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ABSTRACT

Introduction Diabetic sensorimotor polyneuropathy
(DSPN) affects approximately 30% of people with
diabetes, while around half of cases are symptomatic.
Currently, there are only few pathogenetically

oriented pharmacotherapies for DSPN, one of which

is benfotiamine, a prodrug of thiamine with a high
bioavailability and favourable safety profile. While
benfotiamine has shown positive effects in preclinical

and short-term clinical studies, no long-term clinical trials
are available to demonstrate disease-modifying effects

on DSPN using a comprehensive set of disease-related
endpoints.

Methods and analysis The benfotiamine on
morphometric, neurophysiological and clinical measures in
patients with type 2 diabetes trial is a randomised double-
blind, placebo-controlled parallel group monocentric phase
Il clinical trial to assess the effects of treatment with
benfotiamine compared with placebo in participants with
type 2 diabetes and mild to moderate symptomatic DSPN.
Sixty participants will be 1:1 randomised to treatment with
benfotiamine 300 mg or placebo two times a day over

12 months. The primary endpoint will be the change in
corneal nerve fibre length assessed by corneal confocal
microscopy (CCM) after 12 months of benfotiamine
treatment compared with placebo. Secondary endpoints
will include other CCM measures, skin biopsy and function
indices, variables from somatic and autonomic nerve
function tests, clinical examination and questionnaires,
general health, health-related quality of life, cost, safety
and blood tests.

Ethics and dissemination The trial was approved by

the competent authority and the local independent ethics
committee. Trial results will be published in peer-reviewed
journals, conference abstracts, and via online and print
media.

Trial registration number DRKS00014832.

Strengths and limitations of this study

» The benfotiamine on morphometric, neurophysio-
logical and clinical measures in patients with type
2 diabetes study is the first randomised, double-
blind, placebo-controlled clinical trial to assess the
long-term effects of benfotiamine in type 2 diabetes
individuals with symptomatic diabetic sensorimotor
polyneuropathy (DSPN) over 12 months.

» A highly comprehensive array of morphometric,
functional and clinical endpoints derived from
pathogenetic pathways implicated in the develop-
ment of DSPN was included to evaluate the disease-
modifying potential of benfotiamine on different
components of DSPN.

» While the rationale for focusing on mild to moderate
DSPN was to increase the probability that less se-
vere disease stages could be more susceptible to an
intervention than severe DSPN, a positive trial out-
come would not be generalisable to the latter.

INTRODUCTION

Diabetic  sensorimotor  polyneuropathy
(DSPN) affects approximately 30% of people
with diabetes mellitus with an incidence of
around 2% per year. DSPN has been defined
as a symmetrical, length-dependent senso-
rimotor polyneuropathy attributable to meta-
bolic and microvascular alterations due to
diabetes mellitus and other cardiovascular
risk factors." DSPN is associated with consid-
erable morbidity, increased mortality, foot
ulcers and markedly impaired quality of
life by causing neuropathic pain and sleep
deprivation.” Neuropathic symptoms include
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particularly pain, paraesthesia and numbness, while
neuropathic signs comprise sensory deficits to touch,
pressure, temperature and pain stimuli.*® However, DSPN
frequently remains an underdiagnosed and undertreated
condition as therapy options are limited.*

Current established options for the management of
DSPN are mainly based on control of risk factors such
as hyperglycaemia and symptomatic treatment to alle-
viate neuropathic pain.” Near-normal glycaemic control
is crucial to delay the development of DSPN in people
with type 1 diabetes, although it may not be sufficient to
prevent or reverse DSPN. By contrast, there is currently
no compelling evidence of favourable effects on the devel-
opment and progression of DSPN in type 2 diabetes."”
Analgesic pharmacotherapy is purely symptomatic, and
each individual agent helps to relieve neuropathic pain
to a clinically meaningful degree only in around half of
the patients. Moreover, it is unclear whether analgesic
compounds may also alleviate non-painful symptoms
such as paraesthesia or numbness, which are frequently
reported by patients with DSPN.*

The available evidence for the effectiveness of pathoge-
netically oriented disease-modifying pharmacotherapy is still
limited.* Currently only three agents derived from the patho-
physiological pathways implicated in the development and
progression of DSPN are available in several countries: o-li-
poic acid, benfotiamine and actovegin, whereas other agents
such as aldose reductase inhibitors, nerve growth factor,
protein kinase C (PKC) B inhibitor, long-acting (PEGylated)
C-peptide or vitamin E were not effective in DSPN.*

Benfotiamine

Benfotiamine is a lipid-soluble derivate of thiamine
(vitamin B) with a high bioavailability. Compared with
the water-soluble thiamine, it is passively absorbed, passes
the intestinal barrier faster and accomplishes higher
blood concentrations.* In experimental diabetes models,
benfotiamine was demonstrated to act on several major
pathways implicated in the pathogenesis of diabetic micro-
vascular complications (polyol pathway, hexosamine
pathway, advanced glycation end product (AGE) forma-
tion pathway, and diacylglycerol-PKC pathway), which
are activated by increased availability of the glycolytic
metabolites glyceraldehyde-3-phosphate and fructose-6-
phosphate.® ” Furthermore, benfotiamine exerts direct
antioxidant properties.” Y In experimental diabetic
neuropathy, benfotiamine—but not thiamine—treatment
nearly normalised nerve conduction velocity (NCV),
induced an inhibition of neural imidazole-type AGE
formation, and completely prevented diabetes-induced
glycoxidation products after 6months,'’ suggesting that
benfotiamine rather than thiamine could be a suitable
candidate drug for pathogenetically oriented disease-
modifying pharmacotherapy of DSPN."

Several studies conducted over periods of up to 12 weeks
demonstrated that benfotiamine alone or in combina-
tion with vitamin B, and B,, alleviates symptoms and defi-
cits of DSPN."™" In contrast, no differences in changes in

nerve conduction variables were observed in a recent study
including individuals with type 1 diabetes after 24 months
of treatment with benfotiamine 300mg/day compared with
placebo.'* However, participants had almost normal nerve
function prior to treatment which did not leave any room
for a meaningful degree of improvement."” In a recent pilot
randomised controlled trial (RCT) which was terminated
prematurely due to technical reasons, administration of
benfotiamine over 6 months (600mg/day for 3 months,
followed by 300mg/day until the study end) resulted in a
reduction of neuropathic symptoms assessed by the Mich-
igan Neuropathy Screening Instrument (MNSI) question-
naire, while changes in neuropathic deficits (MNSI physical
examination), quality of life and pain did not reach statistical
significance.*'® In people with diabetes as well as in tobacco
smoking individuals, benfotiamine was shown to improve
endothelial function.'” ' The safety profile of benfotiamine
is excellent.* Milgamma mono 300 (containing 300mg
benfotiamine) was approved in 2005 for the treatment or
prophylaxis of clinically manifest vitamin Bl deficiency if a
dietary supplementation is not effective'” and for the treat-
ment of neuropathies and cardiovascular disorders caused
by vitamin B, deficiency.

Rationale

Based on preclinical and clinical data, the use of benfo-
tiamine could prevent or limit the progression of DSPN.
Except for one short-term trial over 12 weeks demonstrating
that benfotiamine iﬂ combination with vitamin B; and B,
may improve NCV, " no longerterm clinical study specifi-
cally in people with type 2 diabetes and DSPN is available to
demonstrate whether benfotiamine may favourably modify
the development and progression of DSPN rather than alle-
viate neuropathic symptoms only. Thus, there is an unmet
need for further studies with benfotiamine. Whether benfo-
tiamine can be considered a disease-modifying treatment
of DSPN based on pathogenetic considerations can only be
answered by well-designed long-term (=1year) RCTs.

Since it remains unclear which components of DSPN may
be most susceptible to benfotiamine treatment, the present
exploratory proof-of-concept (POC) study includes an array
of clinical, functional and morphological outcomes with
emphasis on small fibre neuropathy. The benfotiamine on
morphometric, neurophysiological and clinical measures
in patients with type 2 diabetes (BOND) study will assess
the efficacy and safety of benfotiamine over lyear to deter-
mine whether this drug could represent a disease-modifying
therapy approach with beneficial effects on clinical and self-
reported outcomes as well as morphological and functional
parameters of DSPN. Benfotiamine is expected to be well
tolerated, and altogether represents a suitable candidate to
address an important public health issue.

METHODS AND ANALYSIS

Trial design

The BOND study is a randomised, double-blind, placebo-
controlled, parallel group POC phase II trial to assess
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the effects of treatment with benfotiamine for 12 months
on morphometric, neurophysiological, clinical and
health economic measures in 60 participants with type 2
diabetes and mild to moderate symptomatic DSPN. It is
conducted as a monocenter trial at the Institute for Clin-
ical Diabetology, German Diabetes Center at Heinrich
Heine University in Dusseldorf, Germany. The sponsor of
the trial is Worwag Pharma GmbH & Co. KG, Béblingen,
Germany. After screening for eligibility, participants will
be 1:1 randomly allocated into two groups (30 partici-
pants per arm). Recruitment started on 8 October 2018
and is expected to continue until mid-2022. The end of
the trial is defined as the last visit of the last randomised
participant in the trial. The actual protocol version is 3.0,
dated 20 January 2021.

Patient and public involvement
Patients or the public were not involved in the design, or
conduct, or reporting, or dissemination plans of this trial.

Trial sequence
Potential candidates will be contacted by the trial site to
discuss the trial and their willingness to participate. Subse-
quently, an appointment will be scheduled for obtaining
informed consent (online supplemental files 1, 2) prior
to checking for eligibility and performing the screening
assessments. If the participant is eligible, a second visit
within 30 days is scheduled for remaining baseline assess-
ments, randomisation and study medication administra-
tion. Two weeks after first treatment, participants will
have a telephone visit for safety assessment including
assessment adverse events and neuropathic symptoms,
which will be repeated 3 months after first treatment.
After 6 months of treatment, all baseline assessments will
be repeated, except for skin biopsy, and new study medi-
cation will be dispensed. At 9 months, participants will
have a telephone visit to assess safety. At 12 months, all
baseline assessments will be repeated, and treatment will
be terminated. Two weeks later, a telephone visit will take
place for follow-up. Table 1 shows the schedule for the
visits and procedures performed during the trial.
Participants may withdraw at any time and for any
reason. Participants may be withdrawn from the trial at
the discretion of the investigator due to a safety concern
or if judged non-compliant with trial procedures.

Recruitment

Participants are recruited through adverts on social
media, leaflets for medical institutions within reasonable
distance to the trial site, and from other study cohorts
from the German Diabetes Center.

Eligibility criteria

Individuals with type 2 diabetes and mild to moderate
symptomatic DSPN will be eligible. Disorders that might
interfere with neurological assessment including neurop-
athies of any cause other than diabetes (eg, vitamin B, defi-
ciency, chemotherapy induced peripheral neuropathy, or

alcoholic polyneuropathy) will be excluded. Complete
eligibility criteria are listed in box 1.

Intervention

For each randomised participant, the treatment period
will be 12 months. As the investigational medicinal
product (IMP), one group will receive benfotiamine
300mg two times a day (600mg/day), while the other
group will receive placebo. The placebo tablets will have
the same appearance and will not be distinguishable from
those containing benfotiamine. All participants will be
instructed to take one tablet in the morning and one in
the evening unchewed with liquid take (before meals).

Randomisation and blinding

Participants will be randomly assigned to either benfoti-
amine or placebo in 1:1 ratio by assigning the randomi-
sation number in consecutive order. The IMP contains
the randomisation number as given by the computer-
generated randomisation code. Products will be provided
in a blinded manner along with sealed emergency enve-
lopes for unblinding single participants if necessary. The
randomisation list will be keptstrictly confidential, and the
results of thiamine serum levels will remain at an external
laboratory site only, to avoid unintended unblinding.
Thiamine results will be included in the database after
database lock. An independent statistician and unblinded
manufacturer will keep treatment allocation information
confidential until database lock. All people involved in
the conduct of the trial (including trial site and sponsor
and the statistician who performs the analysis in the end),
as well as the participants are kept blinded for the whole
duration of the trial conduct.

Concomitant and rescue medication

Any additional drugs considered necessary for the partic-
ipant’s welfare may be given by the attending physicians
and at the discretion of the investigator. Treatment that
may exert beneficial effects on DSPN and/or neuropathic
pain will be excluded, except for a monotherapy with
gabapentin, pregabalin or duloxetine without relevant
dose change during the trial. Acetaminophen (parac-
etamol) up to 3g/day or metamizole up to 4g/day will be
permitted as analgesic rescue medication. If rescue medi-
cation will be taken on 5days a week or longer, an interim
safety visit will be scheduled.

Outcome measures

The trial objective is to assess the effects of treatment with
benfotiamine compared with placebo over 12 months on
morphometric, neurophysiological, clinical and health
economic measures in individuals with type 2 diabetes
and mild to moderate symptomatic DSPN. The primary
objective is the effect on structural measures of small
nerve fibre damage, while secondary objectives include
the effects on peripheral nerve fibre regeneration,
peripheral and autonomic nerve function tests, skin func-
tion tests, inflammation, gene expression, mitochondrial
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Box 1

Eligibility criteria

Inclusion criteria

>
>

>

vy

>

Informed consent signed and dated.

Diabetes mellitus type 2 according to the American Diabetes
Association criteria (2017), lasting >1 year.

Stable diabetes metabolism, defined as no metabolic decompen-
sation within the last 3 months (severe hypoglycaemia with uncon-
sciousness, ketoacidosis).

According to the investigator’s opinion no further optimising poten-
tial in diabetic control.

Age: >18 years.

Neuropathic symptoms >6 months.

Presence of mild to moderate diabetic sensorimotor polyneuropathy
with Neuropathy Disability Score 3-8 points confirmed by at least
one of the following: reduced sural sensory nerve conduction veloc-
ity (SNCV), sural sensory nerve action potential), peroneal motor NCV
(MNCV), tibial MNCV.

Measurable sural SNCV, peroneal MNCV or tibial MNCV above de-
tection limit.

Corneal nerve fibre length <1 SD below the mean of control subjects.
At least one palpable pulse of tibialis posterior artery or dorsalis
pedis artery on each side of the foot.

Stable diabetes medication without optimising potential.

Stable insulin dose for insulin-dependent patients within the last 3
months prior to screening.

HbA1c <9.5%.

Acceptable contraceptive measures with female subjects in child-
bearing potential.

Ability and willingness to abstain from alcohol and from engaging
in strenuous physical activity from 24 hours prior to each visit until
discharge from the unit.

Ability to meet the study centre visits for the study duration.

Exclusion criteria

>

>

>

Subjects with secondary forms of diabetes such as due to
pancreatitis

Contraindications, known allergy or hypersensitivity to benfotiamine
or other ingredients of the study medication or local anaesthetics.
Neuropathy of any cause other than diabetes which might interfere
with neurological assessment.

Severe pain other than of neuropathic origin that might impair the
assessment of neuropathic pain.

Diseases causing mixed pain that might interfere with neurological
assessment.

Pain level >9 over 24 hours on a numerical 11-point rating scale.
Proximal asymmetric neuropathy or neuropathic symptoms of the
trunk or proximal lower limbs.

Active foot ulcer.

Currently active or history of alcohol abuse (defined as an intake of
more than 24 units of alcohol per week; one unit of alcohol equals
approximately 250 mL of beer, 100 mL of wine or 35 mL of spirits) or
drug addiction (including soft drugs like cannabis products).

Known peripheral arterial occlusive disease Fontaine stage II-IV or
no palpable pulse of tibialis posterior artery or dorsalis pedis artery
on each side of the foot.

Neoplasms, except for basal cell carcinoma (basalioma).

Chronic kidney disease with severely decreased estimated glomer-
ular filtration rate <30 mL/min/1.73 m2 at screening using the sim-
plified modification of diet in renal disease equation.

Continued

Box 1

>

vy

Continued

As judged by the investigator, serious and/or unstable coronary
heart disease (unstable angina, myocardial infarction within 6
months prior to screening), congestive heart failure of New York
Heart Association Class Ill or worse, uncontrolled hypertension,
history of congenital QT-syndrome within family, history of stroke
(within 6 months prior to screening).

Bleeding diathesis or treatment with antithrombotic agents (couma-
rins, heparin, factor X inhibitors, thrombin inhibitors).

Uncontrolled high blood pressure (diastolic blood pressure >95mm
Hg and/or systolic blood pressure >160 mm Hg) at screening, unless
clearly documented to be white-coat hypertension.

Clinical or laboratory evidence of hepatic dysfunction or disease;
laboratory evidence defined as any of the following parameters: al-
kaline phosphatase, alanin transaminase (ALT), aspartate transami-
nase (AST) or bilirubin >3 x upper limit of normal, except for a mild
rise in bilirubin considered to be due to Gilbert’s condition.
Generalised immune diseases (eg, HIV-positive, autoimmune dis-
eases, connective tissue diseases).
Untreated  endocrine  diseases
hypothyroidism.

Treatment, lasting at least 5 daysdays or longer, with alpha-lipoic
acid, B-vitamins, evening primrose oil or deproteinised haemoderi-
vates of calf blood, containing low-molecular-weight compounds of
up to 5.000 Da or with other substances with interaction to the study
product (eg, 5-fluorouracil) or affecting study endpoints within the
last 3 months before screening, except for daily intake of B-vitamins
amounting to less than 1500% of the recommended daily allowance
lasting until 1 month prior to screening.

Treatment with cutaneous electrical nerve stimulation, muscle stim-
ulation or acupuncture within the last month before screening.
Treatment of neuropathic pain with antidepressants, anticonvul-
sants, sodium channel blockers, opioids, neuroleptics and capsaicin
8% patch within the last 3 months prior to screening, except for
a monotherapy with gabapentin, pregabalin or duloxetine without
relevant dose change within the last 2 months prior to screening
and during the study.

Mental, psychiatric or other conditions compromising data collection
and understanding of written or oral instructions during the study.
Pregnant women or nursing mothers.

Participation in another clinical trial study within the last 3 months
prior to screening.

Blood donation within the last 3 months before screening or during
the study.

like  hyperthyroidism or

respiration, clinical examination and questionnaires,

general health and economic evaluation.

Primary endpoint

The primary endpoint will be the difference between
the change over 12 months in corneal nerve fibre length
(CNFL) determined using corneal confocal microscopy
(CCM) in the benfotiamine group and the placebo
group. CCM is currently the most suitable non-invasive
instrument to assess early changes in small nerve fibre
morphology in DSPN trials.? 2! A recent meta-analysis
confirmed a reduction of CCM indices in patients with
DSPN compared with individuals without DSPN.* Using
CCM, several studies have demonstrated that corneal
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nerve fibre loss is associated with increasing severity of
DSPN and may precede the development of clinically
manifest DSPN." * Improvement in CCM measures were
reported after 1year in participants with type 1 diabetes
and severe DSPN who underwent combined pancreas-
kidney transplantation, suggesting that small nerve
fibre repair may be detected with this technique even in
patients with advanced nerve damage.** Furthermore, we
recently described enhanced corneal nerve branching in
individuals with painful DSPN compared with painless
DSPN.*

Secondary endpoints

Morphometric assessment

Secondary morphometric endpoints will include other
CCM indices: corneal nerve fibre density (CNFD), main
corneal nerve branch density and corneal nerve fibre
tortuosity, as well as skin biopsy markers. Skin biopsy is a
minimally invasive method that allows for a direct quanti-
fication of intraepidermal nerve fibre density (IENFD) in
the lower limbs.?* %’ Thus, assessment of IENFD is consid-
ered the gold standard for the diagnosis of small fibre
neuropathy.® However, only data from uncontrolled
studies are available that demonstrated intervention-
related improvements in IENFD in DSPN.*!

Novel biomarkers obtained from skin biopsies have
been validated focusing on those targeting microvas-
cular, neurotrophic and inflammatory processes (CD31
for endothelial cells, superoxide dismutase (SOD2) for
oxidative stress, GAP-43 and GAP-43/PGP9.5 ratio for
nerve regeneration, and langerin (CD207) for epidermal
Langerhans cells* as well as posttranslationally modified
proteins: protein carbonyls, HNE- nitrotyrosine-modified
proteins and AGEs (argpyrimidine, Ne-carboxymethyl
lysine, carboxyethyl lysine and methylglyoxal hydroim-
idazolone).*? Recent studies showed that the cutaneous
expression of these markers is altered in recent-onset type
2 diabetes in addition to reduced IENFD.**° Therefore,
these markers could be useful in POC studies to demon-
strate efficacy of interventions on microvascular, neuro-
trophic, oxidative or inflammatory processes in patients
with DSPN.!

Nerve function tests

Nerve conduction studies (NCSs) are the current gold
standard to assess large nerve fibre function and are
required to confirm the diagnosis of DSPN. Furthermore,
they allow to estimate the severity of the disease.” In the
present trial, NCS will be conducted in peripheral nerves
of the upper and lower extremities (motor NCV: median,
ulnar, tibial, peroneal nerves; sensory NCV and sensory
nerve action potential: median, ulnar, sural nerves) using
surface electrodes (Neurowerk EMG, Sigma Medizin-
Technik, Gelenau, Germany).

Quantitative sensory testing is a suitable tool to non-
invasively assess and monitor sensory nerve function in
response to controlled stimuli (small fibre function:
cold, warmth, pain; large fibre function: vibration).?’ 4

Temperature detection thresholds will be determined at
the thenar eminence and dorsum of the foot (TSA-II
NeuroSensory Analyzer, Medoc, Ramat Yishai, Israel),
while vibration perception thresholds (VPTs) will be
assessed at the second metacarpal bone and medial malle-
olus (Vibrameter, Somedic, Stockholm, Sweden). Sensory
nerve function bedside tests will include the NeuroQuick
(Schweers, Meerbusch, Germany), Vibratip (McCallan
Medical, Derby, UK) and ETF'® electronic tuning fork
(O’Brien Medical, Orono, Maine, USA).

A battery of cardiovascular autonomic reflex tests will
be performed to assess cardiovascular autonomic func-
tion and to diagnose diabetic cardiovascular autonomic
neuropathy, which is characterised by reduced heart
rate variability (HRV).37 These tests include measures
at rest: coefficient of variation (CV), spectral analysis of
HRYV in the very low frequency (LF), LF, high frequency
(HF) bands and LF/HF ratio in the supine and standing
postures over 5min each; measures during deep breathing
with six breaths/min: CVb, expiration-inspiration
ratio, SD; Valsalva ratio and max/min 30:15 ratio; and
the change in systolic and diastolic blood pressure in
response to standing up from the supine position (Vari-
aCardio TF5, MIE, Leeds, UK; Carescape V100 Monitor,
GE Healthcare, Solingen, Germany). Moreover, non-
invasive measurement of spontaneous baroreflex sensi-
tivity (BRS) will be used to quantify baroreflex regulation
of the cardiovascular system (Finometer MIDI, Finapres
Medical Systems, Enschede, the Netherlands; Nevrokard
BRS Analysis V.6.3.0, Nevrokard, Izola, Slovenia) Ao

The pupillary diameter and light reflex responses will
be determined to assess autonomic nerve dysfunction of
the pupillomotor system including pupil size, light reflex
amplitude, latency, constriction and redilatation veloci-
ties (CIP, AMTech, Dossenheim, Germany).

Secretory sweat gland function (sudomotor function)
which can be affected by nerve fibre damage due to
diabetes, leading to dry skin and higher risk of diabetic
foot ulcers, will be assessed by calculation of electro-
chemical skin conductance at both palms and soles
(SUDOSCAN, Impeto Medical, Paris, France) as well as
by using a moisture-dependent adhesive indicator test
(neuropad, TRIGOcare International, Wiehl, Germany)
at the plantar aspect of the foot (analysed both visually
and quantitatively).

Skin function tests

Cutaneous autofluorescence will be assessed non-
invasively (AGE Reader, Diagnoptics Technologies, Gron-
ingen, the Netherlands) to determine the content of
AGEs, a result of carbonyl stress implicated in the patho-
genesis of microvascular diabetic complications, as benfo-
tiamine was suggested to reduce AGE formation in the
presence of hyperglycaemia.'

Lightguide tissue spectrophotometry, a combination of
laser Doppler spectroscopy and tissue spectrometry, will
be used to evaluate tissue oxygen supply.” Cutaneous
blood flow will be measured continuously at the right
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dorsal thenar eminence (O2C, LEA Medizintechnik,
Heuchelheim, Germany). After a steady flux is recorded
for 3-5min, the brachial artery is occluded using a pres-
sure cuff placed around the forearm that is inflated to
20mm Hg above systolic blood pressure, held for 5min
and then deflated. The flux recording is then continued
for at least 5min. Measurements will be carried out in
superficial and deep layers as measures of skin and muscle
blood flow and oxygenation.” *’

Examination and questionnaires

To assess signs and symptoms of DSPN,* several scores
will be used: Neuropathy Disability Score, MNSI physical
examination part, Neuropathy Impairment Score-Lower
Limbs sensory function and reflexes subscore, modi-
fied Toronto Clinical Neuropathy Score,” Neuropathy
Symptoms Score, Total Symptom Score, Neuropathic
Pain Symptom Inventory (NPSI), 1l-point Numerical
Pain Rating Scale at day, night and over 24 hours, Brief
Pain Inventory short form, 12-Item Sleep Scale Acute-
Revised (MOS-12), and Survey of Autonomic Symptoms.
Questionnaires for general health, health-related quality
of life, depression, safety, tolerability and healthcare
use for health economic evaluation include the Patient
Global Impression of Change (PGIC), EuroQol 5-Level
5-Dimension questionnaire (EQ-5D-5L), 36-Item Short
Form Survey V.1.0, Patient Health Questionnaire-9, a
questionnaire on health-related resource use and expen-
diture, and a tolerability questionnaire.

Inflammation, gene expression, mitochondrial respiration
Proinflammatory and anti-inflammatory cytokines,
chemokines, angiogenesis and growth factors, and
soluble adhesion molecules will be measured to assess the
effects of benfotiamine on subclinical inflammation.** **

Transcriptome-wide assessment of gene expression in
whole blood will be performed to analyse gene expression
patterns associated with the prevalence and incidence
of DSPN. Moreover, analyses will include transketolase
single nucleotide polymorphisms.**

Mitochondrial oxidative capacity and oxidative stress
will be analysed by measuring the oxygen flux and
hydrogen peroxide emission from the peripheral mono-
nuclear blood cells (Oxygraph-2k, Oroboros Instru-
ments, Innsbruck, Austria).” Citrate synthase activity
will be assessed as a surrogate marker for mitochondrial
content.* Furthermore, overall oxidation-reduction
potential and components of antioxidant defence will be
measured in serum including assessment of the activity

of SOD3."

Measures of pharmacokinetics and safety

Changes from baseline in thiamine monophosphate and
diphosphate, free and total thiamine levels, and thia-
mine pyrophosphate effect will be assessed for pharma-
cokinetic characterisation. The occurrence of adverse
events and changes in laboratory safety variables and

clinical measures (physical examination, vital signs) will
be analysed.

Statistical considerations

Sample size estimation

Sample size calculation is based on CCM, based on a
prospective observational study,” since no RCT was
available at the time of completing the trial design. In
15 individuals with diabetes, after 12 months following
simultaneous pancreas and kidney transplantation, CNFL
increased by 4.8524+5.71388 (mean+SD) mm/mm?
and CNFD increased by 5.4536+6.0545 fibres/mm?2. A
conservative assumption is, that CNFD and CNFL remain
unchanged during placebo treatment after 12 months.
With a power of 0.80 and two-sided 0=0.05, the number
of participants required for CNFL is 23 per arm (46 in
total) and for CNFD 21 per arm (42 in total). Assuming
an overall drop-out rate of 20%, 28 participants per arm
(56 in total) were initially planned to be enrolled. Up
to four drop-outs were planned to be replaced. Since
four randomised participants dropped out already, the
number of randomised participants were increased to 30
per arm in the latest amendment.

Statistical analysis

Differences of baseline to post-treatment changes after
12 months between treatment arms will be analysed by
means of analysis of covariance, where the post-treatment
outcome enters the model as the dependent variable and
a treatment indicator and the baseline outcome, age, sex,
COVID-19 information (pre, during and post-COVID-19
pandemic) and parallel treatment with gabapentin,
pregabalin or duloxetine enter as independent variables.
The level of statistical significance is set at 0=0.05.

Standard summary statistics

Continuous variables will be summarised with descrip-
tive statistics by displaying sample size, mean, median,
minimum, maximum, SD and 95% CI. Categorial data
will be summarised using frequencies and percentages.

Analysis populations

The primary analysis will be performed in the intention-
to-treat (ITT) population. Missing values will be imputed
by multiple imputation technique. ITT population is
defined as all participants having at least one dose of
treatment and at least one measurement of the primary
endpoint under treatment. Per-protocol (PP) analysis
will also be performed. PP population is defined as all
participants, valid for ITT analysis not fulfilling any of the
following PP-analysis exclusion criteria: Major protocol
deviation, compliance to IMP<80%, or missing data.
Further exclusion criteria may be defined during blind
data review.

The safety analysis set will include all participants who
received at least one dose of treatment. Parameters for
safety analysis will include adverse events, concomitant
medication, laboratory safety variables, physical examina-
tion, vital signs.
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Subgroup analyses

Exploratory subgroup analyses may be performed, for
example, for participants taking the IMP as add-on therapy,
and those who had no parallel treatment. Furthermore,
exploratory subgroup analyses are planned to observe the
influence of the COVID-19 pandemic, for example, for
participants who were exposed to or infected with SARS-
CoV-2. Details about subgroup analyses will be defined in
the statistical analysis plan.

Exploratory analyses

Exploratory analyses will assess dose and time effects by
using appropriate statistical models. Especially, analyses
in the time course will adjust for the fact (by, eg, mixed
models or covariance pattern analyses), that measure-
ments are repeatedly taken in the same participant.

Health economic evaluation

The health economic evaluation will be considered from
the perspective of the German statutory health insurance.
A cost-effectiveness analysis will be performed in terms of
additional costs per change in PGIC as well as a cost—utility
analysis to calculate the additional costs required for an
improvement in quality-adjusted life-years (QALYs).
The QALYs are based on a health-related quality of life,
measured by the EQ-5D-5L, and evaluated by a German
tariff to generate utilities. The 95% CIs will be obtained
parametrically for the incremental cost-effectiveness ratio
(ICER) and incremental cost—utility ratio (ICUR) and
non-parametrically by a bootstrap procedure. Univariate
and probabilistic sensitivity analyses will be performed to
estimate the robustness of the ICER/ICUR."

ETHICS AND DISSEMINATION

The trial received favourable opinion by the Ethics
Committee at the Faculty of Medicine of Heinrich Heine
University, Diisseldorf, Germany on 27 July 2018 and was
approved by the German Federal Institute for Drugs and
Medical Devices on 8 June 2018.

An electronic data capture system according to the
guideline for good clinical practice (GCP) by the Interna-
tional Council on Harmonisation of Technical Require-
ments for Registration of Pharmaceuticals for Human
Use (ICH) guidelines will be used. A blind data review
meeting will be performed before database lock and
unblinding in the presence of sponsor.

Benefits and harms

In clinical trials, no severe adverse events caused by
benfotiamine were observed, except for one case of
sudden cardiac death (EudraCT: 2013-001058-85)
which was reported by the investigator as a suspected
unexpected serious adverse reaction possibly related to
the IMP. All other adverse events observed were usually
only mild and did not require drug withdrawal. The
expected rate of adverse events during benfotiamine

treatment is 5%-10% of participants as a maximum,
mainly gastrointestinal disorders or hypersensitivity
reactions.

The recommended daily dose of benfotiamine for the
treatment of neuropathies is 300mg, but doses as high
as 900mg/day were delivered for 3 months," while
doses of 300mg/day were administered for 2 years.'* In
the BENDIP study,”’ a benfotiamine dose of 300mg two
times a day (600mg/day), but not 300mg four times a
day (1200mg/day) was associated with an improvement
of neuropathic symptoms after 5 weeks. Therefore, to
ensure adequate dosing of benfotiamine throughout the
entire trial period, a fixed dose of benfotiamine 300 mg
two times a day over 12 months was chosen.

There are no reports on teratogenic effects or adverse
effects on development of the fetus, nor negative results
on genotoxicity or carcinogenicity. No vulnerable groups
of patients have been identified. Due to the extremely low
toxicity of thiamine, different expert groups to date could
not define adverse effect levels or tolerable upper intake
level.

In clinical studies, isolated cases of gastrointestinal
disturbances like nausea or other disorders have been
reported. Allergic/hypersensitivity reactions occurred
preferably after parenteral application and only rarely
after oral intake. A causal relationship to vitamin B, as
well as a possible dose relation are not fully understood.
However, it has to be taken into account, that some obser-
vations from clinical trials are based on combination
therapy with other B-vitamins. Therefore, the risk related
to the IMP administration is low in this trial with the dose
chosen.

Skin biopsy is a minimally invasive validated method
widely used in clinical trials and practice, the risks of
which are relatively low (intolerance to local anaesthetics,
local bleeding, infection). Patients with diabetes might
have a higher risk of impaired wound healing. Other
conditions that may impair wound healing are excluded
from the trial.

On the other hand, DSPN is associated with consider-
able morbidity and carries an increased risk of mortality.
Since a worldwide-approved disease-modifying pharma-
cotherapy is not available, there is an unmet medical
need for such a treatment, which could delay the progres-
sion of DSPN or even induce its regression to ultimately
prevent the development of feared sequelae of DSPN
such as diabetic foot ulcers and amputations. Therefore,
the potential benefits of the present trial outweigh the
possible risks.

Ancillary and post-trial care

No post-trial treatment is planned. The investigator will
monitor participants with adverse and severe adverse
events, until the event has resolved or stabilised and any
abnormal laboratory values have returned to baseline; or
until there is a satisfactory explanation for the changes
observed.
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Monitoring, audits and inspections

Monitoring and audits will be performed by Woérwag
Pharma & Co. KG, Boblingen, Germany, in accordance
to ICH GCP E6(R2) 5.18. The investigators and trial site
agree, by participating in the trial, to allow and cooperate
with audits and inspections.

Dissemination policy

Trial results will be published in in the clinical trial
register, in scientific publications in peer-reviewed jour-
nals, conference abstracts, and via online and print media.
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