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Abstract

Background Persisting coma is a common complication in (neuro)intensive care in neurological disease such

as acute ischemic stroke, intracerebral hemorrhage or subarachnoid hemorrhage. Amantadine acts as a nicotinic
receptor antagonist, dopamine receptor agonist and non-competitive N-Methyl-D-aspartate receptor antagonist.
Amantadine is a long-known drug, originally approved for treatment of influenza A and Parkinson’s Disease. It has
been proven effective in improving vigilance after traumatic brain injury. The underlying mechanisms remain largely
unknown, albeit anti-glutamatergic and dopaminergic effects might be most relevant. With limited evidence of
amantadine efficacy in non-traumatic pathologies, the aim of our study is to assess the effects of amantadine for
neuroenhancement in non-traumatic neurointensive patients with persisting coma.

Methods An investigator-initiated, monocenter, phase llb proof of concept open-label pilot study will be carried
out. Based on the Simon design, 43 adult (neuro)intensive care patients who meet the clinical criteria of persisting
coma not otherwise explained and <8 points on the Glasgow Coma Scale (GCS) will be recruited. Amantadine will
be administered intravenously for five days at a dosage of 100 mg bid. The primary endpoint is an improvement of
at least 3 points on the GCS. If participants present as non-responders (increase < 3 points or decrease on the GCS)
within the first 48 h, the dosage will be doubled from day three to five. Secondary objectives aim to demonstrate
that amantadine improves vigilance via alternative scales. Furthermore, the incidence of adverse events will be
investigated and electroencephalography (EEG) will be recorded at baseline and end of treatment.
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study cohort.
Trial Registration NCT05479032.

Discussion The results of our study will help to systematically assess the clinical utility of amantadine for treatment of
persisting coma in non-traumatic brain injury. We expect that, in the face of only moderate treatment risk, a relevant
number of patients will benefit from amantadine medication by improved vigilance (GCS increase of at least 3 points)
finally leading to a better rehabilitation potential and improved functional neurological outcome. Further, the EEG
data will allow evaluation of brain network states in relation to vigilance and potentially outcome prediction in this

Keywords Amantadine, Reduced consciousness, Coma, Neurointensive care, Stroke

Introduction

Background and rationale

Disorders of consciousness (DoCs) can be categorized
into coma, vegetative state (VS)/unresponsive wakeful-
ness syndrome (UWS) and minimally conscious state
(MCS). Coma is a state of unawareness from which the
patient cannot be aroused [1]. The classical definition
includes absent of sleep-wake cycles and closed eyes [1].
The vegetative state or unresponsive wakefulness syn-
drome (UWS) is denoted as wakefulness without aware-
ness. These patients are eyes-opened with only reflexive
movements and do not obey commands [2]. Patients in
MCS show cognitively mediated, non-reflexive behaviors,
which are related to relevant environmental stimuli. The
occurrence of this behavior is inconsistently, but repro-
ducible [3]. However, some comatose patients show
eye-opening early after brain injury, but do not meet the
criteria for UWS. These patients are newly classified as
patients with “eye-open coma” [4].

Disorders of consciousness are a quite common com-
plication in (neuro)intensive care, occurring in up to 60%
of patients after acute ischemic stroke (AIS), intracere-
bral hemorrhage (ICH) and subarachnoid hemorrhage
(SAH) [5-7]. Disorders of consciousness are associated
with an increased risk of stroke-related complications
(90% versus 67%) and a strong predictor for an unfavor-
able neurologic outcome as well as mortality [5, 8, 9].
Thus, disorders of consciousness undermine rehabilita-
tion success and may also lead to unjustified intensive
care therapy limitation [10].

On the neuroanatomical level, arousal is mediated by
neuronal populations in the ascending reticular activat-
ing system and associated network, comprising of the
rostral brain stem, tegmentum, diencephalon and pro-
jections to the cerebral cortex and the basal ganglia [11,
12]. Hence, all cerebral pathologies compromising these
circuitries may lead to unconsciousness, although prog-
noses may differ [13]. Neurotransmitter modulation of
human consciousness may be disrupted during acute
brain injury [14] and alterations in glutamate, dopamine,
acetylcholine, gamma aminobutyric acid (GABA) and
orexin have been described providing a possible phar-
macologic target to promote repair and restoration of

neural pathways in disorders of consciousness [15]. To
summarize, complex interactions of various neurotrans-
mitter systems and brain regions are regulating alert-
ness. Equivalently, amantadine is an agent with multiple
mechanisms of action. Mainly, amantadine acts as a weak
uncompetitive antagonist of the N-methyl-D-aspartate
(NMDA) receptor, thereby decreasing the excitatory
input, and may have direct and indirect effects on dopa-
mine neurons [16, 17]. The increase in dopaminergic
tone may additionally occur through a few potential
mechanisms, including inhibition of dopamine reup-
take; an increase in dopamine release from dopaminergic
nerve endings; an increase of dopa decarboxylase activ-
ity; an increase of dopamine transporter activity; inhibi-
tion of NMDA-evoked release of acetylcholine; and an
increase of dopamine D2 receptor availability [18, 19].
Amantadine functions furthermore on the glutamatergic
pathways decreasing this excitatory input. All in all, the
mechanism of action of amantadine has to be interpreted
and evaluated in relation to its concentrations reached at
a given target in humans following therapeutic doses and
its affinity at the target [16]. The 2018 practice guidelines
for disorders of consciousness provide a Level B recom-
mendation for using amantadine in adults with traumatic
disorders of consciousness at 4 to 16 weeks postinjury to
promote functional recovery [20, 21]. Further, amanta-
dine is used off-label in the clinical routine for treating
persisting coma in non-traumatic (neuro)intensive care
unit patients despite the lack of high-quality data sup-
porting the efficacy of pharmacologic interventions tar-
geting neurotransmitter pathways attempting to improve
long-term functional outcome in these patients [22, 23].
However, the first report of amantadine administration in
post-stroke patients suggested an improvement in intel-
lectual, motor and emotional function [24]. Further, there
exists extensive evidence from animal studies for the
neuroprotective effect of anti-glutamatergic substances
after hypoxic brain damage [25]. In more detail, it has
been shown that dopamine activity is disturbed following
acute stroke and that substitution may be beneficial [26].
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Trial rationale

The American Stroke Association recently determined
that the benefit of neuro-stimulants for stroke-related
cognitive impairment including disturbed vigilance is
still unclear [27]. Consequently, a great and unmet need
exists for controlled, prospective studies systematically
investigating the effects of amantadine treatment in non-
traumatic (neuro)intensive care patients with persisting
coma. From a mechanistic point of view, even in this field
a clinical benefit appears rather reasonable, which prob-
ably might help to improve the patients’ participation in
early rehabilitation procedures and, therefore, the long-
term neurological outcome. As the level of evidence is
quite limited, especially within the context of non-trau-
matic pathologies, the aim of Amantadine for Neuroen-
haNcement in acutE patients Study (ANNES) is to assess
the potential use of amantadine for neuroenhancement
in non-traumatic neurointensive care patients with per-
sisting coma.

Objectives
Research hypothesis
Intravenous amantadine treatment over five days

improves consciousness, defined as an increase in
Glasgow Coma Scale (GCS) score of at least 3 points, in
non-traumatic (neuro)intensive care unit patients.

Study objectives and outcomes

Primary objective and endpoint

The primary endpoint is defined as an increase in GCS
score of at least 3 points on visit 6 compared to visit 1
(screening visit).

The primary endpoint is assessed by two independent
clinical investigators who separately score the patient. In
case of disagreement, a third independent investigator
will perform GCS score.

Secondary objectives and endpoints

Secondary objectives are improvement of vigilance/
awareness measured via alternative scales using the fol-
lowing: Richmond Agitation-Sedation Scale (RASS),
Full Outline of UnResponsiveness (FOUR) Score Coma
Scale, Glasgow Outcome Scale — Extended (GOS-E) and
Coma Recovery Scale revised (CRSR). Further second-
ary outcome variables include functional outcome using
National Institute of Health Stroke Scale (NIHSS) regard-
ing potential stroke severity and modified ranking score
(mRS) in follow-up after discontinuation of medication
and after three months. The incidence of complications
regarding delirium will be assessed using the Intensive
Care Delirium Screening Checklist (ICDSC). The Mon-
treal Cognitive Assessment (MoCA) will assess the neu-
ropsychological outcome. Regarding validity of these
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measures for determining outcome, please see the para-
graph below.

Any adverse event (AE) (any untoward medical occur-
rence including an abnormal laboratory finding, regard-
less of its causal relation to the study treatment) will be
recorded during the whole study period.

Clinical assessment scales

Consciousness Different rating scales will quantify the
clinical severity of disorders of consciousness.

The GCS rates patients based on their ability to perform
limb and eye movements as well as to speak. These three
categories represent the core elements of the scale: ,eye®,
wverbal, and ,motor”. A person’s GCS score can range
from 3 (completely unresponsive) to 15 (completely
responsive). This score is fast, easily and reliably to per-
form and can be used in emergency situations and also
to monitor hospitalized patients. Regarding the assess-
ment of amantadine treatment effects, it has already been
used in the context of traumatic brain injury [28] as well
as within a retrospective analysis of Leclerc et al. (2021)
in post-stroke patients [29].

The FOUR Score is a 17-point scale with possible
scores ranging from O to 16 (decreasing score is associ-
ated with a worsening level of consciousness). The FOUR
score overcomes some of the shortcomings of the GCS by
assessing the four domains of neurological function: eye
responses, motor responses, brainstem reflexes, and even
breathing pattern [30].

The RASS is a ten-step scale for assessment and quan-
tification of sedation as well as agitation with the value ‘0’
describing the physiological state [31].

The GOS-E is a scale for patients with brain injuries,
such as cerebral traumas or strokes that groups the vic-
tims by the objective degree of recovery [32]. Later, the
same authors proposed to split the 3 better categories
(severe disability to good recovery, i.e., 3 to 5) in lower
and upper sub-categories, leading to the extended ver-
sion of the scale (GOS-E) which includes 6 plus 2 (death
and vegetative state), i.e., 8 categories in total [33].

The CRS-R is a standardized neurobehavioral assess-
ment instrument for the usage in patients with disorders
of consciousness. It is intended to establish diagnosis,
monitor recovery, predict outcome as well as assess treat-
ment effectiveness [34].

Delirium A clinician can easily and quickly apply the
ICDSC. The ICDSC can easily and quickly be applied by
a clinician or a nurse in the critical care setting to screen
all patients for a delirium (even when communication is
compromised in case of aphasia) [35].
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Stroke severity and outcome
The mRS is a commonly used scale for measuring the
degree of disability or dependence in the daily activities
of people who have suffered a stroke or other causes of
neurological disability [36].

The NIHSS is used to objectively quantify the clini-
cal impairment caused by a stroke. The NIHSS is com-
posed of 11 items, each of which scores a specific ability
between 0 and 4. For each item, a score of 0 indicates
normal function, while a higher score is indicative of
some level of impairment. Each item’s individual scores
are summed to calculate a patient’s total NIHSS score.
The maximum possible score is 42 [37].

Neurocognition The MoCA is a widely used screening
assessment for detecting cognitive impairment [38]. It
was validated in the setting of mild cognitive impairment,
and has subsequently been adopted in numerous other
clinical settings.

Questionnaire for therapists

The Early Functional Abilities (EFA) Scale is a valid
instrument for nursing staff and physiotherapists to eval-
uate subtle clinical changes in early neurological rehabili-
tation. It includes 20 items in 4 categories (autonomic,
oro-facial, sensorimotor and cognitive functions/abili-
ties). Each item is rated on a five-point-scale: “1-no func-
tion”, “2-severe disturbance”, “3-moderate disturbance’,
“4-slight disturbance” and “5-normal” EFA total score
ranges from 20 (worst) to 100 (best). In early rehabilita-
tion stage, independence in activities of daily life (ADL) is
not an appropriate measurement for therapeutic progress
(e.g., Barthel-Index). Other frequently used assessments
for early rehabilitation (e.g., GCS) focus on wakefulness,
more specifically reactions to sensory stimuli. The EFA
scale combines both, activities of daily life (ADL) such as
wakefulness (cognitive functions) and therefore allows a
differentiated assessment of the patient abilities [39].

Neurophysiological assessment including EEG

A resting-state electroencephalography (rsEEG) with
eyes closed and (if possible) open for three minutes each
will be performed using a 64-channel gel filled sintered
electrode EEG cap (EasyCap, Munich, Germany) and
an optically isolated battery-powered biosignal ampli-
fier (Brain Products, Gilching, Germany). The elec-
trode impedances will be maintained below 5 kQ during
recording. A hardware lowpass filter will be set to 1 kHz
with a sampling rate of 5 kHz.

The EEG data will be analyzed by calculating the power
spectrum for fast (alpha (8—13 Hz), beta (14-30 Hz)) and
slow oscillations (theta (4—7 Hz), delta (1-3 Hz)) as well
as functional connectivity and oscillatory microstates,
since faster oscillations (especially alpha power), better
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functional connectivity and more diversity and variabil-
ity in the brain activity were predictive for emerging from
disorders of consciousness [40, 41]. Specifically, bet-
ter thalamocortical and frontoparietal connectivity was
associated with less impaired consciousness.(Bai et al,,
2021; Edlow et al.,, 2021; King et al., 2013) Connectivity
will be assessed using, for instance, coherence. Micro-
states are EEG patterns that persist for a few seconds and
correspond to thought processes. They are thus a direct
expression of consciousness.(Lehmann, 1990) Further-
more, EEG data will be manually inspected for epileptic
activity.

EEG is performed three times during the study. First,
at baseline visit (before amantadine treatment) in order
to detect epileptic EEG-activity, that exclude the patient
from the study. The further EEGs are performed on Visit
6 (after 120 h on amantadine treatment) and Visit 7 (14
days after the last amantadine dose).

Laboratory examinations

Laboratory examinations are carried out at the central
laboratory of the University Hospital Tiibingen. A blood
sample will be taken from each patient to exclude liver or
kidney failure, and a pregnancy test for women of child-
bearing potential will be performed. A pregnancy test
is not required for postmenopausal (amenorrhea>12
months), surgically sterilized or hysterectomized women.
The following laboratory parameters will be measured
(but not routinely documented in the CRF): sodium,
potassium, creatinine, serum bilirubin level, AST, ALT,
urea, ALP, TSH, hemoglobin, erythrocytes, hematocrit,
thrombocytes and leukocytes. In the case of an AE, labo-
ratory parameters will be documented. The total amount
of blood taken per subject during the entire trial will be
approximately 10 ml.

Training plans

The study personnel will be trained in the entire course
of the study, study requirements as well as standardized
usage of questionnaires (e.g., CRS-R, FOUR Coma Scale).
The training will be monitored in a training log.

Trial design

The Amantadine for NeuroenhaNcement in acutE
patients Study (ANNES) is designed as an investiga-
tor-initiated, monocenter, phase IIb, proof of concept,
open-label pilot study. It is a single-group trial assessing
the improvement of consciousness of 43 adult (neuro)
intensive patients after five days of Amantadine ther-
apy (dosage of 100 mg twice daily). The timing between
brain injury, disorder of consciousness and administra-
tion of amantadine is not fixed in ANNES. However,
the treatment initiation is limited to intensive and inter-
mediate care units and all other reasons for reduced
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consciousness have to be excluded (e.g., status epilepti-
cus, sepsis, electrolyte imbalance, hyperglycemia, aki-
netic crisis and delirium). The study was initiated at
the Department for Neurology at the University Hos-
pital Tiibingen. The study has been approved by the
local ethics committee (protocol no. 2021-10). Further-
more, the study has been approved by the legal medi-
cal regulatory authorities (Federal Institute for Drugs
and Medical Devices in Germany: Bundesinstitut fiir
Arzneimittelsicherheit und Medizinprodukte, BfArM in
Germany). ANNES is conducted in accordance with the
International Conference for Harmonization of Techni-
cal Requirements for Pharmaceuticals for Human Use
— Good Clinical Practice Guideline (ICH-GCP) and the
Declaration of Helsinki. The trial has been prospectively
registered at www.clinicaltrialsregistereu (EudraCT
no. 2022-002418-18) and https://www.clinicaltrials.gov
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(NCT05479032). Patient insurance for the study has been
arranged (policy number 5,701,031,103,013).

Methods: participants, interventions and outcomes
Study setting

Recruitment will take place on the intensive and inter-
mediate care units within the department of neurology,
internal medicine and anesthesiology of the University
Hospital Tiibingen (UKT) in Germany.

Patient population and eligibility criteria

Patients are screened for eligibility according to the
inclusion and exclusion criteria (for detailed descrip-
tion, see Table 1). All relevant medical and non-medical
conditions should be considered when deciding whether
the study is suitable for a particular patient. A screen-
ing sheet is used to assess the persisting, not otherwise

Table 1 Inclusion and exclusion criteria

Inclusion criteria

Details

Coma with reduced consciousness with GCS< 8
Age =18 years
Inconspicuous EEG and ECG

In woman of child bearing potential: pregnancy
excluded

Informed consent

Exclusion criteria
Reduced consciousness, otherwise sufficiently explained

Age < 18 years

Participation in other interventional study
History of epileptic seizures/status epilepticus
Women during pregnancy and lactation

History of hypersensitivity to the investigational medici-
nal product

Concomitant therapy with memantine

Severe uncompensated heart failure (NYHA IV)
Atrioventricular block (AV block) second-degree and
third-degree

Known bradycardia (below 55 beats/minute)

Known long QT interval (QTc according to Bazett>420
ms) or recognizable U-waves or congenital QT syndrome
in the Family history

History of serious ventricular arrhythmias, including
torsade de pointes

Hypokalemia or hypomagnesemia

Concomitant therapy with Budipine or other QT-pro-
longing drugs

Impaired renal function, measured by glomerular filtra-
tion rate (GFR) < 10 ml/min

Lasting at least 72 h, not otherwise explained
at the time of signing the informed consent.

By measurement of human chorionic gonadotropin (hCG) in serum before start of study
medication

As subjects per definition suffer from reduced consciousness and therefore are not in a po-
sition to provide informed consent themselves, prior to any study related procedures, the
patient’s legal representative has to give written informed consent. The informed consent
of the patient will be sought retroactively as soon as possible.

Such as reduced consciousness due to status epilepticus, hyperglycemia, electrolyte
imbalance, hyperkaliemia, akinetic crisis in Parkinson's Disease or Delirium (Intensive Care
Delirium Screening Checklist ICDSC) >4 or > 5 in aphasic patients)

Participation in an observational trial is acceptable

Or to any drug with similar chemical structure or to any excipient present in the pharma-
ceutical form of the investigational medicinal product

E.g., due to cardiomyopathy or myocarditis

Class IA (quinidine, disopyramide, procainamide) and Ill (amiodarone, sotalol) antiarrhyth-
mic drugs, antipsychotics (thioridazine, chlorpromazine, haloperidol, pimozide), tri- and tet-
racyclic antidepressants (@amitriptyline), antihistamines (astemizole, terfenadine), macrolide
antibiotics (erythromycin, clarithromycin), gyrase inhibitors (sparfloxacin), azole antifungals
and other medicines such as halofantrine, cotrimoxazole, pentamidine, cisapride, bepridil

Impaired renal function will necessitate dose adjustment (see Table 3).
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explained coma to ensure that relevant differential diag-
noses have been excluded. To be eligible, patients must
be aged 18 years or older with prolonged (=72 h) and
persisting coma not otherwise explained with a Glasgow
Coma Scale (GCS)<8. The exclusion criteria for this
study were chosen according to the official contraindi-
cations for amantadine [42]. In addition, patients with
unresponsive wakefulness (UWS) or minimally con-
scious state (MCS) are excluded. As the investigated
study collective is per definition suffering from reduced
consciousness, the patient’s legal representative will pro-
vide written informed consent. No gender ratio has been
stipulated in this trial as one previous clinical study did
not indicate any gender difference in the effect of the trial
treatment in terms of efficacy and safety [43].

Study procedures

The following general procedures will be part of the study
visits: patient history and demographics, documenta-
tion of clinical data (age, gender, handedness, intensive
care unit and hospital length of stay, mortality, discharge
disposition) and drug history, physical and neurological
examination, blood tests (especially infection markers
and electrolytes), electroencephalography (EEG), elec-
trocardiography (ECG) as well as several questionnaires
concerning consciousness and functional clinical out-
come. For further details regarding the visit schedule,
please see Fig. 1; Table 2. The majority of the concomi-
tant measures are non-invasive and performed as part of
the clinical routine in vigilance-reduced intensive care
patients. Moreover, intensive and intermediate care unit
patients are continuously monitored, so that possible
adverse effects can be detected and treated immediately.

Who will take informed consent?
As the investigated study collective is per definition suf-
fering from reduced consciousness, the patient’s legal
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representative will provide written informed consent.
The informed consent of the patient will be sought ret-
roactively as soon as possible. When the legal repre-
sentative has not been named yet, a rapid application
for a legal representative is initiated (in Germany called
“Eilbetreuuung”).

Additional consent provisions for collection and use of
participant data and biological specimens
Not applicable.

Interventions
Explanation for the choice of comparators
Not applicable.

Intervention description

Intravenous amantadine at a dosage of 200 mg per
day (100 mg each at 10:00 a.m. and 01:00 p.m.) will be
applied for five days (120 h). If a patient presents as a
non-responder (defined as an increase in GCS<2 points
or a decrease in GCS) within the first 48 h after aman-
tadine treatment initiation, the dosage will be increased
after ECG control to 200 mg intravenously twice daily.
Two independent clinical investigators score the patient
separately to assess the primary endpoint. In case of dis-
agreement, a third independent investigator will perform
the GCS. Responding patients will remain on the 200 mg
per day regime until day 5 (see Tables 2 and 3). This is in
line with the recommendations for the dosage of amanta-
dine in post-comatose patients with reduced vigilance (in
traumatic brain lesions) (Summary of Product Character-
istics (SmPC)) [42].

The trial medication will be administered intrave-
nously in a clinical setting. The site investigator will keep
an account of the trial medication and acknowledge the
receipt of all shipments of the trial medication. The inves-
tigator will document the date of the dispensary, subject

l Enrolment I Treatment period | Follow-up I
screening visit visit 1 visit2 visit3 visit4 visitS visit visit7 visit8
Timeline (days) 1 2 3 4 5 6 1922 907
Hours on 0 2424 4824 7224 9624 12024 14+2days after last 3 months £ 7 days
medication dose after firstdose
start of study Identification of
medication non-responders**

e S S -
s

* bid: two times daily, usualy 11.00 a.m.and 1.00 p.m

!es ponder

Non-responder

**responder: A patient is defined as a responder if an clinical improvement is evident regarding GCS by increase of at least 3 points

Fig. 1 Overall study design
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Table 3 Dose schedule
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Morning Noon Evening Night note
10.00 am 1.00 p.m.
Day 1 100 mg 100 mg 0 0
Day2 100 mg 100 mg 0 0
Day3 100-200mg 100-200mg O 0 Dose can be doubled in case of unresponsiveness to drug; minimum duration of treatment
200 mg 200 mg 0 0 In case of non-responder
Day4 100 mg 100 mg 0 0
200 mg 200 mg 0 0 In case of non-responder
Day5 100 mg 100 mg 0 0 Maximum duration of treatment
200 mg 200 mg 0 0 In case of non-responder

Maximum duration of treatment

Table 4 Dose modification in case of renal insufficiency
Dosage modifi- Administration interval

Glomerular filtra-

tion rate (GFR) in  cation in mg
ml/min
80—60 no dosage
modification
60—-50 no dosage
modification
50-30 100 mg 1-1-0
No increase in
non-responders
30-20 100 mg 1-0-0
no increase in non-responders
20—-10 100 mg 1-0-0
no increase in non-responders
<10o0r excluded from
hemodialysis trial

identification, batch/ serial numbers or other identifica-
tion of trial medication.

Criteria for discontinuing or modifying allocated
interventions

Renal function impairment

As the renal clearance of amantadine is significantly
lower in adult patients with moderate or severe renal
impairment compared with healthy adults and the renal
pathway is a major elimination pathway, impairment in
renal function can result in significant accumulation in
the plasma. In case of renal insufficiency, the dosage will
be modified according to the dose adjustment table (see
Table 4).

Allergic reactions

Amantadine might provide unknown allergic potential.
If this is suspected withdraw the medication from the
patient. This should be reported as an adverse event.

Toxicities

If treatment-related toxicities occur during the study,
especially epileptic seizure, spasticity, ECG QTc>480
ms, or any other suspicious ECG changes or cardial
events (e.g., arrythmia, myocarditis, heart failure), drug

administration will be terminated immediately. This
should be reported as an adverse event.

If hallucinations occur, the dosage will be decreased to
50%. If successful, the administration will be continued
with the reduced dosage, otherwise, it will be abandoned
entirely. This should be reported as an adverse event.

Overdosage

The acute amantadine intoxication state is characterized
by nausea, vomiting, hyperexcitability, tremor, ataxia,
blurred vision, lethargy, depression, dysarthria and cere-
bral seizures; malignant cardiac arrhythmia has been
reported in one case.

Acute toxic psychosis in the form of confusional/
delirium with visual hallucinations up to coma, as well as
myoclonus, has been observed with concomitant admin-
istration of amantadine with other antiparkinsonian
drugs.

No specific drug therapy or antidote is known in case
of intoxication. In case of oral intake, vomiting should
be induced or gastric lavage should be performed. In the
case of vitally threatening intoxication, intensive moni-
toring measures are also required. Therapeutic options
include fluid intake, acidification of the urine for faster
excretion of the substance, sedation if necessary, anti-
seizure medication, and antiarrhythmic drugs (lido-
caine i.v.). To treat neurotoxic symptoms (as described
above), intravenous administration of 1-2 mg physostig-
mine every 2 h can be tried in adults up to a maximum
dose of 2 mg. Due to the low dialysability of amantadine
(approx. 5%), hemodialysis is not advisable. It is recom-
mended to monitor patients particularly with regard
to a possible QT prolongation and factors favoring the
occurrence of torsade de pointes, e.g., electrolyte distur-
bances (especially hypokalemia and hypomagnesaemia)
or bradycardia.

Strategies to improve adherence to interventions

Not applicable. ANNES Trial is performed in intensive
care units, where research physicians control the medica-
tion every day.
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Relevant concomitant care permitted or prohibited during
the trial

The administration of other medication prolonging QT
time (e.g., Class IA and III antiarrhythmic drugs, antipsy-
chotics, macrolide antibiotics) is not permitted during
treatment with amantadine. If this is necessary due to a
medical condition, QT time must be closely monitored.
Moreover, administration of medication reducing con-
sciousness (e.g., propofol, ketamine) should be avoid.

Provisions for post-trial care

Patients that are enrolled in the ANNES study are
insured through HDI Global SE in case of negligent harm
or death during amantadine treatment. The maximum
payment by the insurer for a single patient is limited to
500.000 Euro.

Participant timeline

The individual study duration will be three months com-
prising of eight study visits in total (one screening visit,
five visits during the treatment period and two follow-up
visits, one two weeks after last medication intake and one
at follow-up after three months).

Statistical planning

Sample size calculation

The sample size is calculated using the two-stage opti-
mum design of Simon for Phase II trials (see link below
or nQuery Sample Size Software). Using this design, we
proceed as follows: First we define a favorable true suc-
cess rate of 40% successes which should lead with 80%
power to a successful study. If this rate is 20% or smaller,
the study should be with probability of at most 5% (type
1 error, one-sided) successful. We include 43 evaluable
patients in the trial. After 13 patients, an interim analysis
for futility is performed. The study is terminated early if
less than 4 successes are observed. If four or more suc-
cesses are observed, the study continues with 30 addi-
tional patients to recruit a total of 43 patients. According
two-stage optimum design the final cut-off are 12
patients. Therefore, the study is successful if at least 13
of 43 patients show an increase of GCS score of at least 3
points (see supplemental Figs. 1 and 2):

Statistical analysis

The study is successful if a total of 13 of 43 patients show
success (improvement of at least 3 points on the GCS).
Using the two-stage optimum design of Simon for Phase
II trials, non-evaluable patients have to be replaced. How-
ever, if the necessary number of 13 successes is achieved
with less than 43 patients, there will be no early stopping
for success. Calculations have been done with a Simon
design calculator presented by the NIH on the internet:
http://linus.nci.nih.gov/cgi-bin/simonr/cgi_main.
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The primary endpoint improvement of the GCS score
from screening up to day S of at least 3 points is analyzed
according to the Simon design as described above. The
primary analysis population is the per protocol popula-
tion. This population includes all patients with GCS mea-
surement at day 6 and all patients who died until day 6
(failures). No planned subgroup analyses will be per-
formed. The secondary endpoints (mRS, NIHSS, GOS-E,
CRS-R, MoCA after 90 days, RASS and ICDSC) will be
analyzed by mixed models with time (categorially coded)
as only factor including all measurements up to 3 months
follow up. In case of severe violation of normal distribu-
tion assumption data will be analyzed by nonparametric
tests (Friedmann with including pairwise comparisons
using Nemenyis test). No imputation of missing values
is planned. P-values will be computed, significances are
only “local” in the sense that they are not corrected for
multiple testing. The only confirmatory analysis is the
one for the primary endpoint.

Interim analyses

After 13 patients, an interim analysis for futility is per-
formed. The study is terminated early if less than 4
successes are observed. If four or more successes are
observed, the study continues with 30 additional patients
to recruit a total of 43 patients.

Methods for additional analyses (e.g., subgroup analyses)
No planned subgroup analyses will be performed.

Methods in analysis to handle protocol non-adherence and
any statistical methods to handle missing data

No imputation of missing values is planned. The analy-
sis population for the primary endpoint is defined as
patients who show adherence to the study protocol to at
least Visit 6 (GCS measurement after 5 days amantadine)
and all patients who died until day 6 (failures). Dropouts
before Visit 6 (e.g., anesthesia required) will be excluded
from trial.

Plans to give access to the full protocol, participant level-
data and statistical code

The raw ANNES data is not available for public due to
data privacy laws. However, the fully data collection is
available from the authors upon reasonable request.

Recruitment

Patients are recruited by research physicians on the
intensive and intermediate care units within the depart-
ment of neurology, internal medicine and anesthesiology
of the University Hospital Tiibingen by screening suitable
subjects. The recruitment will be monitored in a screen-
ing and prescreening log. The duration of the recruit-
ment period is approximately 16 months.
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Assignment of interventions: allocation
Not applicable.

Assignment of interventions: blinding
Not applicable.

Data collection and management
Plans to promote participant retention and complete
follow-up.

Not applicable.

Data management

All data will be collected in the CRF paper form at first.
Authorized clinical staff at the investigational site will
enter the data into the electronically CRF (eCRF) using
an access controlled, audit-trailed, ICH/GCP compliant,
validated system. Entered data will be subjected to plau-
sibility, monitoring and medical review. Implausible or
missing data will be queried. Database lock will be per-
formed after completion of data entry, data cleaning and
a final data review.

Confidentiality

All human identifiable data will be stored in anonymized
form using a sequential participant identifier. The corre-
spondence between participant identifier and personal
identifying information will be kept secure and accessible
only where required.

Data safety and monitoring board (DSMB)

The Data safety and monitoring board (DSMB) — also
called data monitoring committee (DMC) is formed by
the ZKS Tuebingen, Center for Clinical Studies. It is an
independent group of experts in performing clinical trials
who monitor patient safety and treatment efficacy data
while our clinical trial is ongoing. If necessary, the DSMB
can give recommendations to the principal investigators
and sponsor of the trial for discontinuation, modifica-
tion or continuation of the study. Reasons for individual
study drug discontinuation or modification might be
intolerance to study medication (please see section Trial
intervention).

Plans for collection, laboratory evaluation and storage of
biological specimens for genetic or molecular analysis in
this trail/future use

Not applicable.

Oversight and monitoring
Composition of the coordinating centre and trial

streering committee.

Principal investigator PD Dr. med. Annerose Mengel.
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+ designed the study protocol, revised the

manuscript critically and is responsible for the
electrophysiological analysis.

+ organizing meetings of the study group.

« recruitment, data collection and completion of

eCRFs.

+ Adverse events reporting to ZKS Tuebingen,

observance of AE-Reporting.

+ monitoring data quality and conformity to protocol.
Delegated of Sponsor and person in charge to meet the
obligations of the sponsor:

PD Dr. med. Katharina Feil.

+ design and conduct of ANNES.

+ designed the study protocol, revised the manuscript

critically.

+ organizing meetings of the study group.

« recruitment, data collection and completion of

eCRFs.

+ adverse events reporting to ZKS Tuebingen,

observance of AE-Reporting.

+ monitoring data quality and conformity to protocol.

Study group/Research physicians Dr. med. Kamaldeen
Adeyemi, Dr. med. Corinna Blum, Dr. med. Tim W. Rat-
tay, Constanze Single.

+ revised the manuscript critically.

« recruitment, data collection and completion of

eCRFs.
+ adverse events reporting to ZKS Tuebingen.
« responsible for trial master file.

Monitoring Monika Ums, Dr. Manola Zago (ZKS Tue-
bingen, Center for Clinical Studies).

+ monitoring data quality and conformity to protocol.

+ observance of AE-Reporting.

Datamanagement Ruth Bosel, Dr. Bettina Brendel
(IKEAB, Institute for Clinical Epidemiology and Applied
Biometry).

Biostatistician Prof. Peter Martus.
Composition of the data monitoring committee, its
role and reporting structure.

The data monitoring committee (DMC) is formed
by the ZKS Tuebingen, Center for Clinical Studies. The
DMC is independent from the principle investigator
and sponsor. An interim-analysis is performed after 13
patients, undergoing amantadine treatment for at least 5
days. The study is terminated early if less than 4 successes
are observed.

Adverse event reporting and harms.

Safety assessment.

Adverse events (AE), severe adverse events (SAE) and
suspected unexpected serious adverse reactions (SUSAR)
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will be detected as exploratory endpoints within the
study. A serious adverse event (SAE) means any untow-
ard medical occurrence that at any dose:
« results in death.
« is life-threatening.
«+ requires inpatient hospitalization or prolongation of
existing hospitalization.
« results in persistent or significant disability/
incapacity.
« results in a congenital anomaly / birth defect.
« is medically significant (e.g., suspected transmission
of an infectious agent via medicinal product).
Planned hospitalizations or prolongation of existing hos-
pitalization as a result of the following causes need not to
be reported as SAE:
«+ drug application.
« test procedure required in the protocol.
« hospitalizations for diagnostic measures only.
« technical, practical, or social reasons, in absence of
an adverse event.
+ surgical intervention or other measures and the
conditions leading to these measures are not AEs,
if the condition leading to the measure was present
prior to inclusion into the trial.
« stay at rehabilitation clinic.
Medical Dictionary of Regulatory Activities (MedDRA)-
Coding will be used. All AE, SAE and SUSAR occurring
after entry into the study and until day 14 after amanta-
dine treatment (Visit 7) will be recorded. Within 24 h of
occurrence, the adverse event has to be reported to the
ZKS Tuebingen. The principle investigator or sponsor
will determine relatedness of an event to study drug and
decides potential termination of Amantadine treatment.
The study will monitor for the following adverse events
daily during patient examination: epileptic seizure, spas-
ticity, ECG QTc>480 ms, arrythmia, heart failure and
hallucinations.

Frequency and plans for auditing trial conduct
No auditing is planned.

Plans for communicating important protocol amendments
to relevant parties (e.g., trial participants, ethical
committees)

Any modifications of the procotol including changes
to primary or secondary outcome, sample size calcula-
tion, eligibility criteria, study procedures and statisti-
cal analysis will require an amendment to the protocol.
This amendment will be approved by the local ethics
committee.

Dissemination plans
Study results will be reported by publication in a pubmed
listed medical journal. We would like to emphasize, that
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the results will be reported regardless of the magnitude
or direction of effect. Individual patients will be informed
of the results of the completed study upon request.

Discussion

Disorders of consciousness with persisting coma are pre-
senting a major challenge in the clinical practice of neu-
rointensive care patients. Despite the lack of high-quality
data supporting efficacy of pharmacological intervention
targets in neurotransmitter pathways, medication for
neuroenhancement is commonly used to support reha-
bilitation of patients with disorders of consciousness
[44]. To present, no treatment recommendation can be
made regarding persisting coma in neurointensive care
patients as clinical trials are generally lacking. Moreover,
pharmacological treatments proposed and discussed for
disorders of consciousness target heterogenous aspects,
i.e., awareness, consciousness, responsivity, survival and
functional outcome. In the area of traumatic brain injury,
there are prospective data available that have led to treat-
ment recommendations [45]. However, only one trial on
amantadine in traumatic brain injury was methodologi-
cally robust, although affected by limitations. The main
outcome measured neurological recovery rather than
consciousness, but amantadine lost efficacy at post-treat-
ment follow-up, and narcotics were used more in the pla-
cebo group [21].

Within the field of non-traumatic brain injuries, espe-
cially strokes, there only exists good clinical experience
as well as promising retrospective and review [22, 29, 46]
data. Hence, there is a significant unmet need for con-
trolled and prospective datasets within clearly defined
patient collectives. We assume that within such a study
the amantadine effect on the enhancement of vigilance
in non-traumatic brain injury can be objectified. The
advantage of an increased vigilance is improved partici-
pation in early rehabilitation, leading to a better func-
tional outcome for the patients. This relevant potential
benefit of the study clearly outweighs the putative risk of
amantadine, a medication that has been known for many
years, for instance from the treatment of Parkinson’s
Disease. Further, the well-known side effects described
above can be anticipated and well handled. Beyond this
assumed individual benefit it is expected that the results
of this study will be of significant long-term importance
to improve therapeutic standards in acute neurointen-
sive care unit patients in general. Indeed, recently, one
of the first comprehensive studies in this field [46] has
shown that amantadine medication leads to an improve-
ment of vigilance even in patients with non-traumatic
brain injuries (especially those with AIS, ICH and SAH)
after five days of treatment. The authors concluded that
these results should be confirmed in further studies also
considering the functional outcome of patients which
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will be part of our secondary endpoints. Further, they
emphasized that epileptic seizures should be considered
as a main side effect of amantadine treatment, which we
will try to strictly control for via repeated EEG analyses.
On the other hand, the risk of increased seizure activ-
ity and decreased convulsive threshold emerged after
reports of seizures induced in the setting of drug overuse.
More recent reports in adult and pediatric patients with
either traumatic brain injury or epilepsy and amantadine
therapy suggest that there is either no difference or even
a decreased seizure incidence in patients receiving stimu-
lant therapy [21, 28, 47]. Overall, in the clinical setting,
the potential benefit in enhancing functional recovery
and consciousness outweighs the risk of seizure exac-
erbation. Additionally, our patients will be monitored
closely during the initiation of therapy. The longitudinal
EEG recordings will be used not only to monitor adverse
events, but also changes in consciousness.

From a methodological point of view, one shortcoming
of the current study might be that the GCS is very well
established and easy to conduct on the one hand but may
lead to practical limitation in intubated patients on the
other hand. This is why we plan to perform several other
neuropsychological test scores, too, with the goal to vali-
date the optimal endpoint within this treatment design.
Further, it will be important for the success of the ANNES
study that reduced vigilance must not be explained to a
significant extent via a known mechanism, e.g., sepsis,
disturbance of electrolytes or status epilepticus, which
are common in intensive care unit patients, as well. How-
ever, in nearly all of the above-mentioned situations it
will be crucial to untangle the effects of a reduced level
of consciousness directly induced by the primary disease
from those associated with a superimposed delirium [48].
This is why, we plan to regularly perform laboratory anal-
yses, EEG analysis and the ICDSC score. Furthermore,
for assessment of responsiveness to medical neuroen-
hancement it finally might be crucial, where appropriate,
to stratify the patients according to the anatomical loca-
tion of their CNS lesion [49].

Ethically, a characteristic challenge of the ANNES will
be the receipt of informed consent as the investigated
study collective is per definition suffering from reduced
consciousness and therefore not in a position to provide
written informed consent. It is planned that the patient’s
legal representative will give written informed consent.
Inclusion of a patient is also possible if two independent
physicians agree to include the patient in the study. In
this case the informed consent of the patient or his/her
legal representative will be sought retroactively as soon
as possible. In case of regained consciousness, the subject
has the right to object to study participation at any time.
The subject’s participation in the study is then terminated
immediately.
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In summary, the goal of pharmacologic neuroenhance-
ment therapy using amantadine in neurointensive care
patients with acquired, non-traumatic lesions is centered
around the restoration of the balance of neurotransmitter
networks to accelerate recovery of neurological function,
stimulate emergence from disorders of consciousness
and to maximize functional outcome. The importance of
supporting patient recovery and rehabilitation cannot be
overstated as early and intensive neurorehabilitation can
improve long-term functional outcome [50]. ANNES as
an investigator-initiated, monocenter, phase IIb, proof
of concept, open-label pilot study will provide impor-
tant information and data in the context of disorders of
consciousness in neurointensive care patients with non-
traumatic brain injuries. These data can be used for a
following placebo-controlled study to investigate the effi-
cacy of amantadine in neurointensive care patients with
persisting coma and disorders of consciousness regard-
ing homogenous patient population, and the choice of
the right outcome parameter toward motor, cognitive
or functional domains. The GCS as commonly used
outcome measure could be insensitive to detect subtle
changes in neurobehavioral function, therefore we will
examine different outcome scales to identify accurately
whether a patient is responsive to neuroenhancement
therapy. Finally, changes in the state of consciousness will
be objectified by repeated EEG measurements providing
valuable data for the application of resting-state EEG for
the diagnosis of disorders of consciousness and outcome
prediction. The data collected in this process may yield
important insights in the pathophysiology of impaired
consciousness giving implications for new therapy
options.

Trial status

The current Protocol Version is No. 3.0, 2023-Feb-22,
Amendment No.4. Recruitment began on 21st March
2023. The duration of the recruitment period is approxi-
mately 16 months.
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