafter, automated fiber detection and
quantification were applied to minimize human selection bias. Following these
advancements in the methodology, no significant associations were found between
CCM measures and IENFDs or clinical measures of DPN.'” The advantages of
IENFD assessment in comparison to other methods for investigation of small nerve
fibers lie thus in the direct morphological view of the nerves, but also in the higher
correlation with clinical findings.

When comparing the IENFD assessment in 5-pm sections to the suggested 50-pm
method, the 5-pm approach offers distinct advantages as a diagnostic tool. The
advantages already mentioned, such as the simpler immunohistochemical process
making it more affordable and thus more feasible in a clinical laboratory, could
therefore enhance the practicality of IENFD assessment as a diagnostic tool.
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Despite its utility, IENFD is currently not a stand-alone diagnostic tool, and its results
must be interpreted in conjunction with clinical findings. For instance, an international
consensus on diagnostic criteria for SEN was established in 2018, requiring at least one
symptom and at least one sign of SFN to confirm the diagnosis.””' However, multiple
commercial laboratories in the U.S., which can be found online, offer SEN diagnosis
based solely on skin biopsy and IENFD assessment, i.e. without clinically confirming
the diagnosis. Furthermore, conditions like Parkinson’s disease or amyotrophic lateral
sclerosis (ALS) can present with reduced IENFD."** However, this may not be evidence
enough for a neuropathy diagnosis, unless specific antibody staining with e.g. alpha-
synuclein is applied.

Perhaps the most obvious disadvantage of IENFD assessment as a diagnostic tool is
its invasiveness. Although it is a minor surgical procedure with generally good healing
prospects and a very small risk of complications, any invasive procedure carries inherent
risks. Non-invasive methods are always preferable when applicable. Potential
complications following a skin biopsy include poor wound healing and infections. To
mitigate these risks, the harvesting process should be performed with extra safety
measures. In addition to sterile conditions, aftercare of the wound can also be enhanced.
As an example, within the research group, we have implemented various techniques,
including suturing, suture tape, and bandaging, to facilitate healing and minimize the
risk of infection. Nevertheless, in Paper IV, biopsies were taken and left to heal without
sutures, and the results were positive with no complications reported. This suggests that
while there are some limited risks associated with skin biopsies, IENFD assessment can
yield favorable outcomes as long as the entire procedure is carefully managed.
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4. General discussion

During my PhD, I have had the opportunity to attend the NeuroDiab conference twice
— first in Bergen in 2022 and then in Rome in 2024. NeuroDiab is a diabetic
neuropathy study group based in Europe that has held annual meetings since its start
in 1991. The most significant take-home message I gathered from both conferences
was this: there are numerous assessment methods used, and everyone advocates for their
own. Initially, this left me feeling somewhat disillusioned, especially after the first
meeting, where I questioned the necessity of my work. Why, I wondered, introduce
two more methods into an already crowded field?

However, by the time of the second meeting, I began to see things differently. Instead
of feeling discouraged, I was struck by the thought that perhaps we are at a point where
we need to carefully assess whether the best method already exists — and, if so, how we
should adopt and standardize it. As I sit here now, though, I am plagued by yet another
question. What if this diversity of methods and tests is symptomatic? What if, there is
no “one-size-fits-all” solution or diagnostic tool? That it is simply impossible to fully
grasp peripheral neuropathies, such as DPN, with one type of test? Perhaps all the
researchers in this field are engaged in an inevitable struggle, but hopefully, it is simply
part of the journey that drives us to continuously refine our methods in pursuit of
perfection.

4.1. Evaluation of new methods

As emphasized throughout this thesis, there are multiple ways to study the peripheral
nerves and the diseases that affect them. They range from simple sensory tests to more
advanced electrophysiological techniques and morphological assessments. While nerve
biopsies can provide detailed insights into pathological processes and are sometimes
essential for diagnosis, they are invasive and inevitably impair nerve function. Instead,
we typically rely on less invasive methods that estimate the condition of the specific
nerve or evaluate function from the external. Regardless of the method employed,
factors such as accuracy, accessibility, ease of use, and minimal patient harm are
essential attributes of a good diagnostic tool.

In the context of diabetic neuropathy, methods that enable early detection are
particularly crucial to prevent irreversible damage. When a method is used for
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screening, the goal is not to diagnose a disease but rather to distinguish between
individuals likely to have the condition and those with a low likelihood of having it. In
contrast, pure diagnostic tests should provide a higher accuracy but are generally more
resource-intensive. Thus, finding a balance between utilizing precise diagnostic
techniques and implementing those that may facilitate early detection becomes
essential.

The aim of this doctoral work was to establish normative values for VPTs and
IENFDs and to explore the clinical implementation of the methods in individuals with
T1DM and T2DM. Progress has been made regarding both determining reference data
and assessing how these methods can be integrated into clinical practice. However, for
IENFD assessment in thin sections, a definite conclusion regarding its ability to
differentiate between healthy and diseased states is not yet reached. As for the VPTs,
the findings are more promising. A test procedure involving a combination of two low
and two high frequencies was suggested and demonstrated good agreement with the
diagnosis of DPN. A cut-off value was also proposed, although measures of sensitivity
and specificity were not optimal. Thus, while strides have been made in developing a
test procedure, further refinement is needed to enhance its diagnostic accuracy and
differentiation between healthy and diseased individuals.

4.2. Strengths and limitations

There are limitations to my studies that need to be addressed. One key limitation is
that in Paper III, participants were neither asked nor screened for signs or symptoms of
neuropathy. I did not meet these individuals personally and was therefore unable to
make a clinical judgment. This contrasts with Paper I, where either I or one of my
predecessors met each participant in person, which is one of the main strengths of that
study. The decision to base the study of Paper III on archived material was, however,
due to ethical considerations, as conducting skin biopsies on over 600 individuals
without first validating the method would have raised other ethical concerns. While
distributing questionnaires to gather additional data could have been an alternative, we
opted to review the medical records of all participants. As a result, all participants
included in the study were ensured to not have any documented history of neuropathy
or other nerve-related disorders. Still, the risk of missing any underreported conditions
remains. Interestingly, while not meeting the participants for Paper III is a limitation
in that manner, it also eliminates the potential for hierarchal dependency or bias that
might arise between researchers and their patients/participants.

Another potential limitation — although a positive one — is that the participants with
T2DM in Paper IV were closely monitored and considered relatively healthy despite
their diagnosis. Moreover, all participants who dropped out of the study between the
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baseline and follow-up were from the T2DM group, which could have contributed to
an even healthier cohort in the end.

In terms of strengths, the studies presented in this thesis benefit from comprising
two large data sets — Paper I and Paper III. Additionally, all skin sections analyzed in
both Paper III and IV were observed by a single observer, which enhances the
comparability of the two works and adds robustness to Paper III. Furthermore, when
examining the use of MFV and IENFD assessment in the two diabetes cohorts,
neuropathy status could be confirmed with either NCS or QST, both of which are
considered gold standard methods for assessing the function of large and small nerve
fibers. This significantly enhances the impact of Papers II and III, as the proposed
methods could be validated against established techniques. Importantly, this also means
that the thesis as a whole has explored multiple nerve fiber types — ranging from thin
unmyelinated fibers to large myelinated fibers — thereby capturing various modalities
of neuropathy.

4.3, Future directions

The potential use of IENFD assessment in thin 5 pm sections warrants further
exploration, and there is also room for incorporating more qualitative evaluations into
the assessment of SEN. This includes assessing the number of retracted and enlarged
axonal remains in the basal lamina or beneath it, as well as evaluating the presence of
very short nerve fiber remnants in the epidermal layer. This is a work currently in
progress.

Another interesting avenue for future work would be to examine how the two
methods relate to one another. Although they represent measures of two distinct types
of nerve fibers, some conditions may benefit from being assessed through multiple
approaches. The original plan for this thesis included such a comparative study;
however, this was canceled due to the Covid-19 pandemic and its impact on research
activities. Notably, both MFV and IENFD assessments have recently been utilized in
a project evaluating autonomic and peripheral nerve dysfunction in patients with
postural orthostatic tachycardia syndrome (POTS). To my knowledge, the neuropathic
component of POTS is not yet fully understood or established, but a comprehensive
battery of tests for neuropathies was applied in the study. Preliminary results suggest
that there are no significant differences in either VPTs or IENFDs between patients
with POTS and healthy controls. As a result, it is currently challenging to draw any
meaningful comparisons between the two methods.
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5. Conclusions

This thesis involves findings on new approaches for diagnosing peripheral neuropathy,
intending to establish simpler assessment methods with less time and cost requirements
for early detection of conditions such as diabetic neuropathy. The thesis aimed to
establish normative values for VPTs and IENFDs and to explore the clinical
applicability of these methods by studying diabetic neuropathy. The work covers both
physiological insights and practical considerations for further integrating these methods
into clinical practice. Specific conclusions for the individual papers are as follows:

e DPaper I presents normative VPTs for men and women of various ages,
providing reference data for future comparisons. The study concludes that age
and skin temperature are important associated factors, further enhancing the
need for reference data and a standardized test procedure.

e In Paper II, it is concluded that VPTs at the 125 Hz frequency of MFV
strongly correlate with measures of the sural nerve amplitude in patients with
T1DM. It is also concluded that VPT testing with MFV could advantageously
be performed based on four frequencies, instead of the original seven, and thus
be more time efficient.

e DPaper III presents normative IENFD values for thin-sectioned skin samples
for men and women of various ages and different sites of excision. Age is
concluded to be associated with decreased nerve densities in the skin for
individuals over 65 years of age.

e In Paper IV, age is proposed to be the long-term determinant of IENFD, with
the process being further accelerated by weight and HbAlc, leading to an
carlier onset of decline in patients with T2DM.

The clinical implications I hope will result from my thesis involve facilitating screening
and diagnosis of nerve-affecting disorders, such as DPN, by employing simple yet
reliable methods. These tools could enable more accessible and efficient follow-ups in
both primary and diabetic care settings, ultimately improving patient outcomes
through earlier detection and intervention.
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