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Abstract

Purpose of review Mobile stroke units (MSU) have established a new, evidence-based treatment in prehospital stroke care,
endorsed by current international guidelines and can facilitate pre-hospital research efforts. In addition, other novel pre-
hospital modalities beyond the MSU are emerging. In this review, we will summarize existing evidence and outline future
trajectories of prehospital stroke care & research on and off MSUs.

Recent findings The proof of MSUs' positive effect on patient outcomes is leading to their increased adoption in emergency
medical services of many countries. Nevertheless, prehospital stroke care worldwide largely consists of regular ambulances.
Advancements in portable technology for detecting neurocardiovascular diseases, telemedicine, Al and large-scale ultra-early
biobanking have the potential to transform prehospital stroke care also beyond the MSU concept.

Summary The increasing implementation of telemedicine in emergency medical services is demonstrating beneficial effects
in the pre-hospital setting. In synergy with telemedicine the exponential growth of Al-technology is already changing and will
likely further transform pre-hospital stroke care in the future. Other promising areas include the development and validation
of miniaturized portable devices for the pre-hospital detection of acute stroke. MSUs are enabling large-scale screening for
ultra-early blood-based biomarkers, facilitating the differentiation between ischemia, hemorrhage, and stroke mimics. The
development of suitable point-of-care tests for such biomarkers holds the potential to advance pre-hospital stroke care out-
side the MSU-concept. A multimodal approach of Al-supported telemedicine, portable devices and blood-based biomarkers
appears to be an increasingly realistic scenario for improving prehospital stroke care in regular ambulances in the future.
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Introduction

Neurological disorders and among these acute neurovascular
diseases like stroke are primary contributors to global dis-
ease burden [1]. This has led to the formulation of specific
plans to improve stroke care by pan-national professional
organizations and health care providers [2, 3]. The time-crit-
ical nature of acute stroke (reflected by the axiom “time is
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brain”) is continuously prompting researchers and clinicians
to develop new and to optimize already-existing therapeutic
strategies to maximize effectiveness by minimizing latency
to treatment. One of the most recognizable advancements
in the treatment of acute stroke within the last decade cer-
tainly was the development of mobile stroke-units (MSU).
MSUs are ambulances equipped with a CT-scanner for brain
imaging (including CT angiography), a point-of-care labo-
ratory, a telemedical interface and a specialized medical
team. MSUs therefore allow for the on-scene confirmation
of stroke suspicion and ultra-early initiation of drug therapy
for ischemic and hemorrhagic stroke as well as targeted and
direct hospital transfer of patients in need for further endo-
vascular or surgical treatment. Even though the number of
MSU operators around the world is constantly increasing,
prehospital stroke care to date still largely consists of regular
ambulances. In this review, we summarize the current prac-
tice and outline future perspectives of prehospital stroke care
and research on and off mobile stroke units.
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Past, Present & Future of Mobile Stroke Units

After the first conceptualization of the idea of a mobile
stroke unit in 2003 [4] several subsequent clinical stud-
ies demonstrated that mobile stroke units improve metrics
of stroke care (such as “onset to treatment-time”, rate of
“golden hour” thrombolysis, rate of thrombolysis, triage to
the required level of care) compared to treatment by regular
ambulances [5—-13]. Recently, two large, controlled studies
showed improved functional outcomes after dispatch or use
of MSU.

The prospective, controlled interventional trial spear-
headed in Berlin (B_PROUD') compared 749 patients who
received MSU-treatment with 794 patients treated by a con-
ventional ambulance with the primary outcome being the
degree of disability as quantified by the modified Rankin
Scale-Score (mRS) and a 3-tier disability scale at day 90
[14]. MSU-Treatment was associated with a favorable shift
in the distribution of the mRS-Score, as well as survival and
autonomy in daily living.

Conducted in several cities in the United States, the
prospective, multicenter, cluster-controlled “BEST-MSU”
Trial? compared 617 patients with ischemic stroke eligible
for rt-PA treatment who received care by a MSU with 430
patients treated by emergency medical services [15] with
regard to the degree of disability (mRS) at day 90. Patients
who had been treated by an MSU prehospitally had more
favorable outcomes. 53.5% of the patients in the MSU group
had a favorable mRS-Score of 0—1 compared to 45.5% in the
EMS group.

Sequential meta-analyses conducted to evaluate the
cumulative evidence showed that the employment of mobile
stroke units is correlated with better outcomes, as denoted by
mRS-score ranging from 0 to 2 (indicating no significant dis-
ability to slight disability). Furthermore, MSUs reduced the
time from symptom onset to start of thrombolytic treatment
by on average 30 min. Additionally, a higher proportion of
patients received intravenous thrombolysis, both in general
and specifically within the first 60 min after symptom onset
("golden hour”) [16]. The administration of thrombolysis
within the first hour is associated with a duplication of the
odds for excellent clinical outcome [17]. Additionally, the
possibility of intracranial vascular imaging via on-site CT-
angiography in severely affected individuals allows for the
identification of large-vessel occlusions and direct trans-
portation to hospitals with thrombectomy capability. The

! Berlin Prehospital Or Usual Delivery of Acute Stroke Care [B_

PROUD].

2 BEnefits of Stroke Treatment Delivered Using a Mobile Stroke
Unit Compared to Standard Management by Emergency Medical Ser-
vices: The BEST-MSU Study.
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growing evidence concerning beneficial effects of mobile
stroke units led to the first international guideline endors-
ing MSU-treatment to improve prehospital care of patients
with suspected stroke [18]. In parallel, cost—benefit analyses
have been conducted in several countries [19-23] and sug-
gest—together with consecutive meta-analyses [24]—an
acceptable cost-effectiveness of MSU-deployment. In view
of the evidence now available on the benefits and cost-effec-
tiveness of mobile stroke units, members of the Prehospital
Stroke Treatment Organization [25] are working together
with health insurers to develop an appropriate reimburse-
ment strategy to allow for regular MSU use.

Apart from their role in patient care, MSUs have a great
potential to further advance prehospital stroke care by serv-
ing as “prehospital research platforms”. The presence of a
specialized team aboard most MSUs, together with point-
of-care imaging and laboratory equipment creates a mobile
research unit. The fact that these MSU teams are specifi-
cally sent to patients with suspected acute stroke, creates
an outstanding potential to scientifically investigate the
pathogenesis of acute ischemic and hemorrhagic stroke in
a time window that had largely been inaccessible to science
so far. Through standardized, collaborative and international
research efforts by MSU operators around the world, MSUs
will likely become an integral part of the future scientific
landscape in acute neurology.

Nevertheless, regular ambulances are still the predomi-
nant way of prehospital stroke care worldwide. This is in
part due to resource limitations in lower income countries
and communities, but also related to geographic barriers
making MSUs, at least currently, impractical in some low-
population density settings with current dispatching strate-
gies. In the subsequent section we will discuss emerging
fields with great potential to improve prehospital stroke care
already now or otherwise in the near future and most impor-
tantly outside of classical MSUs aboard regular ambulances.
These innovations include telemedicine, use of artificial
intelligence in emergency medical services, the development
of new imaging techniques for stroke and the first-time pos-
sibility to implement large-scale, ultra-early biobanking to
facilitate biomarker discovery.

Telemedicine & Artificial Intelligence

Telemedicine has been used in acute stroke care for over
more than two decades [26, 27] with its predominant use
for supporting remote hospitals lacking onsite neurologists.
Utilization of telemedicine had also been suggested for
assessing stroke patients during out-of-hospital emergency
care and guide prehospital treatment [28] but low bandwidth
and unreliable mobile communication availability limited its
applications until recent years. The advancements both in
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device technologies and mobile data transmission coverage
have opened new opportunities. Telemedicine can be used
at different stages of prehospital emergency care and may
be complemented by artificial intelligence.

The widespread availability of smartphones with vid-
eotelephony capacity and other wearable devices might be
a promising resource to improve stroke recognition at dis-
patcher level. A dispatcher able to visually assess a patient,
could lead to improved dispatching especially of helicopters
in remote areas or MSUs in rural and metropolitan areas.
In a study conducted by Linderoth et al. in Copenhagen,
Denmark the technical feasibility of videotelephony during
dispatch procedures was demonstrated and led to a change
in the dispatchers’ assessment of patient conditions in 51.1%
of the cases [29]. Recent meta-analyses point towards a ben-
eficial effect on patients outcomes, especially in the setting
of prehospital cardiac arrest [30, 31] and current guidelines
in this field recommend further scientific evaluation of the
concept [32]. The current advent of artificial intelligence
will likely also have a transformative effect within the field
of emergency medicine in general and prehospital stroke
care in particular. The most common method of assessing
an emergency is still the speech-based exchange of informa-
tion between the emergency caller and the dispatcher with
a human review of a rule-based algorithm [33]. This makes
it an excellent application for Large Language Model-based
machine learning approaches and studies in this field show
promising results [34, 35]. The possible applications are
broad. They encompass real-time translation when language
barriers are present, analysis of speech patterns and content
to identify the correct diagnosis [36—38], optimizing naviga-
tion to and from the incident scene e.g. by preemptive traffic
light control to prioritize emergency vehicles in areas with
crowded intersections [39], analysis of health-data to guide
diagnosis [40] and could potentially also result in preemp-
tive models of dispatch by integrating personal health data
via electronic health records and by inclusion of real-time
GPS-data of emergency vehicles with regard to the fore-
casted demand—supply-ratio in a specific area (for further
review see [37, 38]). In the field of stroke, several studies
are currently investigating Al-guided EMS dispatching [43].

Video examination in camera-equipped non-spezialized
ambulances is currently becoming increasingly available and
image-based deep learning applications can be envisioned
to help with the identification of patients with stroke also on
regular ambulances [44, 45]. Large language model-based
approaches are already being investigated for their feasi-
bility to increase the detection rate of patients with stroke
from paramedic reports [46]. Especially aboard regular
ambulances, telemedicine has been shown to be a feasible
approach to identify reperfusion candidates through tele-
neurological assessment. In a study conducted by Scott et al.
in New Zealand, telemedical consultation was initiated when

paramedics had the suspicion of stroke and the accuracy of
remote neurological assessment as well as a stroke-score-
based approach (prehospital acute stroke triage and assess-
ment, PASTA) conducted by a paramedic was examined. A
remote neurological examination through a video-audio con-
nection was equal to an in-person neurological examination
in the emergency department and showed a predictive accu-
racy of 80% with regard to the rate of administered reperfu-
sion therapies [47]. Alternatives to this approach encompass
specialized stroke training for paramedics to speed up the
detection of patients with stroke. In a survey conducted by
Melaika et al. 44.8% of paramedics perceived their prehos-
pital stroke care knowledge as inadequate [48]. The frequent
use of prehospital stroke scales like e.g. RACE, G-FAST or
CG-FAST could also lead to better treatment metrics aboard
regular ambulances, even though the limitations of these
approaches concerning sensitivity and specificity are well
known [49, 50]. Lastly, public health campaigns to further
educate patients about stroke symptoms and the time-critical
nature of the disease could lead to a changed help-seeking
behavior with earlier consultation of emergency medical
services [51].

New Technologies

Additional strategies for enhancing the efficiency of pre-
hospital care for stroke patients beyond CT-equipped MSU
predominantly concentrate on the development of new and
the refinement of existing technological approaches aimed at
accurate identification of strokes, their subtypes (ischemic or
hemorrhagic) and stroke-mimicking diseases (stroke-mim-
ics) aboard regular ambulances. Recent advances in the field
of low-field MRI scanners, which offer advantages like lower
weight, reduced electrical needs and a permanent magnetic
field, have led to the construction of mobile MRI devices
[52, 53]. Concept studies of mobile point-of-care MRI
devices within a telemedicine-equipped ambulance exist
and show, that MRI images can be generated during active
patient transportation [54]. It is unclear whether and how
these advances can or need to be translated into a broader
scale given the associated costs of development and the
existing evidence for the utility of CT-equipped MSUs, even
though certain scenarios might exist, in which an MRI-based
approach could be useful (wake-up-stroke, stroke-mimics).
Similar approaches trying to further miniaturize mobile CT
scanners to reach geographically more challenging areas by
land or air are already conceptualized [55, 56] and could
complement existing concepts in this field [57].

The use of transcranial doppler-sonography (TCD) is
the gold-standard for point-of-care vascular evaluation of
patients with stroke in the hospital. Due to its small size,
comparably low prize, easy portability and the possibility

@ Springer



318

Current Neurology and Neuroscience Reports (2024) 24:315-322

of repeated measurements, TCD has already been investi-
gated prehospitally for the use of prehospital LVO detec-
tion (for further review see [58, 59]). Even though studies
continue to underscore the excellent diagnostic metrics of
non-contrast TCD [60] and new sonographic biomarkers
are being evaluated [61], prehospital validation is largely
missing and could be challenging to achieve, as perform-
ing and interpreting a TCD measurement reliably and
swiftly in a prehospital emergency setting requires a corre-
spondingly high level of examiner expertise. On the other
hand, efforts made in automated and contrast-enhanced
ultrasound examinations, show promising results. The
SONAS device is a portable ultrasound device designed
to function like and resemble a headset. Together with the
application of ultrasound contrast very small pilot studies
could demonstrate the principal feasibility of this approach
for detection of LVO-associated disturbed brain perfusion
[62, 63]. In other fields, automated TCD is also increas-
ingly investigated. Clare et al. could show feasibility for
detection of vasospasm with the NovaGuide robotic TCD
system in patients with subarachnoid hemorrhage on a
neurological ICU [64]. Prehospital evaluation though is
largely lacking currently. Taken together prehospital, auto-
mated TCD has the principal feasibility to help in the iden-
tification of patients with large-vessel occlusions and tran-
scranial color coded dopplersonography has the capability
to detect deep intracerebral, supratentorial hematoma [65].
For the detection of superficial or infratentorial intracer-
ebral hemorrhages though, other technological approaches
are needed and already being developed.

The near-infrared spectroscopy technology (NIRS) uses
near-infrared wavelength to measure the ratio of oxygen-
ated and deoxygenated hemoglobin. It has the property of
penetrating the scull and the brain surface up to 2.5cm and
promises a high sensitivity for intracranial hematoma due to
the presence of relatively more hemoglobin within the hema-
toma compared to healthy tissue. In traumatic brain injury,
NIRS devices show acceptable diagnostic metrics [66]. For
the detection of ischemic stroke evidence is currently incon-
sistent. While Kwon et al. could observe an association of
lower hemoglobin oxygenation within the hypoperfused
hemisphere (as assessed via CT-Perfusion) [67], Collette
et al. could not observe changes of hemoglobin oxygenation
in patients with LVO undergoing thrombectomy [68]. Limi-
tations of the technology currently include the fact that only
hematoma > 3,5cm in a superficial localization (max. 2,5cm
from the skull) can be detected reliably [58, 69].

Different concepts of microwave-based devices for stroke
detection exist and could show promising detection rates in
early studies [70—73]. Several devices like the Strokefinder
[74,75] are developed in the private sector and are currently
tested within the acute setting of stroke [76]. Prehospital
validation is lacking.

@ Springer

Other portable approaches include Volumetric Imped-
ance Phase-Shift Spectroscopy (VIPS) which is based on
the so-called magnetic induction tomography and measures
stroke-associated changes of the electrical properties of
brain tissue. Trials show promising results concerning the
differentiation of stroke from stroke-mimicking diseases [77]
but prehospital validation is lacking.

Preclinical studies showed that Laser speckle contrast
imaging can be used to measure cerebral blood flow in mice
[78]. Laser Speckle Contrast Imaging is a non-invasive opti-
cal method with high temporal and spatial resolution that
relies on the phenomenon known as "laser speckle," which
occurs when a laser beam illuminates a surface (such as tis-
sue) and creates a random interference pattern. Movement
of particles like red blood cells within the tissue then create
fluctuations in the speckle pattern, which can be measured.
Feasibility was recently shown in humans for a commercial
device [79], which has already been tested in a cohort of
patients with suspected stroke for LVO detection. Favilla
et al. observed a 79% sensitivity and 84% specificity for the
detection of LVO [80]. Prehospital validation is currently
lacking.

Finally attempts to utilize EEG measurements to detect
stroke-related changes of cortical electrical activity have
been made mainly for the detection of LVO. Within the
ELECTRA-STROKE trial van Stigt et al. observed a sen-
sitivity 80% at a specificity of 93% for LVO-detection [81].
Translation into a prehospital setting seems difficult though,
due to poor EEG quality obtained within a more acute set-
ting (e.g. due to motion artifacts). In addition, EEG can only
differentiate functioning versus non-functioning brain tis-
sue, a distinction between ischemic and hemorrhagic stroke
appears to be technically difficult to achieve.

Taken together, several emerging technologies for the
detection of stroke currently exist, but translation into a
prehospital setting aboard regular ambulances is still in its
early steps of development and validation.

Prehospital Biomarkers

Blood based biomarkers for stroke detection and differentia-
tion between ischemic and hemorrhagic stroke could be used
for prehospital stroke care like point-of-care Troponin-T-
assessment in acute chest pain. Several smaller-scale clinical
trials have already investigated a number of biomarkers in
the prehospital setting of stroke. In a first trial aboard MSUs
GFAP (glial fibrillary acidic protein) could be identified as
a potential biomarker with high specificity for intracerebral
hematoma [82]. Subsequent studies on regular ambulances
tested a combination of GFAP with clinical scores [83]
or GFAP release kinetics and reached negative predictive
values of 98.4% [84]. Other, yet smaller, studies could for
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the first time observe an activation of the neuroinflamma-
tory cascade as early as 36min after symptom onset and
could thereby enhance the pathophysiological understand-
ing of ultra-early stroke in humans [85]. First large-scale
biomarker studies are being conducted on mobile stroke
units to validate other blood-based biomarkers (HFABP and
NT-proBNP) for biochemical point-of-care LVO detection
onboard regular ambulances [86]. The PROGRESS-BIO
study pursues a “multi-omic” screening approach utilizing
the advanced capabilities of modern proteomic, metabo-
lomic and genomic techniques to screen for biomarker
candidates, which allow for differentiation of ischemic and
hemorrhagic stroke as well as stroke-mimicking diseases
with the goal of selecting a suitable biomarker panel for
prehospital stroke detection within regular ambulances [87].
For other diseases like polytrauma large-scale prehospital
biobanks have already been created to facilitate translational
and clinical research [88]. A similar approach for acute neu-
rovascular diseases like stroke could have the potential to
greatly transform prehospital stroke care. The identification
of stroke-specific biomarkers and the consequent develop-
ment of point-of-care-based test methods could, probably in
combination with additional portable devices, telemedicine
and artificial intelligence, allow for prehospital stroke iden-
tification in normal ambulances in the future. A trajectory
like this would have the ability to greatly affect the burden of
stroke also in developing and emerging countries with less
developed health-systems.

Conclusion

In addition to their proven beneficial effects in patient care,
MSUs are at the forefront of utilizing scientific advance-
ments in the realm of prehospital stroke care. MSUs offer
an ideal setting to assess advanced portable devices and bio-
markers for stroke detection and thereby promote and accel-
erate advanced stroke diagnostics for normal ambulances.
Collectively, these developments could lead to the adoption
of more compact, multimodal methods for the detection
and treatment of strokes, potentially revolutionizing future
approaches for stroke care on regular ambulances. Such ini-
tiatives not only have the potential to transform stroke care
in well-developed healthcare systems but also to alleviate the
burden of stroke in countries faced with low population den-
sity and vast geographic distances as well as those with less
resourced medical infrastructures operated solely by regu-
lar ambulances. This comprehensive approach to advancing
prehospital stroke care underscores the significant role of
MSUs in bridging the gap between traditional care models
and future innovations in the field.
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