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Abstract: Migraine is a headache disorder associated with a high socioeconomic burden. The digital
therapeutic sinCephalea provides an individualized low-glycemic diet based on continuous glucose
measurement and is intended to provide a non-pharmacological migraine prophylaxis. We performed
two prospective studies with migraine patients who used sinCephalea over a period of 16 weeks. The
patients used a headache diary and recorded their migraine-related daily life impairments using the
assessment tools HIT-6 and MIDAS for a pre versus post comparison. In addition, continuous glucose
data of patients were compared to healthy controls. In both studies, patients reported a reduction of
headache and migraine days as well as reductions in HIT-6 and MIDAS scores. More specifically,
migraine days decreased by 2.40 days (95% CI [—3.37; —1.42]), HIT-6 improved by 3.17 points (95%
CI[—4.63; —1.70]) and MIDAS by 13.45 points (95% CI [—-22.01; —4.89]). Glucose data suggest that
migraine patients have slightly increased mean glucose values compared to healthy controls, but
drop into a glucose range that is below one’s individual standard range before a migraine attack.
In conclusion, sinCephalea is a non-pharmacological, digital migraine prophylaxis that induces a
therapeutic effect within the range of pharmacological interventions.

Keywords: migraine prophylaxis; personalized nutrition; continuous glucose measurement; digital
therapeutic; low-glycemic diet; low-glycemic index; headache; nutrition; episodic migraine; real
world data

1. Introduction

Migraine is currently the third most common disorder worldwide [1]. The one-year
prevalence ranges from 10 to 15% [2—4]. Migraine is a severe neurological disorder in which
persistent headaches are prominent and force patients to withdraw from sensory influences
(e.g., light, noise, movement). These migraine attacks are often accompanied by other symp-
toms such as nausea, vomiting or even temporary neurological symptoms such as paralysis
or visual disturbance [5]. At the same time, more than half of migrane patients report that
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their performance and daily life are affected by their headaches, and up to 25% of migraine
sufferers report a loss of productivity due to absenteeism and presenteeism at work [6,7].
The direct healthcare costs for migraine in Germany are estimated to be 450 million Euro per
year [8], while the indirect health care costs are expected to be up to 7 times higher [9]. In the
United States, the direct and indirect costs amount to approximately 36 billion dollars [10].
These data indicate that migraine is not only a common and severely debilitating condition,
but also associated with a high level of economic impact.

Migraines are usually treated with medication for attack therapy, and if necessary,
for attack prophylaxis. Analgesics and triptans are mainly used for acute treatment of
migraine attacks. However, regular use of analgesics carries the risk of drug-dependent
headaches and other drug side effects [11]. Because of these risks and the interference with
daily life caused by migraine attacks, the current guideline recommends pharmacological
prophylaxis when a person experiences three migraine attacks per month [12]. This is
usually done with drugs that were originally intended for other indications, such as
beta-blockers, calcium blockers, antiepileptics or antidepressants. These drugs are used
because a migraine attack-reducing effect has been observed as a side effect with these
drugs [13]. However, drug approaches have numerous additional side effects such as
dizziness, diarrhea, fatigue, weight gain and erectile dysfunction [12]. These side effects
are probably the main reason why drug compliance is very low [14,15]. A new, and so far
only, specific migraine pharmacological strategy is antibodies against the neuropeptide
Calcitonin Gene-Related Peptide (CGRP) or its receptor [16]. However, currently this
approach is reserved for special cases and not routinely offered to all patients [17,18].

An adjuvant non-pharmacological therapy and prophylaxis is recommended by many
experts [12]. These include stress-reducing measures such as muscle relaxation or biofeed-
back, regular moderate endurance sports, increased hydration, fixed daily rhythms, consis-
tent patterns of sleep and shorter intervals between eating.

Several studies have found a close association between insulin resistance as well as
associated elevated blood glucose, and insulin levels and migraine [19-22]. This suggests
that a central nervous energy deficiency due to insufficient energy supply by glucose plays a
role in the development of migraine attacks. The brain’s glucose energy supply is regulated
by the neuropeptides CGRP and Pituitary Adenylate Cyclase-Activating Polypeptide
(PACAP), which are also considered key peptides for the pathophysiology of migraine in
current migraine research [23,24]. Several PACAP and CGRP inhibitors are currently in
development or in clinical trials. Effective regulation of glucose homeostasis in the brain is
therefore a promising strategy for effective migraine prophylaxis.

Diets that stabilize blood glucose levels are reported to improve migraine symptoms.
A three-month carbohydrate-modified diet reduced headache days and pain duration
and intensity in a study of 50 migraineurs [25]. Another twelve-week low-glycemic diet
intervention with 350 participants showed a significant reduction in pain intensity and
frequency of seizures in migraine patients. The authors concluded that a low-glycemic
diet is an effective and reliable method of migraine prophylaxis without risks of adverse
drug effects [26]. This is further supported by an analysis conducted as part of the medical
device development of sinCephalea, which showed clear signs of efficacy of a personalized
low-glycemic approach. In addition, the analysis revealed an increasing interest among
migraine patients in a specific nutritional therapy as an alternative to drug therapies with
unfavorable side effect profiles [27]. The digital therapeutic (DTx) sinCephalea is designed
to take into account that postprandial blood glucose metabolism is regulated differently
inter-individually, and that dietary recommendations to ensure sustained low blood glu-
cose levels must be personalized based on individual blood glucose metabolism [27-31].
sinCephalea uses the concept of a personalized low-glycemic diet and enables applicability
through digital personalization. The personalization of dietary recommendations leads to
significantly higher treatment adherence [32].

We conducted two prospective studies with migraine patients who used sinCephalea
over the course of 16 weeks. Essential components of this program are a continuous glucose
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testing phase, in which individual blood glucose responses to meals and test meals are
analyzed, and the provision of a personalized nutrition report enabling the implementation
of a low-glycemic diet. The first study aimed at proving the applicability of sinCephalea
and showing first indications of clinical effectivity. The second aimed at independently
recapitulating these findings and to evaluate clinical effectiveness.

2. Materials and Methods
2.1. SinCephalea

The DTx sinCephalea is a medical device under the European Union Medical Device
Regulations (MDR). sinCephalea creates personalized nutritional recommendations for a
low-glycemic diet. The starting point for the development of sinCephealea was the finding
from our own research lab that migraine patients reported noteworthy clinical improvements
after receiving low-glycemic diet recommendations outside of a clinical study setting [27].

The sinCephalea dietary recommendations are based on continuously measured tissue
glucose levels. For this, the patients continue their usual dietary habits and wear a device
for continuous glucose monitoring (CGM) for at least ten days. In addition to their usual
diet, the patients can consume standardized test meals that are suitable for comparing
interchangeable foods (e.g., white bread instead of wholegrain bread for breakfast or
potatoes instead of pasta or rice for lunch). These foods correspond to foods that are
typically eaten frequently and are alternatives to each other. The aim of the test meals is to
provide patients with easy-to-follow personalized recommendations.

All CGM data are collected and processed by the hardware and software of the respective
manufacturers. Afterwards, the data is then imported into sinCephalea for further processing
and analysis. Following these steps, each patient receives a personalized report for a low-
glycemic diet, which forms the basis of the migraine prophylaxis. In the report, all logged
meals are ranked according to their individual glycemic effect, and thus, on energy supply to
the brain. In addition, the analysis of the test meals allows for providing simple nutritional
rules and enables patients to adjust their eating habits in order to assure a stable postprandial
glucose pattern. Furthermore, the report presents a detailed evaluation of the diet during
the test phase based on macronutrients, calories and dietary fiber, as well as information
about the usual guidelines for a healthy and balanced diet, e.g., the recommendation of the
German Nutrition Society [33]. Of note, this approach is not a restrictive diet, which excludes
all carbohydrate-containing foods. Neither is it a so-called “migraine diet”, e.g., based on
eliminating food components reported to trigger migraine attacks [34,35]. Personalized food
recommendations means that only the specific foods responsible for undesirable high-glycemic
reactions in the respective individual, are targeted for reduction.

Parallel to food intake, the digital therapeutic app records events such as migraine
attacks as well as their symptoms via a headache diary. The personalized nutritional
recommendations are supplemented with educational lessons on migraine and nutrition
as well as other lifestyle rules for migraine, such as stress reduction and sleep hygiene.
This allows patients to understand their disease and the nutritional therapy. It also helps
patients to adapt to the changes more easily and to stick to them [36,37].

In summary, sinCephalea is intended to add an option to prevent migraine attacks
using a non-pharmacological approach based on personalized low-glycemic nutrition.
Over a twelve-week intervention phase, patients are gradually supported to implement
their personalized nutrition recommendations into their daily lifestyle.

2.2. Study Design: Real World Data Analyses

We performed two independent prospective intervention studies obtaining real world
data [38,39]. The first was mainly focused on collecting initial patient-centric data using
the sinCephalea DTx as migraine prophylaxis and to assess the applicability of this novel
DTx. The second study was designed to assess clinical data more accurately in order to
evaluate for clinical effectiveness. However, both studies followed the same design.
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Eligible patients received free access to sinCephalea. Patients used the DTx over the
course of 16 weeks as described above. The baseline phase was set to be the first four weeks
in which the patient’s glucose reactions to their normal diet and test meals were recorded
for evaluation, before receiving the dietary recommendations. The baseline phase was
also conducted to prospectively assess disease severity. Disease severity was defined by
the number of migraine headache days in a 28-day period. The baseline phase was then
followed by a twelve-week intervention phase. During this phase, patients were instructed
to follow their personalized nutrition and lifestyle recommendations (Figure 1). The first
access code of the first study was activated on 30 September 2020 (“first patient in”). Data
collection ended on 21 April 2021 (“last patient out”). The first access code of the second
study was activated on 19 November 2021 (“first patient in”). Data collection ended on
6 May 2022 (“last patient out”). The study design follows the recommendations of the
International Headache Society for conducting trials with medications for the prophylaxis
of migraine as well as the recommendations for the use of health technologies in the
treatment of migraine [40,41].

Baseline phase Intervention phase

CGM test phase and

analysis
| P— | I
4 weeks 4 weeks
,baseline” sintervention”
Migraine Headache Headache Migraine
questionnaires diary diary questionnaires

Figure 1. Study design. Patients used the DTx sinCephalea over the course of 16 weeks. The baseline
phase was set to be the first four weeks in which patient’s glucose reaction were recorded with a
continuous glucose monitoring device (CGM) and the personalized dietary recommendations were
determined. Disease severity was assessed with a headache diary and validated migraines questionnaires
on impairment in daily life (Headache Impact Test 6-items [HIT-6] and Migraine Disability Score
[MIDAS]), and quality of life (EQ-5D-5L). This was followed by a twelve-week intervention phase, in
which dietary recommendations were implemented. In the last four-weeks of intervention phase, the
disease severity was assessed again for an intra-individual pre-post comparison.

2.3. Assessment Tools

Headache data was collected prospectively by documenting all migraine attacks via
an electronic headache diary. The two observational studies only differed in the procedure
of tracking the days with headache. In the first study, patients recorded headaches on
demand, i.e., when the headache attacks occurred. In the second study, all patients used
a headache diary on a daily basis. Additionally, symptom-free days had to be actively
recorded in the second study. Furthermore, the headache diary in the second study was
designed to distinguish between days with typical migraine symptoms according to the
ICHD-3 criteria [42] (qualifying these days as migraine days) from non-migraine days for
headaches not qualifying as migraine attacks. The electronic headache diary was designed
according to the recommendation of the International Headache Society [40,41]. For the
evaluation of changes of the disease severity, headache or migraine days of the first four
weeks (“baseline”) were compared with those of the last four weeks of the intervention
phase (“intervention”).
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At the beginning of the baseline phase and at the end of the intervention phase, the
patients answered validated questionnaires on impairment in daily life, namely Headache
Impact Test-6 items (HIT-6), Migraine Disability Score (MIDAS) and quality of life (EQ-
5D-5L), within the sinCephalea app. The use of these questionnaires is recommended
by the International Headache Society for the implementation of studies with drugs for
prophylaxis in patients with migraine [41].

The HIT-6 questionnaire describes migraine-related impairment in everyday life [43,44].
A five-point scale is used to indicate how often everyday activities were impaired [45,46].
The level of the score (from 37 to 78) reflects the impairment. The score is tabulated by
adding the six items. Each item can be answered with “never” (6 points), “rarely” (8 points),
“occasionally” (10 points), “very often” (11 points) or “always” (13 points). The HIT-6 covers
a period of four weeks.

The MIDAS questionnaire measures headache-related disability [47-49]. The MIDAS
is validated for use over a twelve-week period. Patients are asked to rate all headache
attacks in the last twelve weeks. They are asked to indicate the total number of days in this
period where they were unable to attend work or school (absenteeism) or only able to do
so to a limited extent (presenteeism), on which they were unable to do housework or only
able to do so to a limited extent, and how often they were unable to take part in leisure
activities. The MIDAS score indicates the headache-related impairment as the sum of the
days mentioned. The score obtained was compared at baseline (refers to the twelve weeks
before the start of the application) and at the end of the intervention phase, which refers to
the twelve weeks of the intervention phase.

The EQ-5D-5L questionnaire captures health status and quality of life [50]. Its use is
recommended for migraine studies [41,51,52]. It asks about five dimensions/life domains:
pain, mobility, self-care, activities of daily living and anxiety. An index value can be
calculated from the answers, which is created on a country-specific basis using a reference
cohort and summarizes all dimensions [53]. To measure the changes in quality of life, the
index value was calculated according to the licensors’ specifications and compared at the
beginning of the baseline phase and at the end of the intervention phase.

The patients’ general impressions of the change in their general condition were
recorded once at the end of the intervention phase using the PGIC (Patient Global Im-
pression of Change). They indicated whether their general condition had become “very
much better” (1), “much better” (2), “a little better” (3), “unchanged” (4), “a little worse”
(5), “much worse” (6) or “very much worse” (7) since the beginning of the study.

In the intervention phase, adherence to personalized dietary recommendations was
assessed weekly by means of a questionnaire in the app.

2.4. Study Population

In both studies, data of patients with between 18 and 65 years of age with episodic
migraine according to the International Classification of Headache Disorders (ICHD-3)
for migraine without aura (diagnosis 1.1 of ICHD-3) and migraine with aura (diagnosis
1.2 of ICHD-3, all subtypes) with at least three migraine headache days per month, no
evidence of chronic migraine in the last three months, onset of migraine before 50 years
of age, and presence of the disorder for at least twelve months were analyzed. In the first
study, migraine day frequency was assessed at inclusion, and all data from all patients were
analyzed irrespective of migraine frequency in the baseline phase. In the second study,
a minimal migraine day frequency of three migraine days per month was additionally
verified in the baseline phase, and only data from patients with at least three migraine days
in the four-week baseline phase were analyzed.

In addition, sufficient knowledge of German was required to understand the study
documents. To use the sinCephalea app, a smartphone with Android (version 5.0 or higher)
or iOS (version 12.0 or higher) was required. Patients with insulin-treated diabetes mellitus
were excluded from participation. Subjects who participated in another study at the same
time or who had previously used sinCephalea were not included.
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2.5. Glucose Data Analysis

In addition to the clinical efficacy data, we analyzed dietary and glucose data from the
CGM test phase of 49 migraine patients and compared this data with data from 103 healthy
individuals. This “healthy reference cohort” was an age-, BMI-, and sex-matched subset of
a total of 1059 individuals, who reported to be healthy. The dietary and glucose data was
collected as part of a digital nutrition program of Perfood GmbH, in which the participants
voluntarily consented to anonymous data analysis. This data is not yet published; however,
the digital nutrition program is described elsewhere [27].

For the comparison of the dietary data, mean daily intake of calories, macronutrients,
and fiber were analyzed. In addition, meal frequency and the mean length of the overnight
fasting period were considered. Glucose data was compared by mean time in the glucose
ranges below 80 mg/dL (4.4 mmol/L), between 80 and 130 mg/dL (4.44-7.22 mmol/L),
and above 130 mg/dL (7.22 mmol/L).

A separate analysis was performed with data from the migraine patients only. For this,
we intra-individually compared CGM characteristics in 24-h windows before the onset of
migraine symptoms to 24-h windows not preceding migraine symptoms (of each respective
person).

2.6. Statistical Analysis

The primary clinical endpoints of these studies are the intra-individual change in the
number of days with headaches (first study) or migraine headache per month (second
study) in the last four weeks of the intervention phase compared to the baseline phase. The
days with headaches were recorded using the electronic headache diary. In the first study,
the headache diary was filled out on demand, while daily recording was mandatory in the
second study. The headache diary used in the second study was designed according to
the recommendation of the International Headache Society [40,41]. Based on the questions
in the headache diary, it was possible to distinguish between headache and migraine-
type headache.

In the first study, data from the headache diary was analyzed as reported. For the
second study, the following strict rules applied: If patients had provided information in
the headache diary for at least 22 days (80%) per 28 day-period but less than 28 days,
the missing data was prorated. The missing number of days was replaced proportionally
by the average of valid entries per 28 days. If fewer than 22 days were recorded in the
headache diary during the intervention phase, the days were imputed with individual
migraine frequency data from the baseline. This ensured that the actual headache diary
data was considered and only the missing data was replaced.

In both studies, the data from the other questionnaires were evaluated if data was
available at both measurement times.

For all analyses, a paired, two-sided t-test (significance level 5%) was applied to test
the means at baseline and at intervention. In the absence of normal distribution for samples
or ordinal scale level, the Wilcoxon test was performed.

The following applied for the second study: Patients who reported at least 22 days
(80%) of headache diary entries and three or more migraine headache days during the
baseline phase were included in the systematic data analysis. Dropouts and individuals
who reported less than 22 days of data during the last four weeks of the intervention
phase were included using imputation with baseline-observation-carried-forward (BOCEF)
to allow an intention-to-treat (ITT) analysis.

2.7. Adverse Events

Adverse events were reported and documented in accordance with ISO 14155:2020.
Headaches were not documented as adverse events since they were already documented
in the headache diary and analyzed as clinical endpoints.

In the first study, a total of four patients (8%) reported adverse events of which one
was classified as serious adverse events (tooth surgery n = 1). The other adverse events
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involved an infection with COVID-19 (n = 1), a calcaneal spur (1 = 1) and dental problems
(n =1). No device deficiencies were recorded.

In the first study;, a total of 16 patients (23%) reported adverse events of which two
were classified as serious adverse events (arm surgery n = 1, nose surgery n = 1). The most
common adverse event in patients was an infection with COVID-19 (n = 10). The other
adverse events involved a disc prolapse (n = 1), sudden hearing loss (n = 1), ulcerative
colitis flare (n = 1) and the occurrence of a depression (1 = 1). The occurrence of depression
led to the discontinuation of the study. No device deficiencies were recorded.

3. Results

3.1. First Study Collecting Real World Data from Patients Using sinCephealea as
Migraine Prophylaxis

3.1.1. Baseline Demographics of First Study Population

Real world data from 49 patients with episodic migraine using sinCephalea over the
course of 16 weeks were analyzed. At baseline, the cohort had a mean age of 41 years
(standard deviation (SD) 9.19), a body mass index (BMI) of 27.1 kg/ m?2 (SD 7.31), 87.8%
were female (n = 43). The mean duration since migraine diagnosis was 24.6 years (SD
19.42). 34.7% were taking prophylactic medications; most commonly magnesium (16%),
beta-blockers (4%), topiramate (4%) or amitriptyline (2%). Acute medications were used
regularly by 98%, with ibuprofen (51%) and triptans (49%) reported most frequently.
Headaches were reported to be usually accompanied by migraine-typical symptoms such as
photophobia/phonophobia, nausea or vomiting in 98%, and 69.4% had migraine with aura.

3.1.2. Baseline Disease Severity

At baseline, the 49 patients had 4.26 headache days (SD 3.36) with a mean intensity of
6.29 (SD 1.37). Impairment assessed with HIT-6 was 61.80 points (SD 2.60) and assessed
with MIDAS 37.6 points (SD 58.9). Quality of life was assessed using EQ-5D-5L. The index
value was 0.891 (SD 0.11) (Table 1).

Table 1. Comparison of disease severity between the four-week baseline phase and the last four-
weeks of the intervention phase of the first study (1 = 49). The disease severity was defined by the
number of headache days, the average intensity of headache, Headache Impact Test-6 items (HIT-6),
Migraine Disability Score (MIDAS) and quality of life (EQ-5D-5L).

Mean Change

Variable Time (SD) Median Min Max [95% CI] p-Value
Headache days Baseline éég) 3.0 1.0 21.0 —2.43 0.001
(per four weeks) 1‘83 [—3.36; —1.49] <0

Intervention 3'50 0.0 0.0 18.0 —62.55%
(6~29) [—78.32; —46.78]
Average intensity of headache Baseline (1'37) 6.0 4.0 9.0 —0.68 0.05
(0-10) 525 [-1.24; —0.12] <0
Intervention (1.50) 6.0 3.0 8.0
HIT-6 Baseline (641 '6%0) 62.0 440 72.0 448 0001
(Score 36-78) i [—6.82; —2.60] <b-
Intervention (5.62) 58.0 44.0 67.0
. 37.6
Basel 25. . 70. —11.03
Intervention igi 15.0 0.0 81.0 —45.5%
(o 8~91) [—44.66; 5.39]
EQ-5D-5L Baseline (0' 1) 0.909 0.505 1.000 +4.50 0.05
(index value) 0 §42 [—0.06; 7.89]) <V
Intervention . 0.999 0.719 1.000

(0.08)
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3.1.3. Comparison of Disease Severity between Baseline and End of the Intervention Phase

We compared the disease severity at the end of the twelve week intervention phase
(“intervention”) with the baseline disease severity (Table 1). The number of headache days
per four weeks decreased by a mean of 2.43 days (SD 3.19, p < 0.001, 95% CI [—3.36; —1.49])
to a mean headache day frequency of 1.83 headache days per month (SD 3.50). 73.5% of all
patients reported at least a 50% reduction in migraine days (50%-responder rate).

In addition, the HIT-6 score decreased by 4.48 points (SD 5.67, p < 0.001, 95% CI
[6.82; 2.60]) and the MIDAS score decreased by 11.03 points (SD 28.81, p < 0.01, 95% CI
[—21.87; —0.44]). The relative improvement in the EQ-5D-5L index value was 4.5% (SD
10.84, p < 0.05, 95% CI [—0.06%; 7.89%]) as the index value increased to 0.942 (SD 0.08).

In addition, we performed a follow-up analysis approximately one year (325-355 days)
after study participants received their personalized nutrition report. 15 patients reported
the number of headache days in the preceding three-month period as well as the current
HIT-6 and MIDAS scores. Compared to the initial baseline phase, the number of headache
days in the last three months before the survey decreased by 7.67 days (SD 5.89, p < 0.001,
95% CI [-10.93; —4,4]). In addition, HIT-6 decreased by 2.94 points (SD 3.43, p < 0.001,
95% CI [-4.17; —1.7]) and MIDAS decreased by 26.6 points (SD 52.92, p < 0.001, 95% CI
[—55.9; —2.70]). No data from the patients not taking part in the follow-up survey could
be analyzed.

In summary, the analysis of headache days and additional patient-centric metrics
showed a significant reduction after the use of the DTx sinCephalea for 16 weeks as well as
after almost a year from receiving the personalized nutrition recommendations.

3.1.4. Continuous Glucose Measurement

The comparison of dietary and glucose data from the first study to a healthy control
cohort revealed no significant difference in macronutrients (carbohydrates, p = 0.42; protein,
p =0.57; fat, p = 0.77), energy (p = 0.53) and fiber intake (p = 0.53), as well as average duration
of overnight fasting (p = 0.35) and meal frequency (average number of meals per day and
person, p = 0.87). However, migraine patients spent significantly more time in the glucose
range from 80 to 130 mg/dL (39.7%, p = 0.003) and less in the range below 80 mg/dL (72.2%,
p < 0.001) on average over the entire CGM test phase (Figure 2). This increase in mean glucose
levels appeared more pronounced at night than during the day (mean glucose at night 6.0%
higher, p < 0.001, mean glucose during the day 3.9% higher, p = 0.018).

&0

B Migraine
B Health
70 fain
— 80
=
a 11
E
=
S 40
i
& 30
a
o
20
y .
o = BO mg/dl BO = 130 mag/dl > 130 mg/dl
< 4.44 mmaol/l 4,44 - 7,22 mmaol/] = 7.22 mmaol/l

Figure 2. Continuous Glucose Monitoring (CGM) data of migraine patients and healthy patients. A
comparison of CGM data of 49 migraine patients with those of 103 healthy individuals matched for
BM]I, age, and weight showed that migraine patients spent significantly more time in a glucose range
between 80-130 mg/dL and less in the range < 80 mg/dL.
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In addition, an intra-individual comparison of the 24 h preceding a migraine attack (a
total of 193 migraine attacks in the 49 migraine patients) with the mean of the 24-h periods
without a following attack (for each respective person) showed that migraine patients drop
significantly longer into a blood glucose range one standard deviation below their CGM
mean before an attack. In particular, the time spent in this relatively and individually low
glucose range increased by 26.2% (p = 0.032) in the 24-h periods before an attack compared
to the 24-h periods with no following attack.

Taken together, these analyses of CGM and headache data of migraine patients indicate
that migraine patients have slightly elevated mean glucose levels but drop below their
individual normal prior to a headache attack, pointing towards an individually unstable
glucose control before a headache attack.

3.2. Recapitulation in a Second Study Collecting Real World Data from Patients Using
sinCephealea DTx as Migraine Prophylaxis

The first clinical study prospectively collecting data clearly suggested that sinCephalea
could act as a prophylactic treatment in patients with episodic migraine. However, the
data was collected with an electronic diary that only allowed enumerating the reported
headaches, and no adjustments for non-reported headaches could be made. To recapitulate
the findings and to assess more tightly controlled data, we performed a second one-armed
study with patients with episodic migraine. Of note, all these patients used sinCephalea
for the first time.

3.2.1. Patient Flow

A total of 97 patients activated the access code to the DTx. Four patients discontinued
use prematurely (reasons given: participation not compatible with time n = 1; participation
no longer possible due to other illness [depression] # = 1; no further interest due to new
prophylactic medication n = 1; lost to follow-up n = 1).

71 patients provided information in the headache diary on at least 22 days of the
baseline phase (“baseline”) and reported migraine headaches on three or more days. Based
on the regular entries in the headache diary, their disease severity at baseline could be
reliably be determined. 87% (n = 62) also regularly completed the headache diary during
the last four weeks of the intervention phase (“intervention”) and could be included in
the complete data set analysis. The data from the other nine patients were imputed using
BOCEF for the ITT analysis.

Endpoints from the migraine questionnaires were available from n = 60 patients at
both survey time points. The PGIC was answered by a total of 64 patients (Figure 3).

3.2.2. Baseline Demographics of Second Study Population

A total of 71 patients could be included in the analysis of the second study. They all
reported at least twenty-two days of baseline in the headache diary, and reported migraine
headaches on three or more days. At baseline, the 71 patients were on average 40 years old
(SD 12.33), had a mean BMI of 24.75 kg/m? (SD 5.48) and were 94% female (n = 67). The
mean time the patients already had the migraine diagnosis was 22.51 (SD 12.22) years. 54%
(n = 38) were taking prophylactic substances. The most common prophylactic substances
were magnesium (28.07%) and combined preparations with magnesium plus vitamin
B2 plus coenzyme Q10 (14.04%) as well as antidepressants (21.13%), CGRP antibodies
(17.54%), and beta-blockers (8.77%). Patients were instructed to keep their prophylactic
medication unchanged for the duration of the data collection. Patients reported taking an
acute medication (pain relievers such as ibuprofen or triptans) on a mean of 6.42 (SD 2.55)
days per month.
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Patients using sinCephalea
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Included in analysis
(n=T71)
« Information in headache diary on = 22
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e =3 migraine headache days in

baseline

/

Intention-to-treat analysis Complete data set analysis
(n=T71) (n=62)
Inclusion of all patients, regardless of the « Inclusion of patients who provided information
number of days with information in the on = 22 days in the headache diary at
headache diary at intervention weeks 9-12 intervention weeks 9-12.
Dropouts included (n = 3) « Dropouts & Lost to follow-up excluded
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~
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Figure 3. Flow chart of patients included in the second study. 97 patients activated the access code
to the DTx sinCephalea. 71 patients were included in the analysis as they fulfilled the criteria of
completed headache diary on at least 22 days and reported migraine headache on at least three days
in the baseline phase. 62 patients also provided information on at least 22 days of the last four weeks
of the intervention phase and were included in the completed data set analysis. Missing data of
the last four weeks of the intervention phase from the remaining nine patients was analyzed using
imputation with baseline-observation-carried-forward (intention-to-treat analysis).

3.2.3. Baseline Disease Severity

At baseline, the 71 patients had 10.33 (SD 4.09) headache days. Of these, 7.78 (SD 3.92)
could be classified as migraine headache days (Table 2). On 2.55 (SD 2.98) days, headaches
were present that did not fulfil the criteria of a migraine headache. At inclusion, patients
confirmed that they had had fewer than fifteen days of headache per month in the last
three months; thus, we excluded patients with chronic migraine from this analysis.
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Table 2. Change in migraine headache days, non-migraine headache days, and cumulative duration of
migraine headache in hours between the four-week baseline phase and last four weeks of intervention
phase in the complete data set analysis (1 = 62) and in the intention-to-treat analysis (1 = 71). Data
was assessed with the daily headache diary.

Mean Change

Variable Time (SD) Median Min Max [95% CI] p-Value
Complete Data Set (1 = 62)
o Baseline 7.59 (3.91) 6.15 3.00 16.59 240
Migraine headache days Intervention 520 (3.61) 5.00 0.00 14.00 [-337; —1.42] <0.001
I Baseline 2.54 (3.04) 2.04 0.00 18.31 ~126
Non-migraine headache days Intervention 1.28 (2.69) 0.00 0.00 18.26 [~1.79; —0.72] <0.001
Cumulative duration of migraine Baseline 61.21 (39.31) 58.99 8.05 182.03 —15.22 0.005
headache Intervention 45.99 (39.52) 35.54 0.00 171.21 [—25.54; —4.90] .
Intention-to-Treat (n = 71)
- Baseline 7.78 (3.92) 6.46 3.00 16.59 223
Migraine headache days Intervention 5.55 (3.83) 5.00 0.00 15.17 [3.10; —137] <0.001
I Baseline 2.55 (2.98) 2.00 0.00 18.31 ~1.14
Non-migraine headache days Intervention 1.40 (2.69) 1.00 0.00 18.26 [—1.62; —0.66] <0.001
Cumulative duration of migraine Baseline 62.79 (38.28) 59.50 8.05 182.03 —14.20 0.001
headache Intervention 48.58 (39.45) 36.78 0.00 171.21 [~23.30; —5.11] :

Impairment assessed with HIT-6 was 64.43 points (SD 3.85) and assessed with MIDAS
53.57 points (48.28). Quality of life was assessed using EQ-5D-5L. The index value was 0.87
(SD 0.17).

3.2.4. Reduction of Migraine Headache from Baseline to Intervention

The number of migraine headache days per month decreased significantly in the
intervention in an intra-individual comparison to baseline (difference: —2.40 days, n = 62,
p <0.001, 95% CI [-3.37; —1.42]). This corresponded to a median 44% reduction. A
significant reduction was confirmed when missing values were imputed (BOCF) in the ITT
analysis (difference: —2.23 days, n =71, p < 0.001, 95% CI [-3.10; —1.37]) (Table 2).

58% (n = 36) of patients could be classified as 30%-responders and 47% (n = 29) as
50%-responders. In the ITT dataset, 53% met the 30%-responder status (n = 38) and 42%
met the 50%-responder status (1 = 30).

The number of non-migraine headache days also decreased significantly (difference:
—1.26 days, n = 62, p < 0.001, 95% CI [-1.79; —0.72]) (Figure 4). A significant reduction
was confirmed when missing values in the IIT analysis were imputed (BOCF) (difference:
—1.14 days, n =71, p < 0.001, 95% CI [-1.62; —0.66]).

The cumulative duration of migraine headaches in hours per month decreased sig-
nificantly compared to baseline (difference: —15.22 h, n = 62, p = 0.005, 95% CI [—25.54;
—4.90]).

3.2.5. Migraine Questionnaires

Migraine-related impairment in daily life, measured by the HIT-6 questionnaire,
decreased significantly at intervention compared to baseline (difference: —3.17, n = 60,
p <0.001, 95% CI [—-4.63; —1.70]). Headache-related impairment (MIDAS) decreased signif-
icantly over the three-month intervention period compared with the three months before
study participation (difference: —13.45, n = 60, p = 0.002, 95% CI [—22.01; —4.89]. Quality
of life (EQ-5D-5L) showed a slight, statistically not significant improvement (difference:
+0.022, n = 60, p = 0.240, 95% CI [—0.03; 0.08]) (Table 3). 80% (n = 51) of the patients reported
a subjective improvement in their general condition in the PGIC (score 1, 2, 3).
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paired t-test
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Migraine headache days [Days within 28 days]
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Figure 4. Change in the number of monthly migraine headache days between the four-week baseline
phase and the last four weeks of the intervention phase in the complete data set analysis (1 = 62).
Number of headache days was assessed by daily headache diary. Boxplots show 1st quartile, median
(solid line), mean (dashed line), and 3rd quartile. Outliers are marked with dots.

Table 3. Change in headache-related and migraine-related impairment in everyday life and quality of
life between the four-week baseline phase and the last four weeks of the intervention phase (1 = 60).
Changes were assessed by Headache Impact Test-6 items (HIT-6), Migraine Disability Score (MIDAS)
and quality of life (EQ-5D-5L).

. . . . Change
Variable Time Mean (SD) Median Min Max [95% CI] p-Value
HIT-6 Baseline 64.43 (3.85) 65.00 52.00 74.00 —3.17 0.001
(Score 36-78) Intervention 61.27 (6.34) 62.00 44.00 76.00 [—4.63;, —1.70] <U-
Baseline 53.57 (48.28) 41.50 2.00 279.00 —13.45
MIDAS Intervention 40.12 (45.25) 27.50 0.00 259.00 [—22.01; —4.89] 0.002
EQ-5D-5L Baseline 0.87 (0.17) 0.91 0.325 1.00 0.022 0.240
(index value) Intervention 0.89 (0.17) 091 0.048 1.00 [—0.03; 0.08] :

4. Discussion

We present real world data from two independent prospective studies, in which
patients with episodic migraine used the DTx sinCephalea for the prophylaxis of their
migraine. In both studies, patients reported a significant reduction in the number of
headache and migraine days, accompanied by improvement in quality of life and decrease
in migraine-related impairment of daily life.

The implementation of such an innovative DTx for the reduction of migraine day
frequency meets an important medical need. Migraine experts and professional societies
increasingly recommend adaptation of the diet for migraine prophylaxis. For example,
the National Headache Foundation [54], the American Migraine Foundation [55,56] and
the German Migraine and Headache Society [57] published dietary recommendations for
migraine patients. The importance of nutritional adjustments is the subject of various clinical
studies and review papers on which these recommendations are based [25-27,35,58-65].

In addition, it is reported that the medical care situation of migraine patients is
insufficient. More than half of migraine patients do not receive frequent medical care [6]
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and one-third of patients are not treated in accordance with clinical guidelines [66]. Further
research suggests that 80% of patients with episodic migraine discontinue prophylactic
medication within the first year [14,15]. This significantly increases the risk of medication
overuse, headaches and secondary complications from the medication use [67-69].

Low-glycemic diets have been shown to improve migraine symptoms [25-27]. It
has been demonstrated repeatedly that postprandial blood glucose metabolism is regu-
lated differently between individuals, and that dietary recommendations to ensure sus-
tained low blood glucose levels should be personalized based on individual blood glucose
metabolism [28-31]. The DTx sinCephalea was developed to facilitate personalized low-
glycemic dietary recommendations based on individual metabolic glucose responses, and to
provide these recommendations in a structured, digital intervention for migraine patients.

Both study cohorts consisted of patients with migraine according to ICHD-3. The
patients in the cohorts represent a suitable cohort to evaluate the clinical effectiveness of the
DTx sinCephalea. Parameters such as age, BMI, gender distribution, duration of migraine
diagnosis and use of migraine medication were within the expected range of typical clinical
studies with migraine patients [70-75]. With a baseline migraine severity of 4.26 (SD 3.36)
headache days in the first study, these patients were less severely affected than in the
second study. The patients within second study reported at baseline 7.78 (SD 3.92) migraine
days, and can therefore be considered representative of the group of migraine patients for
whom prophylactic therapy is recommended according to guideline recommendations [12],
and to whom sinCephalea is accordingly aimed.

Both studies followed the same scheme. The only difference was the assessment of
headaches. The headache diary in the first study assessed the number of headache days.
The headache diary in the second study allowed distinguishing between migraine and
non-migraine headache days, as well as between days with no (migraine) headache and
days with missing data input.

The data from the first study clearly indicated clinical effectiveness, as it revealed
a mean reduction of headache days of 2.43 (SD 3.19; p < 0.001), which corresponds to
an average reduction of 62.5%. In addition, during the intervention, median individual
improvement in MIDAS score was 45.5% (reduction of 11 points), HIT-6 was reduced by
13% (p < 0.001, before 62.0, after 57.5 points) and quality of life increased by 4.5% (SD 10.84;
increase from 0.891 to 0.942; p < 0.05). Moreover, a small proportion of the participating
patients still reported improvement in these parameters one year after.

These strong data provide a first indication of the potential use of sinCephalea in
migraine therapy. The relationship between a low-glycemic diet and the reduction in
migraine headache days may be induced by the stabilization of glucose excursions after
meal intake. In fact, the CGM data analysis revealed slight but consistent overall increases
in glucose values compared to healthy controls, and drops into ranges which are below
what is normal for each individual before migraine attacks. These preliminary findings
demonstrate a potential aberrant glucose metabolism in migraine patients, and are in line
with reports about increased insulin levels in migraine patients [19,76]. In addition, these
findings present a possible functional explanation of why a low-glycemic intervention
exerts clinical beneficial effects. Of interest, it has been shown that CGRP secretion is
closely linked to glucose metabolism [77]. CGRP act on glucose values and can induce
relative hyperglycemia [78]. CGRP levels are also elevated in patients during a migraine
attack [79], which is discussed to be as a consequence of a potential migraine-specific central
nervous energy deficit due to excessive energy expenditure before the attack [80]. However,
it is uncertain whether a hyperinsulinemia observed in migraine patients represents a
counterregulatory response to CGRP elevation [19,76] or might even be the root cause.

The aim of sinCephalea is to provide a non-pharmacological option to effectively reduce
migraine days as a supplement to the current standard of care. To recapitulate the findings of
the first study, we performed a second, independent study. It was intended to demonstrate
that the use of sinCephalea provides a medical benefit for patients with migraine. The
number of monthly migraine headache days decreased significantly by 2.40 days (95% CI
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[—3.37; —1.42]) compared to baseline. After imputation of missing values in the ITT data
set, the reduction was still 2.23 days (95% CI [—3.10; —1.37]). In parallel, the cumulative
duration of migraine headaches decreased by 15.22 h. Migraine-related impairment in
daily life, assessed by the HIT-6 questionnaire, decreased by 3.17 points. The MIDAS also
decreased by 13.45 points during the intervention period. Moreover, patients reported a
high rate of usage of the app-based digital therapeutic. 89% of study patients adhered to
their personalized dietary recommendations. They adjusted half or more of all meals eaten
to fit their individual recommendations (mean meal adherence was 72.5%, data not shown).
62 of 71 patients (87%) used their headache diary daily and at the end of the intervention
80% of the patients indicated that they felt their migraine had improved during the course of
using sinCephalea. Thus, it can be concluded that sinCephalea results in both high patient
engagement and subjective therapeutic effectiveness for the majority of patients.

To systematically classify the reported clinical effects, we compared our data with
thresholds for minimal clinically important differences. A threshold of 30% reduction
in migraine days is reported for non-pharmacological interventions [81] and for drug
interventions for chronic migraine [41,82]. For medication trials with episodic migraine,
50% reduction is assumed as an adequate threshold [41]. The observed primary effect in
the second data analysis, which assessed migraine days, is a reduction in monthly migraine
headache days by 2.40 days, which corresponds to a mean reduction of 44% compared to
baseline. 58% of patients can be classified as 30%-responders and 47% as 50%-responders
in this data analysis. Thus, the improvement with the use of sinCephalea is clearly above
the range that is classified as clinically relevant for non-pharmacological interventions. In
addition, the effect lies in a range that is considered as clinically relevant for medications.
At the same time, it can be assumed that this clinical efficacy can be achieved without the
side effects common with drug therapy. HIT-6 and MIDAS are also used in the evaluation
of drug trials. From a mean intra-individual reduction of at least 2.5 points in the HIT-6
score, pharmacological interventions are classified as clinically significant [40,46,83]. This
threshold was exceeded in both data analyses with improvements of 3.17 to 4.48 points.
A reduction in MIDAS of at least 30% is also assessed as clinically significant [40,49]; in
this case, the observed improvements between 27% and 45.5% are again in a range that is
considered as clinically relevant for medications. In summary, the assessment tools used in
the reported studies suggest a significant clinical effect of sinCephalea adjusted against the
threshold values stated in the literature.

The analyses are based on intraindividual pre-post comparisons without the use of
parallel control groups. For additional clinical classification of the observed effects, a literature
search for studies with comparable, non-pharmacological interventions was conducted. To
estimate the potential effect in a control group, eight studies were identified in which migraine
patients received standard care in an open control group [58,74,84-89]. These control patients
were all aware that they belonged to a control group and represent what can be expected as
unspecific treatment effects induced by study participation itself or by other context effects.
Mean changes in migraine days with corresponding standard deviations and sample sizes
were extracted from these publications and meta-analyzed using a random effects model.
The pooled mean control group effect of non-drug therapies is a reduction of 1.14 monthly
migraine days (random effect model, 95% CI [1.09; 1.25]). The therapeutic effect described
in the present data analysis is clearly above the calculated control group effect, even after
imputation of missing data. This further supports that the use of sinCephalea can induce
clinically relevant effects, and that the observed reduction in migraine days in the present
evaluation is above a reduction that can result from non-specific context effects (“placebo
effect”) and could withstand a confirmatory test against an open control group.

As a third approach to classify the observed effects, we chose a comparison with the
effects in meta-analyses for approved migraine medications. For monoclonal antibodies,
the mean reduction in migraine days is reported to be 1.5 days above placebo (95% CI [1.16;
1.85]) or 43% reduction from baseline [90]. For generic medications, effects over placebo of
between 0.57 and 1.5 headache days have been reported in meta-analyses, e.g., valproate
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(—=1.5,95% CI[—-2.1; —0.8]), metoprolol (—0.94, 95% CI [—1.4; —0.46]) or fluoxetine (—0.57,
95% CI [-0.97; —0.17]) [71]. This comparison also supports the clinical relevance of the
observed effects of sinCephalea.

In conclusion, sinCephalea is a non-pharmacological, digital migraine prophylaxis
that is, firstly, used by patients regularly and according to the instructions, and secondly,
induces a therapeutic effect that is within the range of pharmacological interventions. To
date, no unexpected side effects have been reported from the use of sinCephalea. It is
therefore a digital therapeutic that can effectively complement the current standard of
care and can be a helpful application in migraine prevention. The implementation of this
innovative device can help many migraine patients to improve their quality of life. In
addition, sinCephalea can help patients not only to understand their disease, but also to
understand their personal metabolic situation. The obtained data provide a first insight
into the potential effectiveness of a personalized low-glycemic diet in the prevention of
migraine attacks. To be able to prove the actual effectiveness of sinCephalea by comparing
the reduction of migraine days with a control group, a confirmatory study including a
parallel control group is essential.
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