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Introduction

While computed tomography (CT) is generally used as a
first-line investigation method in emergency departments,
magnetic resonance imaging (MRI) is the reference method
to accurately detect and characterize cerebral involvement
and investigate subtle pathophysiological alterations in
most brain diseases, including stroke, seizure, brain tumors,
and infections.

Magnetic resonance (MR) investigation for patients
referred to emergency departments remains challenging,
as scanners are not always available 24/7 and patients are
often unstable. Also, as longer acquisition times are need-
ed compared to CT imaging, a strict selection of indications
that could benefit from MRI without unnecessarily prolong-
ing the patient workup is mandatory in order to optimize
time-to-treatment.

A 3T MAGNETOM Vida scanner (Siemens Healthcare,
Erlangen, Germany) was installed in the Emergency
Radiological Unit of the Department of Diagnostic and
Interventional Radiology of the University Hospital of
Lausanne at the end of December 2017 (Fig. 1). To date,
this is the first MR scanner located directly within an
emergency department in Switzerland. We present brain
MR workflow implementation and current brain MR guide-
lines in the emergency setting. We also report on the
activity during the first year of use and results after the
first 1,000 brain MR cases.

n 3T MAGNETOM Vida scanner and cameras
The 3T MAGNETOM Vida scanner (1A) was installed in the
Emergency Radiological Unit and was equipped with three
cameras: one at the top of the bore and four mounted into
the bore (1B) to allow monitoring of patients’ face and motion
on screens in the control room.
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MR workflow implementation

MR activity started on January 1, 2018, with 12-hour daily
availability until the end of March, followed by 24/7 avail-
ability from April 2018. On May 1, 2018 (week 18), we
also started using MRI in the 24/7 acute stroke workflow.
Emergency department collaborators, including nurses and
physicians, were given MR safety information and guide-
lines on implementing brain MRI both for daily emergency
practice as well as for the acute stroke workflow. We also
developed a harmonized multi-disciplinary list of indica-
tions.

From the beginning, our MR activity was not limited to
brain imaging, but also included body imaging for urgent
indications for which MRI remains the reference standard,
such as the search for bile duct stones.

MR safety
The use of MRl in an emergency setting is a challenge
for patient safety and management, so it was necessary to
prepare the Emergency Department and Neurology teams.
From December 2017 to March 2018, 100 nurses and
physicians were given 20 teaching sessions that covered
MR setup, safety rules in the MR environment, and MR
safety checklists (one for employees, one for patients).
Teaching also included stroke-like workflow simula-
tions, with a volunteer simulating a stroke complicated
by an acute seizure that occurred in the MR scanner. Each
simulation involved a neuroradiologist, a neurologist, a
physician from the Emergency Department, two MR tech-
nologists, and two nurses, all blinded for volunteer behav-
ior. Each step was timed, and the availability of materials
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and respect of MR safety rules were checked by a separate
team consisting of one neuroradiologist, one MR technolo-
gist, one neurologist, and one physician from the Emer-
gency Department. A debriefing meeting for all partici-
pants followed. A second simulation was then conducted
to ensure that performance had improved, before making
MR available for acute stroke 24/7.

To ensure patient safety during MRI acquisition,
EKG, arterial blood pressure, respiratory rate, and oxygen
saturation index were continuously monitored on repeti-
tion screens in the control room. Furthermore, position,
and patients’ faces were monitored via dedicated cameras
inside the tunnel (Fig. 1).

MR indications and contraindications

A complete switch from CT imaging to MRI is not feasible in
an Emergency Department due to the difference in acquisi-
tion time, as well as frequent hemodynamic instability and
restlessness of admitted patients. It is therefore crucial

to determine indications and contraindications in patients
that could benefit from a brain MRI.

After multi-disciplinary meetings with the responsible
physicians at the Emergency Department (emergency and
intensive care physicians, anesthesiologists, neurologists,
neurosurgeons), we defined a list of indications for access
to MRI within reasonable delay times (Table 1). We also set
MR contraindications, including high level of restlessness,
hemodynamic or respiratory instability, vomiting, severe
claustrophobia, and implanted devices (pacemaker, neuro-
stimulator, cochlear implant, or any fixed head or neck
device).

Brain MRl indications and delay

MRI within 30 min

MRI within 3 h

Acute stroke <8h with potential IVT or EVT
Acute stroke >8h with potential late EVT

Acute coma

Meningo-encephalitis

Pituitary apoplexia before emergency surgery

Brain tumor before emergency decompressive surgery

MRI within 6 h

No indication for MRI within 6 h

TIA or acute stroke without IVT or EVT

Isolated acute vertigo without any peripheral cause
Seizure and refractory status epilepticus

Multiple sclerosis and RBON

Intracranial hypotension

Any MRI contraindication (CT)

Meningitis without focal deficit (CT)

Initial workup of an extracerebral tumor without symptoms
Acute hemorrhage (angio-CT)

Isolated acute headache (angio-CT)

Acute brain trauma (CT)

Brain tumor with no need for emergency surgery

Table 1: Summary indications for emergency brain MRI and delay.
Abbreviations:
EVT: endovascular thrombectomy
IVT:  intravenous thrombolysis
RBON: retrobulbar optical neuritis
TIA:  transient ischemic attack
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Some patients may have implanted devices but are not
able to communicate in emergency situations, for example
because of aphasia or cognition problems, so it was decided
to perform a chest X-ray before MRI for any unresponsive
patient admitted to the Emergency Department without
recent documentation in our picture archiving and
communication system. This is important especially for
patients referred within the context of the acute stroke
workflow. The initial evaluation by neurologists includes
filling in the patient’s safety checklist to decide between
CT and MR imaging.

MR protocols

For most emergency cases, MRI is performed with a
64-channel array coil using standard MR protocols, as
set up for outpatients; but MR acquisitions in cases of
suspected stroke deserve special attention.

Although the choice of CT imaging or MRI does not
influence the outcome of patients with acute stroke due
to large vessel occlusion [1], MRI is superior to CT imaging
for the diagnosis of small ischemic lesions and stroke
mimickers [2—4]. However, the use of MRI delays patient
management due to longer patient positioning and acqui-
sition time [1], so MR protocols must be optimized. Fast
MR sequences reduce acquisition time and the potential
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impact of patient motion. It is, however, important not to
inconsistently reduce the number of MR sequences, and
consequently image quality, in order to take advantage
of using MRI rather than CT imaging. Given that “time is
brain” in a suspected acute stroke, the implementation
of MRI needs cautious protocol optimization in order to
reduce the “time to therapy”. Therapy being intravenous
thrombolysis (IVT) and/or endovascular thrombectomy
(EVT).

Starting with MR protocols previously used in our insti-
tution, we optimized our MR stroke protocol by adapting
the number and duration of sequences while keeping
optimal spatial resolution (Table 2). The choice following
multi-disciplinary discussions was for the “short protocol
with 3 mm thick slices and CS-TOF”, which represents the
best compromise between high image quality, resolution
and sequence duration. This protocol was designed for
all MRIs performed for suspected acute stroke that could
potentially benefit from IVT and/or EVT. Neither the ultra-
short protocol nor the short protocol with 5 mm thick slices
were chosen because arterial intracranial TOF is necessary
for EVT planification, and because thin slices are more
suitable for the detection of small infarcts, respectively.
Figure 2 summarizes the current workflow for any suspect-
ed acute stroke case that may benefit from IVT and EVT.

Sequences Full protocol Protocol without Short protocol Short protocol Ultra-short protocol
suspicion of cervical 3 mm thick slices 5 mm thick slices 3 mm thick slices
dissection with CS-TOF with CS-TOF without TOF

T1_fl2d_sag 110 110 110 0'53 110
ep2d_diff_AvC* 1'54 154 1'54 146 1'54
T2_tse_FLAIR_ tra 2'24 2'24 2'24 147 2'24
T2_gre_tra_hemo 2'08 2'08 2'08 124 2'08
Tof_fI3d_tra_art 612 612 — — —

CS_Tof_fI3d_tra_art — — 3'06 3'06 —

T1_space_cor_spair 4’53 — — — —

Angio_fl3d_cor_pre 023 023 023 023 023
Care_bolus_cor 130 130 130 130 130
Angio_fl3d_cor_post 023 023 023 023 023
T1_fl2d_tra 105 105 105 105 105
ep2d_perf p3HR 145 1'45 145 145 145
Total duration 23'47 18’54 15’48 14'02 12'42

Table 2: Optimization of brain MRI protocols for acute stroke evaluation.
Abbreviations: CS, Compressed Sensing; FLAIR, fluid attenuated inversion recovery; TOF, time-of-flight.
* Diffusion-weighted imaging is acquired using Simultaneous Multi-Slice acceleration technology.
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Suspected stroke eligible for IVT and/or EVT

v

Call “Team Stroke”
Neurologist l
Neuroradiologist B/ MR Technologist
Interventional Neuroradiologist l
Anesthesiologist

v

Initial evaluation = Chest X-ray
Patient checklist ll i l: MRI contraindication?
e.g., implanted device on X-ray

T1S T2GET
DWIT CS-TOF
2D FLAIRT
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STOP

v

I
Continue
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Cervical angio-bolus
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IVT contraindication? M m : No IVT
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— m—> Continue IVTH
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Acute stroke workflow
Abbreviations:
CS:
DWI: diffusion-weighted imaging
EVT: endovascular thrombectomy
IVT: intravenous thrombolysis
PWI: perfusion weighted imaging
TOF: time-of-flight

compressed sensing

Color points represent practitioners
involved in the step:

green for neurologist

navy blue for neuroradiologist

cyan for MR technologist

red for interventional neuroradiologist
Multiple points are displayed when a
multidisciplinary decision is needed.

Emergency MRI activity over the first year.

n Number of brain MRI scans recorded in the Acute Stroke Registry

and Analysis of Lausanne.
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Experience in the first year

Activity in the first year

Overall, 4,127 MRI exams were performed during the first
year. Of these, 3,107 (75%) were brain MRIs. The weekly
median number of brain MRIs was 66 (Interquartile range:
55-75, min-max range 16-87). This increased during the
first few months from 45 (Interquartile range: 41-51,
min-max range 23-56) before week 18, to 70 in the
following months (Interquartile range: 65-76, min-max
range 16-87). A plateau of 74 was reached at week 35
(i.e. last week of August, median number of brain MRI:
74 per week, interquartile range: 70-77, min-max range
16-87, Fig. 3). This corresponds to a prediction of up to

5,000 MRI scans per year with 24/7 MR scanner availability.

According to the Acute Stroke Registry and Analysis of
Lausanne (ASTRAL), the number of patients who under-
went a brain MRI at the acute phase of a stroke increased
from a median of 1 case per week before week 18 (when
the 24/7 acute stroke MRI workflow began) to 7 patients
per week thereafter (Fig. 4).

Acute stroke on MRI

ESOC 2023

The first 1,000 brain MR examinations:
indications, protocols, and results
During the first five months, a total of 1,397 MR examina-
tions were performed, including 1,000 brain MRIs. Of those
1,000 patients, 461 were female and 539 were male, with
a median age of 57.2 years (95% interval 42-75 years;
range 0-95 years).

Out of these first 1,000 brain MR examinations,
564 were for suspected stroke, 111 for other suspected
vascular disease, 51 for seizure, 49 for suspected infection,
177 for known or suspected tumors, 31 for new psycho-
logical symptoms, and 17 miscellaneous. A total of 676
included the arterial TOF sequence, and 356 included both
the arterial TOF and the cervical angio-bolus sequences.

Overall, 380 brain MRI scans (38%) were determined
to be normal. The pathological results were stroke (Fig. 5)
in 253 patients (25.3%), other vascular diseases (e.g.,
aneurysm, venous thrombosis) in 85, acute infection in 60,
cerebral tumors in 173, and other miscellaneous diagnoses
in 47 patients. MRl acquisition had to be stopped due to
intractable nervousness in just two cases. We recorded
no major adverse events due to MRI, or side effects after
intravenous gadolinium contrast media injection.

An early acute stroke of the left middle cerebral artery (MCA) is seen as a bright area on the diffusion-weighted image (5A); as an area
with low ADC value (5B); and as a faint hyperintense area on FLAIR (5C). The thrombus located within the left MCA appears dark on the

T2 gradient echo image (5D, arrow) and CS-TOF confirmed vessel occlusion (5E). On perfusion-weighted images, the T

map (5F) shows

max

a large area of penumbra surrounding the infarct. The patient consequently underwent intravenous thrombolysis followed by endovascular
thrombectomy, with subsequent complete recanalization of the left MCA as seen on end-procedure digital subtraction angiography

(5G, arrow head).

6 siemens-healthineers.com/magnetom-world


http://www.siemens-healthineers.com/magnetom-world

ESOC 2023

Discussion

The clinical integration of an MR scanner into an emergen-
cy department is feasible. It requires prior teaching of
adequate safety rules, multidisciplinary meetings to define
the exact indications, and optimization of MR acquisition
protocols. When these preliminary conditions are fulfilled,
as was achieved in our institution, MRI use could quickly
increase up to 5,000 cases per year.

While stroke is the top diagnosis in pathological exam-
inations, we found that 38% of patients admitted to the
emergency department with an indication for brain MRI
had a normal result. Although the impact on the time of
patient discharge from hospital has not yet been assessed,
the use of MR in an emergency department could shorten
the duration of hospitalization for patients with a normal
brain or other MRI.

The true conversion rate from CT imaging to MR exam-
inations should also be evaluated in our institution and in
others. Unlike other countries and cities in Switzerland, our
department has centralized management of all radiological
emergency prescriptions, and a single general radiologist
who decides on the imaging modality based on our guide-
lines. MR activity and conversion from CT imaging to MRI
might therefore differ if modalities are managed by multi-
ple practitioners, as is the case in Germany.

Acute Stroke Imaging
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Abstract

Intracranial artery stenosis is one of the common
causes of ischemic stroke in Asia. Advances in vessel
wall imaging techniques now make it possible to
directly visualize the intracranial vessel wall. Several
single-center studies have suggested that intracranial
vessel wall magnetic resonance imaging (VW-MRI)
may provide insights into stroke etiology, vascular
pathogenesis, and the risk of recurrent stroke.
However, the robustness of intracranial VW-MRI

as a valuable tool for the assessment of various
cerebrovascular diseases still needs to be validated
in a large-scale multicenter study. Thus, our research
group initiated a multicenter study in China on
February 1, 2017. This study aimed to investigate
the clinical utility of whole-brain intracranial VW-MRI
in assessing the etiologies in patients with ischemic
stroke.

Introduction

Stroke is one of the most common causes of death and
disability in the world, which usually causes an abrupt
onset of a neurological deficit [1, 2]. Intracranial artery
stenosis has been considered a major cause of ischemic
stroke, especially in Asia [3]. Traditionally, intracranial
vascular diseases have been evaluated with invasive
luminal imaging techniques, such as catheter angiography
or non-invasive luminal imaging techniques (MR angiogra-
phy or CT angiography). However, these techniques
indirectly visualize vessel wall abnormalities, and many
cerebral vasculopathies may have similar luminal
narrowing. VW-MRI has been applied as the only non-
invasive technique to directly assess the intracranial vessel
wall structure [4, 5]. It can provide derived vessel wall
characteristics to help clinicians determine stroke etiology,
estimate atherosclerotic plaque burden or vasculitis
activity, as well as future cerebrovascular events [6].

n Curved-planar reformation of three-dimensional vessel wall magnetic resonance imaging (VW-MRI).
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Field strength and pulse sequences

Currently, VW-MRI for intracranial arteries is performed
on 3T MRI systems at most centers. Considering the small
caliber of intracranial arteries, ultra-high field MRI (7T) may
provide an additional value for evaluating intracranial
atherosclerotic plaques, as it allows for a high signal-to-
noise ratio (SNR), spatial resolution, and contrast-to-noise
ratio. Although the feasibility of intracranial VW-MRI at 7T
has been demonstrated in several in-vivo and ex-vivo
studies [7, 8], more evidence of additional clinical value
of 7T MRl is needed before being used in routine clinical
practice. The selection of pulse sequences and protocols
remains variable across sites and vendors. To clearly depict
the inner and outer boundaries of vessel walls, adequate
spatial resolution, as well as excellent blood and
cerebrospinal fluid (CSF) suppression are essential

for intracranial vessel wall imaging techniques. A two-
dimensional (2D) sequence can provide a better in-plane
spatial resolution (a voxel size of 0.4 x 0.4 x 2.0 mm?3)

for targeted vessel wall lesions. However, it is unable to
achieve a more global depiction of multiple vessels and
detect lesions without luminal stenosis. Literature shows
a shift from 2D to 3D volumetric acquisitions. 3D isotropic
imaging with a larger coverage of whole-brain vessels
makes it possible to perform multi-planar and curved-
planar reformations, as well as assess plaque burden and
distribution of major intracranial arteries from various
perspectives (Fig. 1) [9]. There are numerous technical
developments for VW-MRI pulse sequences aimed to
reduce blood and CSF flow artifacts.

Stroke Prevention

Vascular pathologies and
their depiction with VW-MRI

The most important recommendation for intracranial
VW-MRI in clinical practice is to assess and differentiate
intracranial vasculopathies, such as intracranial
atherosclerotic plaque, vasculitis, reversible cerebral
vasoconstriction syndrome, arterial dissection, and

other causes of intracranial arterial narrowing. Diagnosis
of cerebrovascular disease has relied on luminal imaging.
However, different vasculopathies usually have similar
morphological features on luminal imaging. The advent

of VW-MRI offers insights into the pathogenesis of cerebro-
vascular disease. Furthermore, high diagnostic accuracy of
VW-MRI for distinguishing a range of vasculopathies has
been presented in several studies [4, 10].

Atherosclerotic plaque

VW-MRI of intracranial atherosclerotic plaque typically
demonstrates arterial wall thickening, which eccentrically
(nonuniformly) involves the circumference of the arterial
wall. Intraplague hemorrhage (IPH), fissured fibrous cap,
lipid-rich necrotic core, neovascularization, and inflamma-
tion are considered common features of vulnerable
plagues and symptomatic lesions. Identification of plaque
components with VW-MRI has the potential to identify
vulnerable plaque and predict the risk of rupture and
events (Fig. 2). For intracranial atherosclerosis, MRI-
pathology correlation was explored in limited studies of
postmortem artery specimens. Chen et al. reported that

70-year-old male patient.
(2A) Diffusion-weighted
imaging (DWI) showed
disseminated spotty high
signal intensity lesions in
the left cortico-subcortical
area of the MCA territory;
(2B) time-of-flight magnetic
resonance angiography
(TOF-MRA) showed severe
stenosis on the relevant
MCA (arrow); (2C) curved
multiplanar reconstruction of
pre-contrast VW-MRI showed
hyperintense plaque (arrow
and arrowhead) on the MCA.

siemens-healthineers.com/magnetom-world 9


http://www.siemens-healthineers.com/magnetom-world

Stroke Prevention ESOC 2023

A 35-year-old female patient with cervicocranial artery dissection with lateral dorsal medulla syndrome.

(3A) Digital subtraction angiography showed a severe stenosis and occlusion of the V3-V4 segment

of the right vertebral artery; (3B) curved planar reformation of VW-MRI demonstrated intramural
hematoma (white line) in the vessel wall of the V3 segment of right vertebral artery; (3C) axial VW-MRI
detected a distal intraluminal thrombus (arrows) without contrast enhancement of the right vertebral
artery; (3D) DWI showed a single infarction in the right part of the medulla oblongata (arrowhead).

TOF-MRA

n A 21-year-old female moyamoya disease patient with right intraventricular hemorrhage. (4A) T2-weighted imaging (T2WI) demonstrated
that the origin of hemorrhage was in the right periventricular area (yellow arrow); (4B) TOF-MRA detected occlusion of bilateral MCAs;
(4C) minimum intensity projection (MinIP) of VW-MRI revealed an anastomosis (yellow arrow) between the LSAs (red arrowheads) and
the medullary arteries (white arrowheads).

10
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high signal on T1-weighted images in specimens at 1.5T
was IPH as pathologically-verified in a postmortem case
of a Chinese adult [11]. The correlation between the lipid
core assessed on histology and low signal on T1-weighted
fat-suppressed images within intracranial vessel walls has
also been explored [12].

A postmortem study demonstrated that neovascula-
ture can be found in middle cerebral artery (MCA) athero-
sclerotic plaque and that it was associated with ipsilateral
infarction [13]. Gadolinium enhancement of carotid
plagues was proven to be associated with vulnerable
plaque, neovascularization, macrophages, and loose
fibrosis correlating with histopathology [14]. Using
VW-MRI, intracranial plaque enhancement can be
evaluated and the relationship between plaque enhance-
ment and recent infarction has been established [15].

Arterial dissection

Intracranial arterial dissection most often occurs as an
extension of a cervical artery dissection. Simultaneous
high-resolution 3D carotid and intracranial imaging has the
potential to identify dissected vessels in the head and neck.
VW-MRI features of intracranial arterial dissection include a
curvilinear hyperintensity on T2-weighted images (intimal
flap), separating the true lumen from the false lumen, and
crescent-shaped arterial wall thickening with the signal
characteristics of blood (intramural hematoma). Early
detection of high-risk imaging characteristics of
cervicocranial artery dissection may be useful to aid in

the preventive treatment of patients with cervicocranial
artery dissection without stroke but at higher risk. In a
previous study, we investigated the imaging features

that are associated with ischemic stroke in patients with
cervicocranial artery dissection. We found that the
presence of irregular surface and intraluminal thrombus
were related to stroke occurrence in these patients (Fig. 3).
Integrated head/neck VW-MRI might give insights into

the pathogenesis of ischemic stroke in cervicocranial artery
dissection. It may be useful for individual prediction of
ischemic stroke early in cervicocranial artery dissection [16].

Vasculitis and reversible cerebral
vasoconstriction syndrome

VW-MRI often demonstrates smooth and concentric arterial
wall thickening and enhancement in patients with central
nervous system vasculitis, in comparison with the typical
eccentric wall thickening of atherosclerotic plaque.
Reversible cerebral vasoconstriction syndrome (RCVS)

can also result in concentric arterial wall thickening, but
the vessel wall in RCVS is typically nonenhancing (or

mildly enhancing) compared with the typical intense wall
enhancement in active vasculitis [10]. Early differentiation

Stroke Prevention

between vasculitis and RCVS is important: RCVS is treated
with observation or calcium channel blockers, whereas
vasculitis is treated with steroids and immunosuppressive
drugs.

Moyamoya disease

VW-MRI holds significant value in differentiating moyamoya
disease and atherosclerotic moyamoya syndrome,

which have a significant overlap in luminal morphological
patterns. Focal eccentric wall thickening or enhancement
was observed in the involved arteries in atherosclerotic
moyamoya syndrome, which was different from concentric
wall thickening or enhancement in moyamoya disease.
Intracranial hemorrhage is one of the most severe compli-
cations in patients with moyamoya disease. Moyamoya
vessels are the dilated and proliferative perforating arteries
serving as collateral circulation, which are more prone to
rupture and might be closely associated with intracranial
hemorrhage. In a previous study, we investigated the asso-
ciation between dilation, proliferation, and anastomosis

of perforating arteries, and intracranial hemorrhage in
moyamoya disease patients using VW-MRI. We found that
choroidal anastomosis is a valuable imaging biomarker

for predicting hemorrhagic events in adult patients with
moyamoya disease (Fig. 4). Whole-brain VW-MRI can
visualize not only the abnormal collateral vessels but

also the anatomy of the parenchymal structure, which
may facilitate risk estimates of bleeding in moyamoya
disease [17].

Lenticulostriate artery imaging

The lenticulostriate artery (LSA) supplies blood to the
basal ganglia and its vicinity in the brain. Impairment of
the LSA is associated with ischemic stroke and small-
vessel disease. Visualization of the LSA is essential for
understanding the mechanisms of microvascular patholo-
gies and potential guiding therapeutic intervention.
Using the T1 VW-MRI technique, we have obtained detailed
black-blood angiographic delineation of the LSAs [18].
Single subcortical infarctions with a nonstenotic middle
cerebral artery have been considered to be caused by
lipohyalinosis and fibrinoid degeneration in small-vessel
disease, commonly called lacunar strokes. However,
large-artery atherothrombosis that blocks the orifice of the
perforating artery may also be an important cause of single
subcortical infarctions. Jiang et al. used VW-MRI to quanti-
tatively evaluate the associations between the distribution
and characteristics of middle cerebral artery plaque and
morphological changes to LSAs in the symptomatic and
asymptomatic sides of single subcortical infarction
patients. They found that superiorly distributed middle
cerebral artery plaques at the LSA origin are closely
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TOF-MRA

Pre-Contrast VW-MRI .

Pre-Contrast VW-MRI

. Post-Contrast VW-MRI

A 68-year-old male patient with right limb weakness. (5A) DWI showed a single subcortical infarction in the left LSA territory; (5B) TOF-MRA
showed mild stenosis on the relevant MCA; (5C) coronal minimum intensity projection (MinlP) revealed shorter lengths of left lenticulostriate
arteries (LSAs) compared with the right side; (5D) the cross-section view of pre-contrast VW-MRI demonstrated a superiorly located plaque
(arrow) of MCA; (5E, F) curved multiplanar reconstruction of pre- and post-contrast VW-MRI showed an isointensity plaque with contrast

enhancement (arrow).

associated with morphological changes to the LSA in
symptomatic middle cerebral arteries, suggesting that
the distribution, rather than the inherent features of
plaques, determines the occurrence of single subcortical
infarctions (Fig. 5) [19].

Setup of our multicenter study

VW-MRI holds promise of improving our pathological
understanding of intracranial artery stenotic disease.

The robustness of this technique as a valuable tool for

the assessment of various cerebrovascular diseases still
needs to be validated in a large-scale multicenter study.
We also used the sequence successfully in a multicenter
study comprising nine hospitals in China that was initiated
by Professor Qi Yang in February 2017. The aim of this
study was to accurately classify the etiology of stroke
through the scientific research cooperation of various part-
ners, and at the same time carry out early screening and
accurate diagnosis of high-risk plaques, thereby providing
a new imaging method for the clinical diagnosis and treat-
ment of stroke. The imaging technique used in this project
is whole-brain VW-MRI based on sampling perfection with
application-optimized contrast using different flip angle
evolutions (SPACE) combined with nonselective excitation

12 siemens-healthineers.com/magnetom-world

and a trailing magnetization flip-down module [20, 21].
This imaging technique in combination with a uniform
protocol setting on 3T scanners (MAGNETOM Prisma,
MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany)
can perform high-resolution imaging of the intracranial
vessel wall, clearly depicting the morphology of the vessel
wall and distinguishing high-risk vulnerable plaques. In
this multi-center study, each participating site carried out
imaging studies ranging from intracranial large arterial to
perforating arteriole lesions, focusing on cerebrovascular
diseases of different etiologies. Several results of this
research have been published [22-26].

Outlook

The technology of whole-brain VW-MRI has become a new
method for stroke classification. The research performed
by our group and other groups presents a first step in
designing focused trials on individualized treatment and
prevention strategies of intracranial stenosis. Further
studies are required to investigate the use of selected
biomarkers in randomized control trials of secondary
prevention and treatment of intracranial artery stenotic
disease.
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Introduction

Even though computed tomography (CT) of the head is
the primary imaging modality used in the majority of
institutions to rule out intracranial pathologies in acute
neurological emergencies, magnetic resonance imaging
(MRI) remains the imaging reference standard for the
detection and differential diagnosis of intracranial lesions.
However, the use of MRI in the acute setting is still limited
by long acquisition times for multi-sequence protocols.
This drawback may now be overcome by a novel ultra-fast
brain MRI protocol, which allows for the acquisition of five
standard sequences in just 04:33 min (GOBrain, Siemens
Healthcare, Erlangen, Germany, optimized for use in

our institution, including sagittal T1-weighted gradient

echo (GRE), axial T2-weighted turbo spin echo (TSE),

axial T2-weighted TSE fluid-attenuated inversion recovery

(FLAIR), axial diffusion-weighted (DWI) single-shot

echo-planar imaging (EPI), axial T2*-weighted EPI-GRE).

To validate the GOBrain protocol for use in the emergency

setting, we hypothesized that

a. image quality and diagnostic performance of GOBrain
for the detection of intracranial pathologies are non-
inferior to the standard-length brain MRI protocol,

b. GOBrain leads to a change in patient management
compared to CT alone.

Sequences Image Quality GWM Differentiation
Scores Scores
1 2 3 4 Median 0 1 2 Median

Conventional 0 0 1 58 4 0 6 53 2
T1-weighted

GOBrain 0 0 0 59 4 0 7 52 2

Conventional 0 0 3 54 4 0 34 25 1
T2-weighted

GOBrain 0 0 2 57 4 0 39 20 1

Conventional 0 0 2 56 4 0 32 27 1
FLAIR

GOBrain 0 0 1 58 4 0 31 28 1

Conventional 0 0 0 59 4 NA NA NA NA
DWI

GOBrain 0 0 0 59 4 NA NA NA NA

Conventional 0 0 6 53 4 NA NA NA NA
T2*

GOBrain 0 2 56 1 3 NA NA NA NA

Table 1: Image quality assessments (consensus reading). NA = not applicable; GWM = gray-white matter.
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Materials and methods

A total of 449 consecutive patients presenting to our emer-

gency department with acute non-traumatic neurological
symptoms were evaluated [1]. Of these, 238 patients
underwent a head CT scan to exclude an intracranial
pathology. In case of a negative head CT scan, patients
were included in this prospective single-center trial and
were transferred to the 3T MRI suite (MAGNETOM Skyra,
Siemens Healthcare, Erlangen, Germany). A total of

60 patients (30 female, 30 male; mean age 61 years)
were successfully included. The MRI examinations were
performed using a 20-channel receiver head coil.

Two brain MRI protocols (GOBrain and a standard-length
protocol serving as reference standard) including the
following five non-contrast standard sequences were
acquired in randomized order:

1. Sagittal T1-weighted GRE

(GOBrain 00:41 min; standard-length: 01:34 min)
2. Axial T2-weighted TSE

(GOBrain 01:02 min; standard-length: 03:45 min)
3. Axial T2-weighted TSE FLAIR

(GOBrain 01:52 min; standard-length: 04:02 min)
4. Axial T2*-weighted EPI-GRE

(GOBrain 00:06 min; standard-length: 04:44 min)
5. Axial DWI SS-EPI

(GOBrain 00:38 min; standard-length: 01:06 min)

Acute Stroke Imaging

Total acquisition times: GOBrain 04:19 min, standard-
length protocol 15:11 min, localizer 00:14 min (same

for both protocols). Two blinded board-certified neuro-
radiologists independently analyzed the image datasets
with regard to overall image quality (5-point Likert scale:

1 — non-diagnostic, 2 — substantial artifacts, 3 — satis-
factory, 4 — minor artifacts, 5 — no artifacts) and gray-
white matter differentiation as a surrogate of image quality
(T1-weighted, T2-weighted, and FLAIR images; 0 = no
visible gray-white matter differentiation, 1 = unclear but
recognizable borders, 2 = clear differentiation) [2]. In case
of divergent results, a consensus reading was performed
by a third reader. To calculate the parameters of diagnostic
accuracy for the GOBrain protocol, image datasets were
read regarding six defined intracranial pathology catego-
ries: acute ischemia, chronic infarction, intracranial
hemorrhage/microbleeds, edema, white matter lesion,
and miscellaneous. A consensus reading was performed
in case of divergent reading results. Due to severe motion
artifacts, one patient was excluded and 59 patients were
successfully included in the statistical analysis.

|od0304d yibua|-piepueils

ureigoo

n CT-occult acute ischemia (right corona radiata). Axial non-contrast head CT scan (1A), FLAIR (1B, E), DWI (1C, F), ADC map (1D, H) from
the standard-length protocol (top row) and GOBrain (bottom row) in a 72-year-old man presenting with acute left facial paralysis, dysarthria,
and left-body coordination disorder. No evidence of ischemia or hemorrhage on non-contrast CT. MRI revealed an acute ischemia in the right
internal capsule and the corona radiata (red arrow). Note the equivalent image quality and lesion conspicuity of both protocols.
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Incidental cavernoma
(genu of the corpus
callosum). Axial non-
contrast head CT scan (2A),
axial T2 TSE (2B, D), axial T2*
(2C, E) from the standard-
length protocol (top row) and
GOBrain (bottom row) of a
62-year-old woman reporting
temporary visual disturbance
in the right eye. No correlation
of the symptoms in both
imaging modalities. However,
non-contrast CT imaging demonstrated a hyperdense lesion
in the genu of the corpus callosum (2A, red arrow) not in line
with acute hemorrhage, which could be classified as incidental
cavernoma based on the subsequently acquired MRI. The ultra-
fast MRI protocol enabled an immediate diagnosis already in the
emergency setting without the need for an additional outpatient
MRI scan a few days later.

Results

Image quality of the GOBrain protocol was equivalent to
the standard-length protocol: Results of image quality and
gray-white matter differentiation assessments are listed

in Table 1. Compared to CT imaging, 93 additional intracra-
nial lesions were detected using the ultra-fast protocol

(n =21 acute ischemia, n = 27 intracranial hemorrhage/
microbleeds, n = 2 edema, n = 38 white matter lesion,

n = 3 chronic infarction, n = 2 others) while 101 additional
intracranial lesions were detected using the standard-
length protocol (n = 24 acute ischemia, n = 32 intracranial
hemorrhage/microbleeds, n = 2 edema, n = 38 white mat-
ter lesion, n = 3 chronic infarction, n = 2 others). GOBrain
demonstrated high diagnostic accuracy in detecting
intracranial pathologies, with a sensitivity of 0.939 (95%
Cl: 0.881; 0.972) and a specificity of 1.000 (95% Cl: 0.895;
1.000). Figures 1 and 2 demonstrate representative clinical
cases in which GOBrain proved to be equivalent to the
standard-length protocol reference standard. A change

in patient management based on the MRI was noted in
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10% (6/59; admission to a dedicated stroke unitin 6/59
patients, initiation of acetyl-salicylic acid treatment in 3/6
stroke unit patients).

Discussion

In this prospective study, we investigated a novel ultra-fast
(04:33 min/5 sequences) brain MRI protocol in the neuro-
logical emergency setting. Image quality and diagnostic
performance of the GOBrain protocol demonstrated to

be non-inferior to a standard-length brain MRI protocol.
Furthermore, MRI led to a change in patient management
in 10% of cases compared to CT imaging alone. Our data
provide evidence for the standard use of the ultra-fast
GOBrain protocol as a valid alternative to CT imaging for
the detection and differential diagnosis of intracranial
pathologies in selected acute neurological emergency
patients. The ultra-fast MRI protocol may be individualized
by adding sequences, such as dedicated brain stem DWI

or constructive interference in steady state (CISS) sequenc-
es for optimized diagnosis of infratentorial pathologies,

a contrast-enhanced T1-weighted sequence for suspected
tumor or neuroinflammatory disease, or MR angiography
to exclude vascular pathologies.
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Abstract chronic vs. acute) effects of pharmacological treatments or
surgical interventions with respect to stroke onset.
Brain perfusion MRI can help us better understand and Here we report a case of thalamic stroke where

monitor the metabolic and functional correlates of a stroke  the relationship between the whole-brain CBF pattern
lesion, both in the acute and chronic phase and beyond the  and the tissue outcome is illustrated in the subacute

local tissue damage. Arterial spin labeling (ASL) allows re- and chronic phases, before and after five months of
peated perfusion measurements and quantifications of ce- pharmacological treatment, by co-registering CBF maps
rebral blood flow (CBF) over the whole brain without the from 3D pseudo-continuous ASL (3D PCASL)' images

need for exogenous contrast. When it comes to monitoring  and T2-weighted fluid-attenuated inversion recovery
stroke patients, ASL can therefore provide useful informa-

tion about the short-term (dynamlc) or Iong-term (e'g" 'WIP, the product is currently under development and is not for sale in the US and

in other countries. Its future availability cannot be ensured.

Figure 1:

rCBF map
(mL/100 g/ min)
of a 31-year-old
woman with a
stenosis of the
distal basilar
artery, acquired
in the subacute
phase using

3D PCASL. The
color map “jet”
(bluelgreen: low
perfusion, yellow/
red: high
perfusion) was
used to map the
image values.
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(3D FLAIR) images. We compare these to conventional
magnetic resonance angiography (MRA) images.
Visualizing changes in perfusion patterns provided
significant information that could not be easily produced
with conventional non-invasive MRI techniques, and
might therefore provide new insight into the functional,
vascular, and neuronal changes that follow an ischemic
brain injury. If introduced to a routine clinical setting,
3D PCASL could certainly allow the non-invasive and
rapid collation of quantitative parameters that might
be useful predictors of outcome. It could also provide
a deeper understanding of metabolic and vascular
phenomena caused by cerebro-afferent vessel occlu-
sion, and therefore help improve tailored approaches
to ischemic stroke.

Introduction

Monitoring brain perfusion helps us to understand the
metabolic and functional correlates of both acute and
chronic cerebrovascular lesions in a way that goes beyond
the local tissue damage associated with the structural le-
sion. Compared to dynamic susceptibility contrast (DSC),
arterial spin labeling (ASL) allows repeat perfusion mea-
surements within a few hours and over weeks or months.
It also provides absolute quantifications of cerebral blood

Perfusion Evaluation

flow (CBF) across the entire brain without the need for ex-
ogenous contrast [1]. When it comes to managing patients
with acute stroke, ASL can therefore provide useful infor-
mation about the short-term (dynamic) or long-term (e.qg.,
chronic vs acute) effects of pharmaco-logical treatments or
surgical interventions [2]. Among the different ASL imple-
mentations on clinical MRI scanners, pseudo-continuous
3D ASL' is recommended by the ISMRM Perfusion Study
Group as the method of choice for clinical imaging [3].

Here we report on a patient with vertebrobasilar
stroke caused by spontaneous basilar artery vasospasm.
We illustrate the relationship between the whole-brain
CBF pattern and the narrowing of the intracranial artery
in the subacute phase, and show the tissue outcome and
the consequences of ischemia in strategic brain regions
(hippocampus and thalamus) after five months of phar-
macological treatment. In particular, we postprocessed
ASL images obtained with a prototype version of the 3D
pseudo-continuous ASL (3D PCASL) sequence. CBF maps
from 3D PCASL images were coregistered between two
MRI studies and with T2-weighted fluid-attenuated
inversion recovery (3D FLAIR) images. Conventional
magnetic resonance angiography (MRA) was performed
with 3D time-of-flight (3D TOF), and maximum intensity
projection (MIP) views were obtained.

Case report

Figure 2:

rCBF map
(mL/100 g/ min)
of a 31-year-old
woman, acquired
in the chronic
phase using

3D PCASL five
months from
stroke onset
when the basilar
artery appeared
normalized. The
color map “jet”
(blue/green: low
perfusion, yellow/
red: high
perfusion) was
used to map the
image values.
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In September 2017, a 31-year-old woman presented with

a sudden severe headache, confusion, and amnesia that
had developed after physical exertion. Conventional MRA
showed an acute posterior circulation stroke involving

the hippocampal formation and the anterior thalamus on
the right side in particular. It also showed a stenosis of the
distal basilar artery consistent with vasospasm. The patient
was treated with nimodipine, which stopped the headache
and rapidly improved her cognitive performance. Basilar
artery lumen slowly normalized in the subsequent month.

Both during the subacute phase and five months
later, besides MRA, we also assessed tissue lesions and
brain perfusion with, respectively, 3D FLAIR and 3D
PCASL sequences on a 3T MR scanner (MAGNETOM
Skyra, Siemens Healthcare, Erlangen, Germany)
equipped with a 20-channel head-neck coil. MRA images
were obtained from 3D time-of-flight (3D TOF) images
using the maximum intensity projection (MIP) in the
Siemens Healthcare syngo software. The 3D FLAIR
sequence was set up with the following parameters:
Repetition/echo time (TR/TE): 5000/387 ms; inversion
time (TI): 1800; slice thickness: T mm; matrix: 384 x 384;
field of view (FOV): 229 x 229 mm2. The 3D PCASL
sequence employs the 3D GRASE readout module and uses
a pseudo-continuous labeling scheme with optional
background suppression as described in [4-6]. It was set
up with the following parameters: TRITE: 4600/15.6 ms;
FOV: 192 x 192 mm?; slice thickness: 3 mm; labeling
duration: 1500 ms; post-labeling delay: 1500 ms;

MO prescan. Total scan time including MO was 5:27
min:sec (1 MO image, 6 control/label image pairs).

A rCBF map was also calculated from the prescan MO
and the label-control series using the formula in [3] and
provided by the inline scanner software. 3D T1-weighted
MPRAGE images were acquired as anatomical references
to improve coregistration between series and exams
(time points). The 3D T1 MPRAGE sequence used the
following parameters: TRITE: 5000/387 ms; TI: 1800;
slice thickness: 1 mm; matrix: 256 x 256;

FOV: 256 x 256 mm?.

To facilitate a visual comparison of the results across
the two time points, FLAIR and PCASL images were first
registered to their corresponding MPRAGE images
(acquired at the same time point) and then jointly
registered to the common anterior-posterior commissure
(ACPC) plane, as determined on the MPRAGE images,
using affine transformations. Thereby, the FLAIR images
and CBF maps from the two time points could be
displayed using exactly the same transversal slice, which
was selected on the FLAIR images to bisect a bilateral
thalamic lesion that appeared as two hyperintense spots.
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The rCBF maps were obtained from perfusion-weighted
maps using the MO prescan and parameters in [7]. In
addition, for display purposes, the same maps were also
normalized to the maximum rCBF value (map peak).

Figures 1 and 2 show the rCBF maps provided from
the inline scanner software from the 3D PCASL series
acquired respectively in the subacute phase and after
five months. The color maps were identically scaled
using the same window.

Figure 3 shows the MRA and the 3D FLAIR/PCASL
results after postprocessing (coregistration to the
common ACPC plane, calculation of the rCBF values,
and normalization to the maximum). For the MRA study,
the coronal MIP views from the 3D TOF data show the
stenosis of the distal basilar artery in the subacute phase
(3A) and its normali-zation after five months (3E). The
3D FLAIR images and CBF maps are also shown in the
subacute phase (3B, C) and after five months (3F, G).
The FLAIR images show a bilateral thalamic lesion as two
symmetrical hyperintense spots, which remained sub-
stantially unchanged between the subacute (3B) and
chronic (3F) phases. The rCBF map in the subacute phase
(3Q) shows a serpiginous, high absolute CBF surrounding
the lesion in the right thalamus, but not in the left. The
CBF map normalized to the maximum rCBF value (3D)
emphasizes this effect and further highlights inhomoge-
neous perfusion throughout the gray matter, with
relatively low perfusion in the posterior circulation
territories and in the right hemisphere. After five
months, the rCBF map (3G) shows globally reduced
levels of perfusion. However, the normalized CBF map
(3H) in particular shows a more homogeneous perfusion
pattern throughout the gray matter.

This case illustrates how 3D PCASL CBF measure-
ments can potentially add value beyond the conventional
MRA findings. In fact, although MRA allows (in this case)
to locate the stenosis, the CBF map provides a richer
pattern of the stroke effects, even beyond the territory
supplied by the narrowed artery. Specifically, the CBF
map in the subacute phase seems to indicate the possible
presence (and the distant metabolic consequences) of
collateral circulation induced by the hemodynamic
adaptation to the stroke event. In fact, when the arterial
arrival time exceeds the post-labeling delay (the time
required for spins to travel from the labeling plane to the
imaged slice), labeled spins become visible as bright
intra-arterial high signals. This effect is known as “arterial
transit artefact” (ATA) [8] to emphasize that the signal
comes not from the parenchyma but from the vessel
(an unwanted effect under physiological conditions).
Such intravascular signals can be attributed to the
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Figure 3:

Perfusion Evaluation

MRA-FLAIR-ASL study re-elaboration (coregistration to common ACPC plane, CBF normalization): (3A) A 31-year-old woman with a stenosis
of the distal basilar artery on MRA (coronal MIP from 3D TOF images); (3B) the FLAIR image in the subacute phase shows bilateral thalamic
lesions; (3C) 3D PCASL shows a serpiginous, high absolute CBF close to the lesion in the right thalamus, but not in the left; (3D) normalized
CBF shows inhomogeneous perfusion throughout the gray matter, and relatively low perfusion in the posterior circulation territories and the
right hemisphere; (3E) after five months, the basilar artery has normalized on MRA (coronal MIP from 3D TOF images); (3F) the thalamic
lesions did not change substantially on the FLAIR image; (3G) absolute CBF from 3D PCASL images shows globally reduced perfusion; (3H)
normalized CBF shows more homogeneous perfusion throughout the gray matter.

slow-flowing (stagnant) blood upstream of the occlusion
site, and it has repeatedly been shown [9] that detect-
ing stagnant flow using a PCASL sequence can fruitfully

complement MRA in localizing occlusions in acute stroke.

This notion was substantially supported by our case,
where the ATA disappeared during the chronic phase
once the artery lumen was normalized. In previous
studies, the presence of ATA has also been correlated
with an improved outcome (lack of progression to infarct
and better clinical outcome) after acute stroke [10]. It
could, therefore, indicate the presence of compensating
collat-eral flow, which would be a useful prognostic
marker. Alternatively, regional increases in CBF values
might indicate a “luxury perfusion”, which is a maximal
arteriolar vasodilation caused by loss of autoregulatory
mechanisms in the tissue damaged by recent ischemia
[11]. Luxury perfusion is also associated with an
improved outcome for the ischemic penumbra.

Of particular interest is the detection of CBF changes

in regions far beyond the territory supplied by the affected
artery. In this case, CBF probably indicates functional phe-
nomena due to the involvement of strategic brain regions

(such as the thalami and the hippocampal formations) that
might result in cerebral diaschisis with metabolic suppres-
sion far away from

the ischemic territory.

Overall, 3D PCASL can provide significant informa-
tion that cannot be easily produced with other noninva-
sive techniques, and might provide new insight into the
functional, vascular, and neuronal changes that often
coexist with an ischemic brain accident.

These techniques, when used in a routine clinical
setting, will make it possible to noninvasively and rapidly
collate quantitative parameters that could be useful
predictors of outcome and provide a more in-depth
understanding of metabolic and vascular phenomena
caused by a cerebro-afferent vessel occlusion. Ultimately,
this could improve tailored approaches to treating

ischemic stroke.
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MR imaging (MRI) is an integral part of the diagnosis

and treatment planning of various neurological diseases.
However, the long scan time of brain MRI is a major factor
that limits its effectiveness, especially in patients who are
prone to motion and frequently require sedation. Thus,
fast brain MRI protocols with acceptable diagnostic

image quality are desired to enable wider clinical applica-

Clinical
Reference

tion of MRI [1, 2]. There is an ongoing clinical need to
reduce the scan time of brain MRI, especially for uncooper-
ative or motion-prone patients, and patients with diseases
requiring rapid diagnosis such as stroke.

Various efforts have been made to achieve ultrafast
MRI for brain imaging by using pulse sequences that rapily
acquire images. One well-known approach is to use

n lllustrative example on the comparison of the motion-degraded exam of a 10-minute clinical reference protocol to the proposed 2-minute

msEPI protocol in a 73-year-old female with no pathologic findings.

siemens-healthineers.com/magnetom-world 23


http://www.siemens-healthineers.com/magnetom-world

Acute Stroke Imaging

single-shot echo-planar imaging (ssEPI), which acquires
k-space data for an entire 2D image in a single, long
readout (shot), following a single RF-excitation pulse

[3, 4]. The number of k-space lines (echoes) collected in a
single shot is called the "EPI factor". The technical advances
in the design of echo-planar imaging have made ultrafast
brain MRI protocols, including a combination of anatomic
and functional sequences, possible [5, 6]. ssEPI methods
have recently been used to create rapid screening exams
with total durations of 1-2 minutes. However, these rapid
sSEPI approaches come at the cost of significant geometric
distortion, low signal-to-noise ratio (SNR), and reduced
tissue contrast [6-8]. In addition, these approaches offer
limited flexibility to acquire in different image orientations
or to repeat individual contrasts.

Multi-shot EPI (msEPI) acquisitions have been exploited
to address these shortcomings. In a msEPI acquisition,
data from multiple highly-undersampled shots are
combined together. This approach results in reduced
geometric distortion, but at the cost of slightly longer scan
times. Higher acceleration factors can be used to compen-
sate for this, but can lead to increased g-factor noise and
residual aliasing [9-11]. Recent advancement in artificial
intelligence (Al)-powered reconstruction algorithms have
proved successful in denoising accelerated MRI data. Deep
learning (DL) models, can be applied to reduce noise and
residual aliasing during reconstruction [12].

In this article we show preliminary results from a clini-
cal translational study being performed at Massachusetts
General Hospital (MGH) for validating the feasibility of pro-
totype DL-accelerated msEPI-based rapid brain protocols’ in
a high-volume emergency and inpatient care setting. The
rapid imaging technique combines a novel deep learning
algorithm to limit g-factor noise amplification, magnetiza-
tion transfer preparation to improve brain tissue contrast,
and high per-shot EPl undersampling factors to minimize
geometric distortion [12, 13]. A multidisciplinary team of
neuroradiologists, MR physicists, and Siemens Healthineers
engineers at MGH have developed and optimized acquisi-
tion parameters for each of these prototype msEPI-based
MRI protocols. Following the optimization of sequence
parameters and DL-based reconstruction, an Institutional
Review Board approved study was executed. The validation
approach comprised prospective comparative studies
of emergency and inpatient examinations with a variety
of indications. The imaging protocol included T1-, T2-,
T2*-weighted, T2-FLAIR, and DW imaging sequences
from the prototype msEPI protocol and the clinical refer-
ence standard. Imaging was performed on 3T MRI scanners
(MAGNETOM Skyra and MAGNETOM Prisma, Siemens
Healthcare, Erlangen, Germany) using a 20-channel

ESOC 2023

head coil. Fully sampled msEPI training data were acquired
with two averages and eight shots across 16 healthy sub-
jects (8 men, 8 women, aged 19-67). A single FLASH auto
calibration scan, acquired at the start of each acquisition,
allowed for the calculation of coil sensitivity maps,
GRAPPA and/or SMS kernels. The data were split into
training and validation datasets with 12 and 4 subjects,
respectively. The use of fully sampled data allowed
networks to be trained for different acceleration factors
through retrospective undersampling.

Two board-certified neuroradiologists, blinded to
the clinical history and the imaging protocols, evaluated
the head-to-head image quality, scan time, and diagnostic
performance of DL-accelerated msEPI-based MRI protocols
against the respective clinical standard protocols. For
diagnostic performance, they assessed six clinically
relevant imaging findings in each protocol (intracranial
mass-like lesion, intracranial hemorrhage, white matter
hyperintensities, subarachnoid FLAIR hyperintensities,
diffusion restriction, and hydrocephalus). For image
quality, the raters used a 3-point score to evaluate image
degradation by noise and artifacts. Qualitative assessment
was compared using Wilcoxon signed-rank tests, and
the intraclass correlation coefficients (ICCs) were used
to test interobserver reproducibility on the diagnostic
concordance between two readers.

Initial clinical experience

The prototype msEPI protocols (T1-, T2-, T2*-weighted,
T2-FLAIR, and DWI) required only 2 minutes of scan time
(not including adjustments), while the rapid reference
protocols (turbo spin-echo (TSE)-based acquisitions)
took 10 minutes for the same number of image contrasts.
A total of 26 patients (Male:Female 12:14, mean age
58 + 19 years old) were included in this preliminary study.

Two board-certified neuroradiologists performed an
initial clinical subjective evaluation of the DL-accelerated
msEPI-based images. Aside from noticeable mild distortion
of soft facial tissues, the msEPl images contained only very
minimal distortion of the pons and temporal lobes — areas
which are critical for diagnosis. The limited artifacts we
observed were most prevalent in the longer echo-time
T2* data and corresponded to cases where patient motion
could be identified. Figure 1 illustrates how shorter scan
time allows for lower motion artifacts.

Interobserver agreement was ‘almost perfect’ for
the evaluation of intracranial masses (ICC = 1), WM hyper-
intensities (ICC = 0.83), diffusion restrictions (ICC = 0.83),
and hydrocephalus (ICC = 1); and ‘substantial’ for intracra-
nial hemorrhage (ICC=0.76) and subarachnoid FLAIR

"Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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hyperintensities (ICC = 0.65). Head-to-head comparisons of Conclusion
image quality showed increased noise on the msEPI exams
for T1, FLAIR, and DWI (p < 0.05) and increased artifacts
on T2, T2*, and FLAIR (p < 0.05), without compromising
the detection of the imaging findings.

Figures 2—6 demonstrate examples of the msEPI
images and the corresponding clinical reference images
for each image contrast, highlighting the clinical findings
in each. As these cases illustrate, the 2-minute DL-acceler-
ated msEPI prototype sequences can offer high clinical
efficacy at a significantly shorter acquisition time.

We have successfully used a DL-accelerated 2-minute msEPI
protocol to enable rapid, comprehensive brain MRI evalua-
tion of emergency department and hospitalized patients.
In this preliminary study we found high interobserver
agreement for major brain MRI findings, similar to that

of a 10-minute conventional protocol. The DL-accelerated
2-minute msEPI protocol provided clear depiction of
pathologic intracranial findings and comparable tissue
contrast to that observed with the five-fold slower clinical
reference exam. The msEPI technique is currently being
evaluated in a larger clinical study of inpatient and
emergency department patients at our institution, which

Clinical Reference (1:19) msEPI (0:25) T2 Acquisition | Resolution TR(ms) | TE(ms) | PAT Factor | No.shots | Echo
Sequence | Time (m:s) | (mm?) spacing

(ms)
TSE 1:19  10.9x0.9x5.0| 7060 85 2 - 9.42
msEPI 0:25 |1.0x1.0x4.0| 4500 86 2 4 1.2

(2A) Large complex hemorrhagic mass-like lesion within the right occipital
lobe that is better seen on msEPI exam. The clinical reference exam that
was performed with > 3-fold increase in scan time demonstrates intense
motion artifacts.

(2B) Post-surgical changes from right frontal craniotomy with right frontal
lobe encephalomalacia.

Clinical Reference (2:24) msEPI (0:00) T2* Acquisition | Resolution TR(ms) | TE(ms) | PAT Factor | No.shots | Echo
Sequence | Time (m:s) | (mm?) spacing

(ms)
GRE 2:24 10.9x0.9x5.0| 694 20 1 - -
msEPI 0:002 [1.0x1.0x4.0| 4500 | 21.2 2 4 1.2

(3A) Right parietal lobe intraparenchymal hematoma with dependent T2*
hypointense blood products.
(3B) Non-enhancing cystic lesion in the right aspect of the pineal gland.

2Acquired in combination with the T2 sequence.
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FLAIR Acquisition | Resolution TR (ms) TE (ms) PAT Factor | No. shots Echo
Sequence | Time (m:s) | (mm?) spacing
(ms)
TSE 2:08 |0.9x0.9x5.0| 9000 85 2 - 7.49
msEPI 0:57 | 1.0x1.0x4.0| 9000 86 2 2 1.19

n (4A) Left frontal high-grade glioma.
(4B) Subacute left temporal lobe infarct (left middle cerebral artery territory).

Clinical Reference (1:58) SMS-ssEPI (0:21) DWI Acquisition | Resolution TR(ms) | TE(ms) | PAT Factor | No.shots | Echo
Sequence | Time (m:s) | (mm?) spacing

(ms)
SSEPI 1:58 |1.4x1.4x5.0| 3800 72 2 1 0.72
SMS-ssEPI|  0:21 | 1.4x1.4x4.0| 2000 63 2 2 0.93

b-value 1000 s/mm?

H (5A) Subacute infarct involving left frontal lobe and insula.
(5B) Multiple infarcts involving left cerebral hemisphere.

Clinical Reference (2:12) msEPI (0:23) T Acquisition | Resolution TR(ms) | TE(ms) | PAT Factor | No.shots | Echo
Sequence | Time (m:s) | (mm?) spacing
(ms)
SE 2:12  10.9x0.9x4.0| 400 8.4 1 - -
msEPI 0:23 |1.0x1.0x4.0| 1670 12 2 4 1.18

n (6A) Hemorrhagic neoplastic lesion in the right occipital lobe.
(6B) Right parietal lobe intraparenchymal hematoma.
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will provide further insight into the advantages and
trade-offs of ultrafast, high-quality brain imaging in this
patient population. We envision this protocol could be

an effective rapid screening tool for acute intracranial
pathology in these often difficult to image and neurologi-
cally unstable patients.
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This work was performed using a prototype that led to the development of the Deep Resolve Swift Brain product.

Introduction

MRl is a crucial tool for the diagnosis and treatment
planning of neurological diseases. Compared to CT and
ultrasound, however, the underlying physics of the MR
imaging process necessitates relatively long acquisition
times. This has limited the use of brain MRI in time- or
motion-sensitive settings, such as the emergency depart-
ment, where long or repeated scans can delay urgently
needed treatment [1-4].

The integration of parallel imaging (PI) and simultane-
ous multi-slice (SMS) imaging techniques [5-8] into
standard turbo-spin-echo (TSE)-based clinical protocols
has allowed for exam times of approximately 10 minutes.
Advances in 3D volumetric encoding schemes [9],
compressed sensing [10], and deep-learning (DL) recon-
struction techniques [11-13] have helped alleviate the
geometry-factor (g-factor) noise amplification of standard
Pl and SMS techniques to provide additional acceleration
and further reduce exam times. Current application of
these techniques to standard TSE-based protocols has lead
to exam times of approximately 5 minutes [14-16].

Recently, single-shot echo-planar imaging (ssEPI) has
been used to enable ultrafast multi-contrast exams on the
order of 1-2 minutes [17, 18]. ssEPI acquisitions acquire all
k-space lines after a single excitation or “shot” and allow for
very rapid scan times, but require longer readout durations
and echo times. As such, ssEPl images often suffer from
susceptibility-induced geometric distortion as well as signal
dropout and pileup artifacts.

To take advantage of the efficiency of EPI while mitigating
signal-to-noise (SNR) and susceptibility-induced losses

to image quality, we have developed a multi-shot EPI
(msEPI)-based prototype’ that leverages a DL-based image
reconstruction to provide high-SNR T1w, T2w, T2*, and
T2-FLAIR, complemented by ssEPI diffusion imaging within
a 2-minute exam. The prototype’s msEPI acquisition ac-
quires readout lines in an interleaved fashion across several
shots to achieve shorter echo times and reduce geometric
distortion. At the same time, the DL-based image recon-
struction produces high-SNR images and limits g-factor
noise amplification. To provide greater flexibility and
robustness to variations in the clinical workflow, the
prototype allows each contrast to be acquired individually,
in any orientation, and the DL-reconstruction includes a
tunable parameter which can be automatically selected

to optimize image quality and data fidelity.

In the following sections, we describe the prototype’s
data acquisition and image reconstruction methods, and
provide performance evaluation metrics and preliminary
results on clinical data not included during training.

Data acquisition

Prototype sequences were developed for acquiring T1w,
T2w, T2*, FLAIR, and diffusion-weighted imaging data.
Multi-shot acquisitions with high per-shot undersampling
factors were used for all but the DWI sequence, which was

"Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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acquired using an SMS ssEPI acquisition. T2w and T2*
contrasts are obtained before and after the refocusing
pulse of the same msEPI scan, which further increases the
sampling efficiency. To provide robustness against intra-
scan motion and allow for the individual acquisition of any
contrast, each scan was preceded by a fast FLASH refer-
ence scan [19], which was used to compute coil sensitivity
maps, GRAPPA [5], and/or SMS kernels [20]. Additional
information on the data acquisition is provided in [21].
Clinical evaluation data were acquired on patients and
healthy volunteers using a 20-channel head/neck coil and
a 64-channel head coil on 3T systems (MAGNETOM Prisma
and Vida, Siemens Healthcare, Erlangen, Germany) with
informed written consent and in accordance with local
IRB guidelines. Clinical reference data were acquired for
comparison immediately before the prototype exam using

Reference
Contrast | Seq

Technology

a standard 10-minute clinical exam. Protocol parameters
from both exams are shown in Figure 1.

A deep-learning network was trained using a dataset
consisting of more than 26,000 images across T1w, T2w,
T2*, and T2-FLAIR contrasts in axial, coronal, and sagittal
orientations (Fig. 2). The 2-average data for network
training and validation were acquired on a 3T system
(MAGNETOM Skyra, Siemens Healthcare, Erlangen,
Germany) using a 20-channel head/neck coil.

Deep-learning hybrid image reconstruction

The prototype sequences use a novel image reconstruction
algorithm that integrates DL priors into an iterative SENSE
[22] reconstruction (Fig. 3). Undersampled data acquired
from the scanner are first passed through a standard

. 5
- Resolution (mm3) | TR/TE (ms) Factor Shots

1.0x1.0x4.0 1670112

1.0x1.0x4.0 4500/86

1.0x1.0x4.0 4500/21.2

1.0x1.0x4.0 9000/86

DWI?
SMS-ssEPI 1.4x1.4%x4.0 2000/63 x 2 1

2T2* data is aquired in the T2w msEPI sequence
3b-value 1000 s/mm?

Clinical Reference Exam

msEPI Exam

2 min

n Preliminary clinical results and protocol parameters of the msEPI and clinical reference exam. Images were obtained from a patient not included
in the training or validation datasets, with a recent right corona radiata lacunar infarct (DWI images, arrows) and extensive white matter
T2-FLAIR hyperintense signal abnormality likely related to cerebral small vessel disease. A graphical representation of the total acquisition times
in the clinical reference and msEPI exams is included below the parameter table.
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parallel imaging reconstruction, e.g., SENSE, which is used
as input to an unrolled gradient-descent network (UGDN)
[11]. The UGDN removes residual aliasing artifacts and
noise from the initial reconstruction by iteratively passing
the image through a deep neural network followed by

a data-fidelity increasing operation which incorporates
the physics of the acquisition and original measured data.
The output of the UGDN, which will have good SNR but
may be overly smooth, is then refined in a second iterative
SENSE reconstruction, referred to as the DL-SENSE hybrid
reconstruction [21].

The DL-SENSE hybrid reconstruction uses the image
from the UGDN to regularize an iterative SENSE reconstruc-
tion and so generate a high-SNR image with good data
fidelity and preservation of fine details. Specifically, the
DL-SENSE hybrid reconstruction is a generalization of the
methods in [23, 24] and computes the final image by
solving the following optimization problem:

min1d ~ QFCp |12+ M| WFC(p, 0~ P) 12

where d and p are vectors of the measured data and image
values, respectively; p .., is the output of the UGDN; F and
C are the Fourier encoding and coil sensitivity operators; Q
is the k-space sampling operator; A is a tunable denoising
parameter; W is a diagonal weighting matrix.

A key feature of the DL-SENSE hybrid reconstruction is
its ability to provide explicit control over the way the UGDN
influences the final reconstructed image, which allows the
same network to be applied to data acquired under novel
noise conditions without the need for costly retraining.
The user can control the balance between the fidelity of
the final image with the measured data (left term in the
above optimization problem) and with the output of the
UGDN (right term in the above optimization problem) by
tuning the denoising parameter A. Similarly, the weighting
matrix W controls the spectral mixing of information from
the UGDN image and the measured data. In the current
prototype, W was chosen as a sampling operator with the
same undersampling factor as Q but with complementary
sample locations. For a given value of A, this choice of W
provided a desirable tradeoff between data fidelity and im-
age quality and helped to focus the UGDN's representation-
al power on unsampled k-space regions during training.

Network training and validation

The UGDNs used by the prototype were trained using imag-
es from a dataset consisting of more than 26,000 images
across all contrasts and orientations (Fig. 2). During
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training, simulated training examples were generated by
retrospectively undersampling high-SNR images, and noise
was added to the simulated data to match clinical SNR lev-
els. Separate UGDNs were trained for undersampling (PAT)
factors of 2, 3, and 4. Networks were trained to minimize
a loss function consisting of a weighted combination of
the structural similarity index measure (SSIM) — known to
correlate with radiologist quality rating [25, 26] — and the
mean absolute error between the reconstructed images
and their corresponding ground-truths.

Approximately 6,500 images in the dataset were
excluded from training and reserved for validation of the
trained networks. Following the same procedure used
during training, noisy, undersampled data were generated
from these images and reconstructed using the DL-SENSE
hybrid scheme. The mean + SD of the SSIM values between
the reconstructed images and their corresponding ground-
truth images are shown in Figure 2, sorted by contrast and
PAT factor. These results indicate that the proposed method
can reliably generate high-quality images, even at higher
(= 3) acceleration factors.

Automatic selection of the denoising
parameter

It can be challenging to select an appropriate denoising
parameter given the variability seen in clinical settings. For
a given protocol, the denoising parameter can be manually
tuned according to radiologist preference; however, the
ideal choice can vary with changes to protocol parameters,
coil loading, coil selection, etc., which are common in the
clinic. The parameter that yields the best results in one
scenario may lead to overly smooth or noisy images in
another scenario.

This problem was addressed by training a model to
automatically select the denoising parameter based on
estimated data SNR. The prototype computes the noise
level using acquisition-specific noise calibration data and
combines this with an estimate of the signal intensity to
compute the SNR. A trained model then uses the estimated
SNR to predict the denoising parameter preferred by radiol-
ogists [27]. This automatic, data-driven adaptation of the
denoising parameter makes the prototype robust to chang-
es in protocol parameters and automatically reduces the
impact of the DL prior on the reconstruction in higher SNR
(or lower PAT factor) scenarios, to maximize data fidelity
while preserving image quality.

Figure 4A shows both the GRAPPA and DL-SENSE
hybrid reconstructions of T2-FLAIR data (the contrast with
lowest SNR) acquired from a healthy volunteer at PAT 2, 3,
and 4. The GRAPPA reconstructions show the expected
noise amplification with increasing PAT factor, but in the
DL-SENSE hybrid reconstruction, the noise levels remain
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Dataset Composition DL-SENSE Performance
100 - M PAT 2
T2* FLAIR B PAT 3
6.5k 6.5k 80 - B PAT 4

Transverse Coronal
7.8k 9.1k

Saggital
9.2k

60 -

40 -

20 =

Structural Similarity to Ground-Truth (%)

T2w/T2* Tiw FLAIR

Dataset composition and validation results. The dataset consisted of more than 26,000 images and included T1w, T2w, T2*, and T2-FLAIR
contrasts as well as coronal, sagittal, and transverse orientations, as shown in the pie chart. The bar chart shows the mean = SD structural
similarity index measure (SSIM) between DL reconstructions and the corresponding ground-truth validation images.

Initial
Reconstruction

Ly

Undersampled
k-space data

Deep neural
network

/R’
R_J

Reinforce 1Q with
measured data

—)

> Tl

Network DL-SENSE Hybrid Final
Output Reconstruction Image

Tunable Denoising
Parameter

Illustration of the proposed reconstruction scheme. An initial SENSE reconstruction is generated from the undersampled k-space data and
used as input to an unrolled gradient descent network (UGDN). The UGDN repeatedly alternates between deep neural-network denoising and
data-fidelity updates to remove noise and residual aliasing while preserving the information in the acquired data. The UGDN output image
and the measured data are then used in a regularized DL-SENSE hybrid reconstruction to produce the final image. By incorporating a tunable
denoising parameter, the DL-SENSE hybrid reconstruction can be tailored to radiologist preference and also allows the same network to be
applied to data acquired under noise conditions not previously seen without retraining.
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relatively constant. Examination of representative denois-
ing parameter values (orange markers in Figure 4B) shows
that the trained model (orange line in Fig. 4B) automatical-
ly adjusts the denoising parameter as the PAT factor in-
creases, using higher values for higher PAT factors. Figure
4B also shows example denoising parameter values from
different contrasts and demonstrates how the model uses
lower values for higher SNR contrasts (e.g., T2*) as well.

Reconstructions of T2-FLAIR data acquired on the
same healthy volunteer using 20- and 64-channel coils
are shown in Figure 5. Overall, the SNR of the two images
is similar, but in the cortical region, the SNR of the
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64-channel image is noticeably higher. These results sug-
gest that the prototype can also adapt to changes in coil
selection, allowing users to make the most out of higher
density array coils.

Preliminary clinical results

We compared the proposed 2-minute prototype protocol
to a standard TSE-based, 10-minute clinical reference
protocol on a patient suffering from a recent right corona
radiata lacunar infarct (DWI with restricted diffusion,

Fig. 1 arrowheads) and extensive patchy and confluent

Magnified ROIs

1.4 Learned mapping for
optimal IQ and fidelity
T 12
£ 3 Example values from
% g e FLAIR (PAT 4) select imaging scenarios
g 10 FLAIR (PAT 3
%\ oy / ( )
()]
25 08 _ FLAR (PAT2)
E g
S o
2 [} 0.6 /TZW (PAT 2) .
T2* (PAT 2
/ ( )
0.4 T1w (PAT 2)
1 10 20 30 40 50
Data SNR

n Generalization of the DL-SENSE hybrid reconstruction to higher undersampling (PAT) factors and varying SNR levels. (4A) Reconstructions of
T2-FLAIR data acquired from a healthy volunteer at different PAT factors using the DL-SENSE hybrid reconstruction and GRAPPA. Magnified ROIls
displayed on the right show how the proposed DL-SENSE reconstruction automatically adapts the denoising parameter to maintain image
quality despite variations in the undersampling factor. (4B) The learned mapping between data SNR and optimal denoising parameter (orange
line). The mapping was trained to predict parameters chosen by board-certified radiologists. The parameter values for the T2-FLAIR reconstruc-
tions in (4A) as well as for representative T1w, T2w, and T2* acquisitions are depicted by orange markers. The trained model tries to provide an
optimal balance between image quality and data fidelity; in high-SNR scenarios, the model chooses lower values to maintain image quality

while increasing data fidelity.
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T2-FLAIR hyperintense white matter signal abnormality
likely related to cerebral small vessel disease (T2-FLAIR,
Fig. 1). Evaluation of the Figure 1 images by board-certi-
fied neuroradiologists indicated that, despite the nearly
5-fold reduction in exam time, the diagnostic quality of
the images produced by the prototype was similar to that
of the standard 10-minute exam. The white matter signal
abnormality as well as the DWI/FLAIR mismatch (indicat-
ing a recent infarct) in the infarcted region can be clearly
observed in the T2w, T2*, FLAIR, and DWI images from
each protocol. Moreover, the gray/white differentiation
of the msEPI T1w acquisition is similar to that of the
reference SE T1w scan, despite the differences in the
respective contrast mechanisms.

Although msEPI T1w images do not optimally depict
facial soft tissues, which can be useful in certain diagnostic
situations, it is interesting to note that the msEPI T1w im-
ages appear to depict the white matter lesions with greater
conspicuity than the reference SE acquisition (possibly due
to the increased T2* weighting). Regardless, future devel-
opment will include the evaluation of a GRE-based T1w
prototype sequence for the purposes of providing a nearly
distortion-free reference, suitable for observing facial soft
tissues.

In addition to the results presented here, clinical
evaluations of earlier versions of this prototype have also
been performed, with similar results [21, 28]. In particular,
the report by Tabari et al. [28] provides initial results from
a clinical evaluation on a large cohort of inpatients and
emergency department patients, which indicate a high

64-channel

20-channel

T2-FLAIR images acquired at 3T with the msEPI prototype sequence
using the 20-channel head/neck coil and the 64-channel head coil
from Siemens Healthineers. The msEPI prototype automatically
adjusts the denoising level according to the SNR in each acquisition
scenario, which makes it robust to variations in coil selection.

To take advantage of the increased cortical sensitivity of the
64-channel coil, the prototype automatically reduces the denoising
parameter in the DL-SENSE hybrid reconstruction to maximize IQ
and data fidelity (see highlighted ROI).

Technology

degree of interobserver agreement for major diagnostic
findings, similar to that of the 5-fold slower clinical refer-
ence exam.

Conclusions

We have developed an ultrafast MRI prototype that
integrates a highly efficient msEPI acquisition with
DL-based image reconstruction techniques to provide
comprehensive brain MR imaging in a 2-minute exam.
Although clinical evaluation on large patient cohorts
is still ongoing, preliminary results indicate that the
prototype can automatically adapt its DL reconstruction
to variations in protocol parameters and coil selection
to produce T1w, T2w, T2*, T2-FLAIR, and diffusion-
weighted imaging with diagnostic quality similar to
that of a standard 10-minute TSE-based acquisition.
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Simultaneous Multi-Slice (Slice Accelerated)
Diffusion EPI: Early Experience for Brain
Ischemia and Cervical Lymphadenopathy
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In single shot EPI, the entirety of
k-space is traversed after one shot
(excitation). Readout-segmentation
acquires k-space in multiple shots

for reduced TE and encoding time.
Real-time reacquisition of unusable
shots is also supported. The result is
markedly improved image quality,
with reduced susceptibility artifact
and image blur. The challenge with
this approach, termed RESOLVE, is the
longer scan time, which scales with
the number of readout segments.
Here slice acceleration (simultaneous
multi-slice) can play a very important
role, to reduce scan time, when
applied in combination with RESOLVE.

Simultaneous multi-slice (SMS)
accelerated diffusion-weighted echo
planar imaging employs an innovative
acquisition and reconstruction
scheme that allows multiple slices to
be acquired simultaneously [1-4].

The approach offers a substantial

Slice acceleration with RESOLVE for
decreased scan time. The patient
presented with both Broca’s (motor)
and Wernicke's (sensory) aphasia,
together with transient weakness of
the right hand. A large early subacute
infarct is seen in the left middle cere-
bral artery and watershed territories.
With an acceleration factor of 2,

the scan time is reduced by 1 minute
(from 3:08 to 2:06 min:sec), with

no loss in image quality. Indeed,

the resultant image has less blur.

decrease in image acquisition time,
or alternatively improved spatial /
diffusion resolution. The advent of
this technique is analogous to that
years ago of 2D multi-slice, and as
such may represent one of the major
innovations in this decade for MRI
with widespread clinical utility. This
short article covers briefly the theory
behind the approach, advantages and
limitations, and applications in the
brain and the soft tissues of the neck
using clinical cases.

The breadth of capabilities and cur-
rent limitations with SMS diffusion EPI
in brain imaging are illustrated at 3T.
In this approach (provided as a works-
in-progress software package'), multi-
ple slices are acquired simultaneously
using blipped-CAIPIRINHA technique
with the individual slices then recon-

structed using a slice-GRAPPA method.

Slice acceleration with axial imaging,

as applied, requires a phased array

coil with sufficient elements in the z-di-
rection, which in this instance was
accomplished by use of a 32-channel
head coil.

For slice acceleration, the RF excitation
is modified, to excite multiple slices
simultaneously, and during readout,
phase-blips are applied to shift/ alias
simultaneously excited slices. Aliased
slices are separated during reconstruc-
tion using a slice-GRAPPA approach,
with a high-quality slice separation
requiring an appropriate multi-element
coil. SMS acceleration allows more
slices per TR or TR to be reduced with
the same slice coverage. Potentially
there is no SNR loss due to under-
sampling, and the g-factor penalty is
reduced by employing gradient-based
CAIPIRINHA.

sws2
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Slice acceleration with RESOLVE to
achieve a thinner axial section. This

is the same patient as illustrated in
case 1, but at a higher level showing
scattered punctate early subacute
infarcts in the cortex and deep white
matter of the parietal lobe. By moving

to a 2 mm slice (not possible without
slice acceleration due to the long
scan time), the small pinpoint infarcts
that are present are better seen
(black arrows), and some revealed
for the first time (white arrow).

Scan times are given in the lower

Fast Imaging Evaluation

right hand corner of each image,
with complete coverage of the brain
in each instance (30 slices with

a 4 mm thickness vs. 60 slices with
a 2 mm thickness).

non-accelerated L osws2 B swss________

For 2D diffusion-weighted imaging
(DWI) of the brain, TR is typically

~ 6000 msec. However a reduction to
3500 does not impact substantially
image quality or signal-to-noise ratio
(SNR). Making use of the possibility to
shorten TR expands the potential of
SMS accelerated imaging, whether
slice thickness is maintained or
reduced. Specifically, SMS acceleration
can be used in clinical brain DWI in this
manner to either shorten scan time

or to allow thinner sections covering
the entire brain within a reasonable
acquisition time.

Depending upon level of the brain,
likely coil dependent, SNR results vary.
Near the vertex, SNR was essentially
equivalent for all scans. At the level of
the lateral ventricles, mild decreases in
SNR were seen that could be attribut-
able not only to the decrease in TR and
slice thickness, but also to the number
of simultaneously excited slices
(g-factor of the coil). When comparing
the standard 4 mm single shot scan,

to the SMS acceleration 3, 2 mm, short
TR scan, the decrease in SNR was 27%,
likely primarily due to the thinner slice.

The combination of the readout seg-
mented approach (RESOLVE) with slice
acceleration (SMS RESOLVE) provides
images with markedly reduced bulk

susceptibility effect as well as image
blur, with 2 mm slices through the
entire brain, in a relatively short scan
time. Alternatively, if the slice thick-
ness is kept at 4 mm — the standard
for clinical imaging of the brain at 3T,
scan time is reduced by a third, in the
approach implemented. Not evalu-
ated, but extremely simple and of
substantial clinical value, would be
the use of slice acceleration to acquire
a higher number of b-values in the
same scan time.

Similarly, SMS RESOLVE can be applied
in the neck, provided a sufficient
number of coil elements are present
in the slice direction. Here, with a

3 mm slice thickness, the primary
application would be for a reduction
in scan time.

The utility of SMS in combination with
RESOLVE is demonstrated in cerebral
ischemia, by allowing — with equiva-
lent image quality — scan acquisition
time to be shortened or slice thickness
to be reduced [5]. A reduction in scan
time was also demonstrated for imag-
ing of the soft tissues of the neck.
SMS RESOLVE with slice acceleration 2
led to a scan time reduction from
3:08 (min:sec) to 2:06, with the refer-

ence scan acquisition implemented
(in the current works-in-progress
package) preventing a true factor of
2 reduction in scan time. Combining
an SMS acceleration of 3 with a reduc-
tion in slice thickness, 2 mm sections
through the entire brain were also
demonstrated, with scan time and
image quality comparable to the

4 mm single slice RESOLVE diffusion
EPI acquisition.

SMS accelerated imaging offers a
marked reduction in the time required
for data acquisition (scan time). Using
this approach, thin section (2 mm)
DWI of the entire brain can also be
acquired in a scan time and with image
quality equivalent to 4 mm imaging
with conventional DWI. Thin section
imaging brings a marked further
improvement in diagnostic image
quality to 3T of the brain. This holds
true especially for exams in patients
with suspected brainstem pathology
(a region in which every voxel contains
eloquent tracts or nuclei). This new
sequence approach is also easily
applied in other anatomic areas, with
many potential applications [6].
Looking further to the future, SMS
accelerated imaging can be extended
to additional pulse sequences,
specifically TSE T2-weighted imaging.
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Slice acceleration with RESOLVE —
the advantages of a thinner section.
Bulk susceptibility artifacts on DWI
are further reduced, and small pin-

point lesions with restricted diffusion
are better seen. And, as shown,

in certain instances small pinpoint
lesions can be visualized only on

ESOC 2023

the thinner sections, such as this
small cortical infarct (arrow) in
the left middle frontal gyrus.

Do we have good depiction of this
lateral medullary infarct, with single
shot imaging (upper row)? The con-
ventional answer would be that the
infarct is well delineated, with 4 mm
slices acquired at 3T. But no, this is
just @ misconception, due to limited
experience with thinner sections!
This small infarct is not nearly

as well seen as with 2 mm sections —
acquired using slice acceleration
(lower row), where the infarct is
more sharply defined on each section
and we have an additional slice (in
between). The patient, an 87-year-
old woman, presented one day prior
to the MR with dizziness, nausea and
vomiting, and left facial paralysis.

In this example, the patient (with mul-
tiple punctate, acute, left middle cere-
bral artery distribution infarcts) was
combative and moved throughout the
exam despite sedation, degrading
image quality. Motion artifact is great-
est on the readout segmented DWI
exam, due both to the long scan dura-
tion (3:26 min:sec) and the acquisition
scheme, and least on the 2 mm slice
accelerated scan. This 67-year-old
patient presented one day prior to the
MR with global aphasia, a right facial
palsy and — on other imaging studies —
a distal M1 segment occlusion.

single shot

accelerated
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Axial (part 1, 6A-C) and sagittal

(part 2, 6D, E) soft tissue neck images
from a normal volunteer are presented,
without and with slice acceleration.
In part 1, a single-shot (ss) DWI exam
is compared to RESOLVE acquired
without and with slice acceleration.
Note the artifactual foreshortening in
the AP dimension on the ss exam,
which leads to a lymph node (arrow)
that is anterior to the submandibular
gland on the left being projected over
the gland. On the RESOLVE images,
there is no anatomic distortion, with
the effective spatial resolution also
improved due to the absence of the
artifactual blurring present in the ss

exam (and inherent to this technique).

The use of slice acceleration allowed
the RESOLVE sequence to be obtained

All images were acquired at 3T on
a MAGNETOM Skyra MR system.
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in a very similar scan time as with
the ss DWI, 2:07 vs 1:50 min:sec. In
part 2, off-midline sagittal RESOLVE
diffusion-weighted images are
presented. Of intermediate signal
intensity is a very small part of the
submandibular gland with a high
signal intensity small lymph node

immediately anteriorly (in the middle

of image), with a portion of the

parotid gland seen in the more supe-

rior portion of the image. Depiction

of the multiple scattered, high signal

intensity, normal lymph nodes and

SNR are equivalent for the two scans,

with slice acceleration reducing scan
time by nearly a factor of 2 (from
3:44 to 2:07 min:sec). Images

were acquired with the Head/Neck
64-channel coil.
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Fast Imaging Evaluation

readout segmented

readout segmented, SMS2

non-accelerated
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