
1Othman MH, et al. BMJ Neurol Open 2024;6:e000584. doi:10.1136/bmjno-2023-000584

Open access 

Detecting signatures of consciousness in 
acute brain injury after stimulation with 
apomorphine and methylphenidate: 
protocol for a placebo- controlled, 
randomized, cross- over study

Marwan H Othman    ,1 Kirsten Møller,2,3 Jesper Kjaergaard,3,4 
Daniel Kondziella    1,3

To cite: Othman MH, Møller K, 
Kjaergaard J, et al.  Detecting 
signatures of consciousness 
in acute brain injury after 
stimulation with apomorphine 
and methylphenidate: protocol 
for a placebo- controlled, 
randomized, cross- over 
study. BMJ Neurology Open 
2024;6:e000584. doi:10.1136/
bmjno-2023-000584

Received 14 November 2023
Accepted 04 December 2023

1Department of Neurology, 
Rigshospitalet, Copenhagen 
University Hospital, Copenhagen, 
Denmark
2Department of 
Neuroanesthesiology, 
Rigshospitalet, Copenhagen 
University Hospital, Copenhagen, 
Denmark
3Department of Clinical 
Medicine, University of 
Copenhagen, Copenhagen, 
Denmark
4Department of Cardiology, 
Rigshospitalet, Copenhagen 
University Hospital, Copenhagen, 
Denmark

Correspondence to
Dr Daniel Kondziella;  
 daniel_ kondziella@ yahoo. com

Protocol

© Author(s) (or their 
employer(s)) 2024. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
Introduction Acute brain injury can lead to states of 
decreased consciousness, that is, disorder of consciousness 
(DoC). Detecting signs of consciousness early is vital for DoC 
management in the intensive care unit (ICU), neurorehabilitation 
and long- term prognosis. Our primary objective is to investigate 
the potential of pharmacological stimulant therapies in eliciting 
signs of consciousness among unresponsive or low- responsive 
acute DoC patients.
Methods In a placebo- controlled, randomised, cross- over 
setting, we evaluate the effect of methylphenidate and 
apomorphine in 50 DoC patients with acute traumatic or 
non- traumatic brain injury admitted to the ICU. Patients are 
examined before and after administration of the trial drugs 
using (1) neurobehavioural scales to determine the clinical 
level of consciousness, (2) automated pupillometry to record 
pupillary responses as a signature for awareness and (3) near- 
infrared spectroscopy combined with electroencephalography 
to record neurovascular coupling as a measure for cortical 
activity. Primary outcomes include pupillary dilations and 
increase in cortical activity during passive and active 
paradigms.
Ethics The study has been approved by the ethics committee 
(Journal- nr: H- 21022096) and follows the principles of the 
Declaration of Helsinki. It is deemed to pose minimal risks and 
to hold a significant potential to improve treatment options for 
DoC patients. If the stimulants are shown to enhance cortical 
modulation of pupillary function and neurovascular coupling, 
this would warrant a large multicentre trial to evaluate their 
clinical impact.
Dissemination Results will be available on EudraCT,  clin ical 
tria lsre gister. eu and published in an international peer- reviewed 
journal.
Trial registration number EudraCT Number: 
2021- 001453- 31.

INTRODUCTION
Searching for signs of preserved consciousness 
in clinically unresponsive patients with brain 
injury
Patients with severe acute brain injury typically 
enter a coma.1 While many either die2 3 or quickly 

recover consciousness, others remain within the 
broad spectrum of disorders of consciousness 
(DoC) for weeks, months or even years.4–8 It is 
crucial for DoC patients in the intensive care unit 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ This first study to investigate multiple treatments in 
patients with acute disorders of consciousness aims 
at promoting consciousness.

WHAT THIS STUDY ADDS
 ⇒ It focuses on identifying novel biological markers of 
consciousness through bedside technologies, includ-
ing automated pupillometry and near- infrared spec-
troscopy combined with electroencephalography.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The goal is to determine if apomorphine and meth-
ylphenidate can effectively enhance cortical modu-
lation and neurovascular coupling, providing a basis 
for more extensive research into their clinical utility 
in the intensive care unit setting.

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ The study is the first to investigate multiple 
consciousness- promoting treatments in acute dis-
orders of consciousness (DoC) patients in the inten-
sive care unit (ICU).

 ⇒ The cross- over design helps to test different treat-
ments in a relatively small sample size of difficult- 
to- enrol ICU patients.

 ⇒ Nevertheless, compared with other interventional 
DoC studies, our sample size is comparatively large.

 ⇒ Multimodal assessments including clinical exam-
ination, automated pupillometry and near- infrared 
spectroscopy combined with electroencephalogra-
phy (NIRS- EEG) allows to investigate both clinical 
and proxy consciousness biomarkers.

 ⇒ Extraventricular drains and other intracranial devic-
es may interfere with the placement of an NIRS- EEG 
cap, leading to potential selection bias of enrolled 
patients.
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(ICU) that signs of (residual) consciousness can be detected 
as early as possible,9–13 as the recovery of consciousness is the 
most critical prognostic factor for long- term outcome.14 15 
In fact, when residual consciousness is overlooked, which 
may happen in up to 40% of DoC patients,16 this can have 
severe consequences because 70% of deaths in the ICU occur 
following a decision to withdraw life- sustaining therapy.17 For 
patients with severe acute brain injury, these decisions hinge 
on expectations regarding the patient’s potential to recover 
consciousness, even though the accuracy of current prog-
nostic indicators for assessing this potential is limited.18

Perhaps even more concerning is that 15%–20% of clin-
ically unresponsive DoC patients exhibit signs of preserved 
consciousness when advanced electroencephalography 
(EEG) and functional magnetic resonance imaging (fMRI) 
technologies are employed.19–22 Unfortunately, these patients 
go undetected in daily ICU practice because such technolo-
gies are not clinical routine.23

We have previously found neurovascular coupling 
between functional near- infrared spectroscopy (fNIRS) 
oxyhaemoglobin (0.07–0.13 Hz) and EEG band- power 
(1–12 Hz) signals based on wavelet coherence at the 
frontal areas to be sensitive and prognostic to changing 
consciousness levels.24 Furthermore, we have shown the 
possibility of detecting covert consciousness in patients 
with brain injuries when using automated pupillometry 
combined with active and passive paradigms.25 Applying 
these tools in the setting of ICU could provide us with 
more clinical information and help detect patients with 
preserved consciousness.

Pharmacological stimulant therapy for clinically unresponsive 
patients with brain injury
Pharmacological stimulant therapies such as apomor-
phine and methylphenidate can be administered in 
chronic DoC to stimulate arousal and awareness with 
low risks of serious adverse effects.26–32 Apomorphine 
is a potent dopamine agonist with direct stimulating 
effects on D1 receptors and D2 receptors. It is indicated 
for Parkinson’s patients with motor on- off phenom-
enon when treatment with levodopa is not sufficient any 
longer.33 In case reports and small- scale studies involving 
patients in a subacute to chronic state of DoC following 
traumatic brain injury (TBI), improvement in neurobe-
havioural scales was observed within days to weeks after 
daily infusion of ≥2 mg subcutaneous apomorphine.34 35 
Methylphenidate is a sympathomimetic stimulant with 
a more prominent effect on mental compared with 
motor activity. Methylphenidate increases the synaptic 
concentrations of dopamine and norepinephrine by 
inhibiting the reuptake in the striatum.36 Postcardiac 
arrest patients treated with either methylphenidate or 
amantadine showed improvements in terms of command 
following, survival until discharge and modified Rankin 
scale scores.37 Similarly, TBI patients treated with 0.3 mg/
kg methylphenidate two times per day had significantly 
shorter ICU admissions, and in cases of severe injuries, it 
also resulted in reduced hospital admissions.38 Although 

the clinical effect size seems modest, stimulants may thus 
improve functional and cognitive function in patients 
with other chronic brain injuries.39–41

Stimulants to detect signatures of consciousness recovery 
before clinical improvement
Neither apomorphine nor methylphenidate have been 
firmly evaluated in the acute phase of traumatic or non- 
TBIs. Given the modest clinical effect size, very large trials 
would probably be necessary to detect effects on clinical 
outcomes. In the ICU, this is not feasible with the current 
state of evidence. To bridge this gap, we suggest that a 
smaller trial could show if stimulants can improve biolog-
ical signatures of preserved consciousness, using easy- 
to- implement bedside technologies, before detectable 
clinical improvement occurs. In other words, if stimulants 
such as apomorphine or methylphenidate could improve 
cortical modulation of pupillary function (detectable 
with automated pupillometry,25 42) and/or neurovascular 
coupling in the brain (detectable with NIRS- EEG,24), then 
larger trials might be warranted to assess clinical effects.

Study objectives
The primary objective is to investigate, in a placebo- 
controlled, randomised, cross- over setting: (1) the poten-
tial effects on pupillary function and neurovascular 
coupling with administrations of 20 mg methylphenidate 
in patients with acute DoC and (2) the potential effects 
on pupillary function and neurovascular coupling with 
subcutaneous injections of 2 mg apomorphine in patients 
with acute DoC (proxy biomarkers for consciousness 
levels).

The secondary objective is to assess, in a placebo- 
controlled setting, potential clinical effects on conscious-
ness with administration of 20 mg methylphenidate and 
subcutaneous injection of 2 mg apomorphine, respec-
tively, in patients with acute DoC (clinical consciousness 
levels).

METHODS AND ANALYSIS
We will include 50 patients with DoC and acute trau-
matic or non- TBI. Each patient is examined at inclusion 
using the Full Outline of UnResponsiveness (FOUR43) 
and Simplified Evaluation of CONsciousness Disorders 
(SECONDs44) scales to determine the suitable diag-
nosis of DoC: coma, vegetative state (VS)/unrespon-
sive wakefulness syndrome (UWS), minimally conscious 
state (MCS) (minus/plus) or emergence from MCS (see 
table 1 for definitions and references). Patients meeting 
the inclusion criteria undergo a baseline assessment (T0) 
that includes automated pupillometry measurements 
and NIRS- EEG combined with passive and active para-
digms before receiving the randomised drug. Subse-
quently, repeated assessments are conducted at 15 min 
(T15) and 60 min (T60) after drug administration to align 
with the peak plasma concentration of apomorphine and 
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methylphenidate, respectively. Figure 1 illustrates the 
clinical protocol overview.

STUDY RECRUITMENT AND SETTING
Patients with acute DoC due to acute brain injury are 
prospectively recruited from the neurocritical, cardiolog-
ical, cardiothoracic and general ICUs of a tertiary referral 
centre (Rigshospitalet, Copenhagen, Denmark) plus a 
general ICU of another site (Bispebjerg Hospital, Copen-
hagen, Denmark). Screening and identification of partic-
ipants are carried out by primary investigator MHO.

Inclusion of study population
 ► Age ≥18 years.
 ► Patients with severe acute traumatic or non- TBI in 

an unresponsive state (coma, vs/UWS) or a low- 
responsive state (MCS) according to FOUR and 
SECONDs.

 ► Written informed consent for trial participation from 
next- of- kin.

Exclusion of study population
 ► Recovery of the ability to follow commands prior to 

enrolment.
 ► Pre- existing DoC.
 ► Pre- existing mental or severe physical impairments.
 ► Deafness or eye disease interfering with pupillary 

evaluations.
 ► Use of dopamine agonists or antagonists within six 

half- lives of the drug.
 ► Use of psychoactive or psychotropic substances within 

six half- lives of the drug.
 ► Clinically unstable requiring immediate neurological, 

medical or surgical management.

Consent
Once a patient is identified as a potential participant, the 
primary investigator proceeds to inform the next- of- kin 
about the clinical trial. If the latter is interested, a meeting 
is planned in a confidential environment to deliver rele-
vant information regarding the study. Provided a written 
consent is obtained, a trial guardian is contacted to ensure 

that the decision to participate in the study is made in 
accordance with the study criteria.

Intervention
Patients are randomised at inclusion to a schedule 
that consists of three consecutive visits, table 2 demon-
strates the stratified randomisation. Each visit contains 
an administration of one of three arms (two of which 
containing the active drug). The patients can have one or 
two visits per day with a minimum of 10 hours wash- out 
period in between to minimise the risk of carry- over 
effects. By completing a baseline followed by two assess-
ments, patients will serve as their own controls, thereby 
reducing the risk of natural recovery as a time- modified 
confounder.45

In each visit, the treatment will comprise either (1) 
20 mg methylphenidate tablet suspended in water and 
administered through a nasogastric (NG) tube, (2) 2 mg 
subcutaneous injection of apomorphine or (3) saline as 
placebo, administered through an NG tube or a subcuta-
neous injection.

To prevent observer bias and to examine effects of 
the active drugs in the best possible way, we are admin-
istering subcutaneous placebo injections matched for 
apomorphine fluid volume or placebo tablets suspended 
in water matched for methylphenidate fluid volume 
alongside each given drug at the particular session, for 
example, if the primary drug is to be an injection, a 
placebo tablet is suspended in water and administered 
through an NG tube and vice versa. See figure 2 for 
illustration of randomisation approach and protocol 
procedure.

Automated pupillometry
Pupillary responses to passive and active paradigms are 
recorded using the NeurOptics PLR- 3000 pupillometer, 
which we have previously used in the context of acute 
DoC.25 The objective is to trace signs of consciousness 
through active command- following tasks and passive 
auditory stimulation measured by pupillary dilation as a 
cortically mediated response.

Table 1 Disorder of consciousness

Disorder of consciousness Definition

Coma67 68
A state of profound unawareness, unresponsive to arousal, with an absent normal 
sleep- wake cycle. Typically lasts a few days to 3 weeks postacute brain injury.

Vegetative state/unresponsive 
wakefulness syndrome (VS/UWS)69

A state of wakefulness without awareness, where patients may open their eyes but 
exhibit only reflex behaviours.

Minimally conscious state (MCS)4 5 A state where the patients may exhibit inconsistent yet reproducible non- reflex 
behaviours in response to environmental stimuli. Patients are classified as MCS 
if they show signs such as pain localisation, visual fixation/tracking, appropriate 
emotional expressions (MCS minus), or if they can follow commands (MCS plus).

Emergence from MCS (eMCS)70 A state characterised by the recovery of functional communication (eg, the ability 
to answer yes/no questions) and/or the use of objects (correctly using at least two 
different everyday objects).
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Figure 1 Procedural overview of neurobehavioural assessment and cognitive function using Simplified Evaluation of 
CONsciousness Disorders (SECONDs) scale with bedside automated pupillometry and near- infrared spectroscopy combined 
with electroencephalograph (NIRS- EEG). Neurobehavioural evaluation using the SECONDs scale. This evaluation encompasses 
eight items: (A) observation of the patient’s spontaneous behaviour, (B) the patient’s ability to follow commands, (C) the capacity 
for communication, (D) the ability to visually track, (E) the ability to visually track fixate, (F) localisation of pain, (G) the display of 
oriented behaviour and (H) the degree of arousal, particularly eye- opening responsiveness. The patient is eligible for inclusion if 
items B and C are clinically absent. The data acquisition phase involves using automated pupillometry and an NIRS- EEG set- 
up—integrating near- infrared spectroscopy and EEG—to monitor patients’ responses to auditory and mental arithmetic stimuli. 
This multimodal approach records pupillary responses, haemodynamic changes in brain oxygenation (HbO2 levels) and EEG 
brain activity. The set- up for the NIRS- EEG includes seven detectors, eight sources with short channels and a comprehensive 
32- channel EEG. Data recording occurs three times within each visit: initially at baseline (T0), then following a pharmacological 
intervention at 15 min (T15), and lastly after 60 min (T60). From the data collection process, three key types of data are generated. 
First, the protocol measures the frequency of pupillary dilations for each stimulus paradigm, which reflects the degree of 
induced cognitive load. Second, it monitors changes in haemodynamic HbO2 levels in the brain, providing insights into 
cerebral blood flow and oxygenation. Third, it examines EEG activity, interpretated by power spectral analysis and independent 
component analysis. The interplay between NIRS HbO2 concentrations and EEG band- power will finally be analysed to assess a 
potential increase in neurovascular coupling following drug intervention. The figure is an original work created by the first author 
(MHO), who has granted permission for its reuse in this context.

Table 2 Randomisation and treatment order

Treatment order Visit 1 Visit 2 Visit 3

1 Apomorphine Methylphenidate Placebo

2 Apomorphine Placebo Methylphenidate

3 Methylphenidate Apomorphine Placebo

4 Methylphenidate Placebo Apomorphine

5 Placebo Apomorphine Methylphenidate

6 Placebo Methylphenidate Apomorphine
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Near-infrared spectroscopy combined with 
electroencephalography
Recording neurovascular coupling in acute DoC is 
feasible and can effectively distinguish between levels of 
consciousness when processed with a machine learning 
algorithm.24 In this context, the device is used to assess 
the neurovascular coupling in acute DoC following stim-
ulant therapy, as outlined above.

Establishment of research biobank
To elucidate the pharmacokinetic- pharmacodynamic 
relationship of the administered drugs, blood samples 
of approximately 8 mL will be drawn at two specific 
time points, T15 and T60. These time points aim to 
capture the drug’s absorption and potential peak 
plasma concentration. Due to the rapid autooxida-
tion of apomorphine, we will collect blood samples 
using prechilled vacutainers containing K2EDTA and 

sodium fluoride as anticoagulants. Immediately after 
the blood draw, we will add a 0.15 mL solution of 6% 
ascorbic acid and mix it thoroughly.46 47 The samples 
will then be centrifuged and securely stored at −80°C 
in a research biobank. These samples will be anal-
ysed to determine the plasma concentration of the 
administered dosages. By doing so, we can correlate 
the observed clinical effects, pupillary responses and 
increased neurovascular coupling with the actual drug 
levels in the bloodstream, offering insights into how 
the trial drugs exert their effects.

Preparation of drugs
Preparation of trials drugs is handled by research 
assistant nurses, while injections and tablets are given 
by the blinded investigator. The research assistant 
nurses will have at least one coobserver, and both are 
obliged to sign and fill out a medical form to verify 

Figure 2 Randomisation approach and administration methods for treatments (A). Fifty patients with acute disorders of 
consciousness (either vegetative state/unresponsive wakefulness syndrome or minimal consciousness state) following acute 
brain injury are assigned randomly to a schedule of three- arm treatments spread over three visits. These treatments consist 
of 2 mg apomorphine (orange), 20 mg methylphenidate (green) and a placebo (grey). The clinical assessment process for each 
visit (B). During each visit, the patients undergo three examinations incorporating automated pupillometry and near- infrared 
spectroscopy combined with electroencephalography (NIRS- EEG), along with passive and active paradigms. Each examination 
follows a timeline. First, a baseline assessment (T0), which is followed by administration of the first drug. Subsequently, the 
examination is repeated at two time points: 15 min (T15) and 60 min (T60) after administration of the drug. The second and third 
visits follow the same pattern, but with administration of the second and third drugs, respectively. The figure is an original work 
created using biorender.com by the first and the last authors (MHO, DK), who have granted permission for its reuse in this 
context. DoC, disorder of consciousness.
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the allocated treatment according to the randomisa-
tion. This form will include the patient id, name of 
the given drug, date and time. The trial drugs have 
been approved by the Danish Medicine Agency and 
maximum tolerated dose is used to ensure that no 
positive effects are overlooked.

Unblinding procedure
To accommodate any emergency unblinding, a 24- hour 
emergency number to investigator is available in the ward 
and the electronic health records. Moreover, a sealed 
emergency unblinding envelope revealing the allocated 
intervention is placed next to the trial participants for 
at least the amount of time it takes for the drugs to be 
considered ‘washed- out’.

Power and sample size calculations
For this placebo- controlled, randomised, cross- over study, 
the sample size was determined using G*Power V.3.1 soft-
ware.48 49 Separate sample sizes were calculated for each 
primary outcome, and the largest sample size was selected.

Preliminary data from automated pupillometry 
combined with mental tasks revealed success rates of 70% 
(14 out of 20) among healthy volunteers and 39.5% (17 
out of 43) among neurological patients.25 To detect a clin-
ically relevant difference in pupillary dilations between 
baseline and after drug administration with a power 
of 0.80 and a two- tailed alpha of 0.05, we calculated a 
required control and case group size each of 41 subjects.

A similar calculation was conducted using the Wilcoxon- 
Mann- Whitney- U test to determine the required sample 
size for detecting a difference in neurovascular coupling. 
This calculation was based on preliminary NIRS- EEG 
data from two groups: ICU patients (n=9) and control 
neurological patients (n=14).24 An effect size of 1.07 was 
computed (means, 0.25 and 0.175; SD, 0.07), resulting in 
a requirement of 16 subjects.

Considering that each subject serves as their own 
control and to account for potential drop- outs, a total of 
50 subjects was determined as necessary for this study.

Outcome and analysis
Coprimary outcomes are (1) pupillary dilations during 
passive and active paradigms before and after admin-
istration of methylphenidate and apomorphine, as 
measured by automated pupillometry and (2) improve-
ment in neurovascular coupling following administration 
of methylphenidate and apomorphine, as measured by 
NIRS- EEG.

Secondary outcome is an improvement of conscious-
ness state following administration of methylphenidate 
and apomorphine, as measured by FOUR and SECONDs 
scales.

Automated pupillometry
We will assess pupillary dilations by comparing pupil sizes 
during passive and active paradigms to the immediate 
rest periods before and after administration of methyl-
phenidate and apomorphine, as measured by automated 

pupillometry. Each measurement from designated 
segments will be compared using a Student’s t- test, with a 
significance threshold set at 0.05.25 50

Near-infrared spectroscopy
Our NIRS set- up features eight sources and seven detec-
tors positioned at F1, F2, F5, F6, FC1, Fp1, Fpz, FC2, 
F3, F4, F7, F8, AFz, AF3 and AF4 to target the frontal 
areas including the prefrontal cortex, capturing neural 
dynamics associated with cognitive tasks and attention.51–53 
To optimise our measurements, we have integrated short- 
distance detectors to eliminate haemodynamic extracra-
nial interference. We will apply Monte Carlo simulations 
to produce a matrix detailing each channel’s spatial 
sensitivity to changes in cortical oxygen levels. Subse-
quently, we will evaluate haemodynamic baseline shifts by 
comparing average HbO2 levels during passive and active 
paradigms versus resting periods.

Electroencephalography
Using a 32- channel EEG setup, we will process and stratify 
the data into distinct levels of consciousness using an 
independent component analysis (ICA).24 Similarly, our 
EEG montage places emphasis on the frontal midline.53 54 
In our analyses, we will particularly contrast the power of 
both theta (4–7 Hz) and alpha (8–12 Hz) bands between 
resting and task periods.

Near-infrared spectroscopy combined with electroencephalography
In our integrated neuroimaging approach, the EEG 
montage with high temporal sensitivity is combined 
with the higher spatial sensitivity of the NIRS set- up. 
The final step of our analysis will delve into the relation-
ships between the neural and haemodynamic signals 
before and after administration of methylphenidate and 
apomorphine. Specifically, we will assess the neurovas-
cular coupling by evaluating the interplay between NIRS 
HbO2 concentrations and EEG band- power using Wavelet 
cross- spectrum analysis.24

Subanalysis
Given that methylphenidate is metabolised in the liver, its 
plasma excretion may be affected in some ICU patients 
with liver failure, which can be associated with acute brain 
injuries or the use of drugs that alter hepatic enzyme 
function. To address this variable, we plan to conduct a 
subanalysis that adjusts for patients with liver impairments. 
Additionally, depending on the statistical power available, 
we intend to perform another subanalysis focusing on 
patients who receive apomorphine prior to methylpheni-
date. This will help rule out that the observed effects are 
merely carry- over effects of methylphenidate.

DATA COLLECTION AND MANAGEMENT
The ICUs are screened daily for patients eligible for partic-
ipating in the study trial. Patients fulfilling the criteria for 
inclusion are stratified into ≤UWS or ≥MCS depending on 
the clinical state. Once a patient is included, a stratified 



7Othman MH, et al. BMJ Neurol Open 2024;6:e000584. doi:10.1136/bmjno-2023-000584

Open access

randomisation is conducted, and the assigned treatment 
order is revealed as shown in table 2.

Identification number, date and time of inclusion, clin-
ical consciousness state, patient demographics, medical 
history, ongoing medication, history with occurrence of 
serious adverse events (SAE), cause of admission, and 
laboratory results are collected and entered directly into 
a database that complies with Danish data safety legisla-
tion. Sensitive personal data will be handled according 
to GDPR rules, and after the completion of the study or 
expiration of the permission to handle information, all 
data will be deleted, destructed or anonymised.

Adverse event reporting
All AEs, serious or not, occurring after the first dose of 
investigational product (whether attributed to investiga-
tional product), are reported immediately on the initial 
report form by the investigator to the sponsor. In cases 
of SAE, immediate reports by investigator will be made 
without exceeding 24 hours following knowledge of the 
event. Medically significant AEs considered related to the 
investigational product by the investigator, or the sponsor 
are followed until resolved or considered stable.

The relationship of an AE to investigational product will 
be assessed by means of an evaluation of the risks and the 
plausibility: ‘Is there a reasonable possibility that the event 
may have been caused by the investigational product?’ 
All study participants will be monitored closely for AE, 
SAE and suspected unexpected serious adverse reaction 
(SUSAR) until six half- lives of the active substance with 
longest plasma lifetime has passed. In this case, meth-
ylphenidate with 3 hours; thus 18 hours of observation 
before the drug can be considered ‘washed- out’ and with 
no relation to any subsequent AEs.

An annual safety report is submitted by the sponsor to 
the Danish Medicines Agency and the Ethics Committee. 
The report includes a listing of all suspected serious 
adverse reactions, which have occurred over the study 
period and a report of the subjects’ safety.

ETHICS AND DISSEMINATION
The primary objective of this study is to investigate 
whether apomorphine and methylphenidate can 
promote signatures of consciousness in unresponsive or 
low- responsive patients admitted to the ICU with severe 
brain injury. Both methylphenidate and apomorphine 
have undergone rigorous evaluations in clinical settings 
for other medical conditions, and their side effects are 
firmly evaluated and well documented. For instance, 
methylphenidate, commonly prescribed for attention 
deficit hyperactivity disorder (ADHD), might cause symp-
toms such as nausea, anxiety, tachycardia and hyper-
tension,26–28 55 while apomorphine, used in Parkinson’s 
disease treatment, could lead to symptoms such as minor 
drowsiness, nausea, bruising from injection site or hypo-
tension.29–32 Their adverse effects, which range from mild 
to moderate, are manageable, especially within the ICU 

setting. The likelihood of SUSAR’s occurring from the 
use of these medications is extremely low, as comprehen-
sive clinical evidence has consistently shown their safety 
profile. It is crucial to highlight that during our study, 
participants will be under strict medical supervision, 
with comprehensive monitoring mechanisms in place to 
ensure their utmost safety. Therefore, the study is deemed 
to incur minimal risks to its participants and holds a signif-
icant potential to enhance treatment options available for 
patients with DoC.

The study is conducted according to The Danish law 
on health research in human subjects (Komitéloven) of 1 
September 2020. Additional approval has been obtained 
from the Danish Board on Medicines and Drugs (Lægem-
iddelstyrelsen) according to Komitéloven, § 21.

Written informed consent is obtained by next- of- kin 
as well as the trial guardian according to Komitéloven, 
§ 4, pt. 3. The decision may be withdrawn at any time 
without affecting the clinical treatment. However, to 
prevent skewed data and problems with study validity, we 
will retain any data that have already been sampled as well 
as future data related to the patient’s clinical treatment.

Positive, negative or inconclusive data will be uploaded 
on EudraCT, registered at  clin ical tria lsre gister. eu, and 
published in an international peer- reviewed journal 
according to the Declaration of Helsinki.

DISCUSSION
The landscape of DoC is marked by complexity, uncer-
tainty and similar profound challenges for both patients, 
caregivers and healthcare providers.56 57 For years, the 
ability to accurately detect and predict consciousness 
recovery in DoC patients has eluded medical science, 
leaving patients and their families in a state of uncertainty 
and despair.16 19 However, recent years have brought 
significant advancements in the approach to DoC treat-
ment, specifically with the increased emphasis on phar-
macological interventions.40 58 59

Despite these promising achievements, it is crucial to 
recognise the limitations that continue to impede prog-
ress in the search of pharmacological interventions for 
DoC treatment. The available evidence supporting the 
use of these interventions remains relatively limited, 
primarily based on studies involving subacute to chronic 
DoC patients, often characterised by small sample sizes 
and modest clinical effect sizes. Addressing this pressing 
demand requires concerted effort from researchers, 
healthcare professionals and policy- makers to seek inno-
vative solutions. One solution involves the promotion 
of multicentre studies with cross- over designs, aimed at 
increasing participant numbers and evaluating multiple 
drugs, mitigating the challenges posed by small sample 
sizes and inconsistent research methods.

The present protocol outlines the first double- blinded, 
randomised, placebo- controlled study with a multi-
centre cross- over design aimed at evaluating the effects 
of apomorphine and methylphenidate in acute DoC 
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patients. It also seeks to validate the accuracy and effi-
ciency of novel technologies, such as automated pupillom-
etry and NIRS- EEG, for detecting consciousness bedside 
in acute DoC patients. This allows us to investigate both 
clinical and proxy consciousness biomarkers. Moreover, 
by employing a multicentre cross- over approach, to our 
knowledge, we are conducting the hitherto largest clin-
ical drug trial on apomorphine and methylphenidate in 
acute DoC for patients with traumatic and non- TBIs.

So far, only three pharmacological agents have been 
investigated in randomised clinical trials in DoC: aman-
tadine,60–62 zolpidem63 and methylphenidate.38 Aman-
tadine, in particular, has emerged as a recommended 
treatment for patients with DoC following TBI for the 
purpose of accelerating consciousness recovery, as per the 
American Academy of Neurology Guidelines for Disor-
ders of Consciousness from 2018.64 However, in cases 
where patients do not respond to amantadine, alternative 
stimulant therapies such as methylphenidate or zolpidem 
are also suggested. In fact, there is a growing recognition 
that DoC is not a uniform condition; rather, it manifests 
in diverse clinical profiles and trajectories.65 This recog-
nition has prompted a paradigm shift towards tailoring 
treatments based on coma endophenotypes, acknowl-
edging that a one- size- fits- all approach may not be effec-
tive for all DoC patients. This underscores the need to 
explore a broader spectrum of treatment alternatives, 
spanning both pharmaceutical and non- pharmaceutical 
approaches.65

Indeed, the approach of using dopaminergic agonists 
to enhance arousal relies on initial findings from limited 
studies and case reports, but also from the mesocircuit 
model that offers an understanding of how dopaminergic 
agonists might benefit DoC patients.66 According to this 
model, severe brain injuries could compromise the ante-
rior forebrain. This disruption may result in diminished 
dopamine levels and synaptic activity in consciousness- 
related areas. In particular, medium spiny neurons rely 
on high levels of synaptic activity and dopaminergic influ-
ences to control the internal globus pallidus. Without this 
control, there is a sustained inhibition of the central thal-
amus, leading to prolonged suppression of the anterior 
forebrain. Building on this theory, dopaminergic agonists 
such as apomorphine and methylphenidate might help 
restore neural connections and amplify synaptic activity, 
offering potential improvements for DoC patients. See 
figure 3 for a detailed description.

Limitations
Our clinical trial aims to provide valuable insights, but it is 
not without limitations. Given the relatively modest effect 
sizes reported in current studies, truly ascertaining the 
impact of apomorphine and methylphenidate on clinical 
outcomes demands more extensive trials. Thus, we have 
directed our primary objective towards understanding 
improvements in cortical modulation of pupillary func-
tion and the neurovascular coupling of the brain following 
administration of apomorphine and methylphenidate. 

As such, our sample size determination is hinged on a 
detectable clinical effect size specific to these modalities. 
While we have made provisions for potential drop- outs, 
the unpredictable nature of ICU environments means 
our anticipated dropout rate may be conservative. As the 
study progresses, we might find it necessary to increase 
patient inclusions to account for this. Another crucial 
aspect to consider is the heterogeneity of our patient 
population. Since DoC patients can vary widely in terms 
of injury severity, underlying causes and individual neuro-
physiological responses, this could introduce significant 
variability in our findings. Nevertheless, while variability is 
a concern, the diverse population mirrors the real- world 
complexity of ICU settings, thereby enhancing the gener-
alisability of our findings. Finally, patients in neurocrit-
ical care are often treated with extraventricular drains 
and other intracranial devices that may interfere with 
the placement of the NIRS- EEG cap. This could lead to a 
potential selection bias of enrolled patients.

In conclusion, when considering the global prevalence 
of DoC cases,1 expediting progress in treatment options is 
paramount. There persists a lack of awareness about DoC, 
both among the general public and within the medical 
community. This lack of awareness translates into insuf-
ficient funding for DoC research and limited evidence- 
based treatments.56 57 Through our multicentre cross- over 
design protocol, we intend to close the knowledge gap 
and pave the way for further research. Our ultimate goal 
is to shed light on diagnostics and treatment options for 
DoC, believing that such study formats can strengthen 
the evidence behind potential therapies.
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