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Objectives: Patients in ICUs often require neuroimaging to rule out a
wide variety of intracranial problems. CT may be available in the ICU
itself, but MRI has greater sensitivity for many conditions that affect
the brain. However, transporting patients who are on ventilators and
other life-sustaining devices is a labor-intensive process and involves
placing the patient at risk for adverse events. This is a report of por-
table MRI in a clinical setting.

Design: This is a prospective, nonrandomized, observational study at
one institution, utilizing a 0.064-T, self-shielding, portable MRI in ven-
tilated patients in an ICU setting.

Setting: Academic medical center.

Patients: Nineteen patients with laboratory-confirmed severe acute
respiratory syndrome coronavirus 2 infection. Patients selected for
imaging had any of the following: 1) unexplained encephalopathy or
coma, 2) seizures, 3) focal neurologic deficit, or 4) abnormal head CT.
Imaging was performed in each patient's ICU room with a portable,
self-shielding, 0.064-T MRI.

Interventions: None.

Measurements and Main Results: Among 19 patients, 20 MRI scans
in seven ICUs were acquired between April 13, 2020, and April 23,
2020. No adverse events to patients or staff from MRI acquisition

"Department of Neurosurgery, Zucker School of Medicine at Hofstra/
Northwell, North Shore University Hospital, Manhasset, NY.

Division of Neurosurgery, Michigan State University College of Human
Medicine, Ascension Providence Hospital, Southfield, MI.

Division of Neurocritical Care, Zucker School of Medicine at Hofstra/
Northwell, North Shore University Hospital, Manhasset, NY.

“Division of Neuroradiology, Zucker School of Medicine at Hofstra/Northwell,

North Shore University Hospital, Manhasset, NY.
Copyright © 2020 The Authors. Published by Wolters Kluwer Health, Inc.
on behalf of the Society of Critical Care Medicine. This is an open-access
article distributed under the terms of the Creative Commons Attribution-Non
Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permis-
sible to download and share the work provided it is properly cited. The work
cannot be changed in any way or used commercially without permission from
the journal.

Crit Care Expl 2020; 2:e0306
DOI: 10.1097/CCE.0000000000000306

Critical Care Explorations

were reported. In 12 patients, abnormal findings were seen, which
included increased fluid attenuated inversion recovery signal (n=12),
hemorrhage (n = 3), and diffusion-weighted imaging positivity (n =3).
Imaging led to changes in clinical management in five patients.
Conclusions: In this case series of patients, use of portable MRI has
been found to be safe, feasible, and led to changes in clinical man-
agement based on imaging results. However, future studies compar-
ing results with other imaging modalities are required to understand
fully the extent of its clinical utility.

Key Words: coronavirus disease 2019; imaging; magnetic resonance
imaging; neurocritical care; neurology; point-of-care

he use of portable, bedside imaging such as CT has been

adopted by health systems to safely image patients in

the ICU (1-3). However, studies of the diagnostic sen-
sitivity of CT versus MRI show that MRI adds more value in
patient evaluations due to its comparatively higher sensitivity
to ischemia, encephalopathy, hemorrhage, and other diagnos-
tic categories (4). Consequently, CT alone may not provide the
necessary sensitivity required to diagnose brain abnormalities
in critically ill patients. The use of a portable MRI presents an
opportunity for clinicians to gain important information at the
patient bedside in the ICU.

For this study, we imaged patients infected with the coronavi-
rus disease of 2019 (Covid-19). This pandemic has infected over 6
million people worldwide since the first reported case in December
2019 in Wuhan City, China (5). It has been estimated that 10-12%
of hospitalized patients require mechanical ventilation and inten-
sive care (6, 7). Recent literature has reported cerebral infarction,
acute necrotizing encephalopathy, and encephalitis in severely
ill Covid-19 patients due to associated inflammatory-mediated
thrombosis and disruption of the blood brain barrier (8-11).
Neuroimaging for Covid-19 patients has several limitations,
including the risks associated with patient transport and exposure
to a larger patient population and hospital staff (3, 12-15).
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We report on the safety and feasibility of utilizing portable MRI
in the ICU setting and the clinical utility of this technology. The
images acquired can facilitate more targeted treatment by medi-
cal providers. We have established a working protocol for bedside
imaging in the ICU and provide an experience-based account of
the utility of this point-of-care MRI.

MATERIALS AND METHODS

This is a prospective, nonrandomized, observational study of patients
imaged with a portable MRI over 10 days in April 2020. Each patient
had laboratory-confirmed severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2). Patients selected for neuroimaging with
portable MRI were admitted to an ICU and had at least one of the
following: 1) unexplained encephalopathy or coma, 2) seizures, 3)
focal neurologic deficit, 4) abnormal head CT, or 5) elevated inflam-
matory markers in the blood or cerebrospinal fluid (CSF). At the
time of use, the MRI device used in the study was approved under
the Food and Drug Administration Emergency Use Authorizations
pathway. The Northwell Health Institutional Review Board approved
this study as minimal-risk research using data collected for routine
clinical practice and waived the requirement for informed consent.

Point-of-Care MRI

A portable, 0.064-T, MRI device (Hyperfine, Guilford, CT) was
used to image patients at the bedside. Two horizontally oriented,
permanent magnets form the two poles of the system (Fig. 1). The
radiofrequency transmit coils and the receive coil are supported
together on a platform inside the gantry (Fig. 1D). Presently, the
MRI can acquire T1 weighted (TIW), T2 weighted (T2W), fluid-
attenuated inversion recovery (FLAIR), and diffusion-weighted
imaging (DWI) (along with the associated apparent diffusion
coefficient [ADC]). The device operators were trained medi-
cal providers (neurosurgery residents and critical care fellows)
who completed a brief demonstration on usability of the device
and were trained in magnetic resonance (MR) safety consid-
erations. During the actual scanning procedure, the operators
did not require any additional support from MRI technologists.
The device is Federal Communications Commission class A and
Comité International Spécial des Perturbations Radioélectriques
group 2 compliant. For further details regarding the portable MRI
and image acquisition, please see the supplementary appendix
(http://links.lww.com/CCX/A465). Image acquisition times per
sequence can be found in Table 1.

Patient Preparation for Imaging

Prior to completing any imaging, our institution-specific MRI
screening form, adhering to 1.5-T MRI guidelines, was completed
with the patient’s next of kin. Patients who did not pass the safety
checklist were not imaged (the current MRI device is safe for use
with biomedical devices that have been deemed safe for use with
1.5-T magnets and less). Patients who passed the safety checklist
were then attended to by the MRI team (who transported and
operated the device), which consisted of two trained neurosurgery
residents or neurocritical care fellows. Several parameters were
considered in every ICU where imaging was performed:
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1) Bed positioning was relative to the patient ventilator. Limited
movement of the ventilator, the joints and tubing, and the oxy-
gen supply was important for patient and provider safety. To
accommodate the MRI, the patients bed was either laterally
shifted or turned 90° relative to the position of the ventilator
to eliminate the risk of disrupting normal ventilator function
(Fig. 1, A and B).

2) In certain patients, oxygenation was increased to 100% Fio,
during the imaging study to reduce the risk of desaturation
during MRI acquisition.

3) Unnecessary equipment was removed from the patient room
to create adequate space for the MRI to maneuver into an
appropriate position.

4) Sedation or paralytics were titrated as needed before moving
the patient into the correct position.

To assist in positioning and to reduce the risk of patient move-
ment from the receive coil during image acquisition, the bed was
raised and placed in around 10° of Trendelenburg position (Fig.
1B). The mobility team that consisted of a nurse and two to three
providers assisted in positioning as needed (Fig. 1C). In these
circumstances, an Air Lift (Prevalon, Stryker, Kalamazoo, MI)
was placed under the bedsheets to assist in movement. Use of the
blower function of the airlift was limited, as the excessive positive
pressure could place medical providers at risk for infection. Using
the bedsheet, the patient was then carefully moved into the gantry
with the head secured safely in the coil (Fig. 1E). With the work-
flow refined, patient positioning could be completed in 15-20
minutes. Image acquisition was controlled with an iPad provided
by the manufacturer.

Data Collection and Analysis

Data were prospectively collected from the patient’s electronic med-
ical record (EMR). Patients’ MRI scans were reviewed in the pic-
ture archiving and communications systems (PACS). Two attending
neurosurgeons and an attending neuroradiologist judged the images
for diagnostic quality. Image quality was graded as a whole and by
individual sequence on a scale of 1-5, with 1 being the best, 2-3
being of an adequate quality for interpretation, 4 being of an inad-
equate quality for interpretation though with some recognizable
anatomy, and with 5 deemed uninterpretable. The grading criteria
are outlined in Table 2. Intraclass correlation coefficient (ICC) esti-
mates and their 95% Cls were calculated using the SPSS statistical
package Version 26 (SPSS, Chicago, IL) based on a mean rating (k =
3), absolute agreement, and a two-way mixed-effects model.

RESULTS

Patient Characteristics

Twenty image sets were acquired in 19 patients in seven differ-
ent ICUs over 10 days. An MRI was requested in 14 patients who
recovered from their pulmonary disease, but who had an unex-
plained, persistent encephalopathy that prevented them from
being extubated. Other indications included seizure, abnormal
head CT, focal weakness, or vision changes (noted before intu-
bation). Fifteen patients were male and the average age was 62.2
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Figure 1. Portable MRI room setup. A, Key features of the portable MRI room setup, as demonstrated in a coronavirus disease 2019-ICU. B, The patient
positioned for imaging. The bed is turned 90° relative to the ventilator and wall oxygen sources to minimize circuit disruptions. The bed is tilted in ~10°
Trendelenburg. C, The mobility team moves the patient into the MRI gantry. D, The receive coil. E, The patient's head secured in the transmit-receive coil.

years (range 34-82). These known comorbidities associated with
Covid-19 were observed: hypertension, diabetes mellitus, obesity,
and cardiovascular disease. A head CT had been performed prior
to the MRI in 14 patients: four patients had abnormal CT findings,
including hemorrhage, infarct, and nonspecific edema. These data
are summarized in Table 3.

Feasibility

Upon the introduction of this new technology, there was an imme-
diate, significant demand for bedside imaging from critical care
providers. The MRI was successfully used in seven ICUs on six

Critical Care Explorations

floors of the hospital, each with a unique floor plan that required
individual attention. There were no cases of inaccessibility. In one
patient, the MRI was incomplete, as we had not positioned his head
entirely into the transmit-receive coil during the first scan. The scan
was redone using the mobility team and an air lift with the bed in
a slight Trendelenburg position. Images took 39 minutes to acquire
and the average bedside time from start to finish was 90 minutes
per patient. One to four patients were successfully scanned per day.
This was the practical limit during the peak pandemic period due to
limited personnel available at our institution. A significantly larger
number of patients could be scanned with a dedicated MRI team.
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TABLE 1. Scanning Times for Each Sequence

Scan Time Standard MRI

Sequence Scan Times? (min:s)
Prescan calibration 1:03 0:32
Localizer 0:18 0:15
T1 weighted (axial) 4:54 1:30
T2W (axial) 7:03 1:52
Fluid attenuated inversion 9:31 858

recovery (axial)
T2W (coronal) 7:03 3:17°
Diffusion-weighed 9:04 1:36

imaging + apparent

diffusion coefficient map
Total 38:56 12:65

T2W = T2 weighted.

2Acquisition time from sample patient scans acquired on a GE Medical Signa
HDxt 1.5T scanner.

bAcquisition time from a partial brain volume. T2 coronal not routinely acquired for
clinical purposes.

Safety

No patients or staff experienced any adverse events. Throughout
the scanning process, patients remained in their room connected
to all necessary lines and mechanical ventilation. There were
no inadvertent line disconnections or extubations. Providers
were able to request, order, and immediately review images via
the hospital's EMR and PACS resources. Critical care physicians
and nurses were able to continue with routine care during image
acquisition. All staff involved in mobilizing the patient wore the
required personal protective equipment and minimized their time
spent in the room.

Demonstrated MRI Findings
Table 4 summarizes the imaging findings of the 19 patients
scanned at our institution, 12 of whom had an abnormal MRI.
Findings included abnormal FLAIR signal (n = 12), DWI positiv-
ity (n = 3), hemorrhage (n = 3), and periventricular white mat-
ter changes (n = 12). Four of the 12 patients with abnormal MR
images had an unremarkable head CT prior to our investigation.
Two neurosurgeons and a neuroradiologist reviewed the 20
image acquisitions and assessed their utility in clinical practice.
This process yielded 60 grades for each sequence and for the entire
MRI study. The general MRI quality was graded to be adequate
for interpretation in 51 out of 60 evaluations (mean: 2.75 + 0.88;
median: 3). Regarding individual sequences, images were deemed
to be adequate for interpretation (or better) as follows: 53 out of 60
FLAIR (mean: 2.19 + 0.98; median: 2); 53 out of 60, TIW (mean:
2.6 + 0.98; median: 3); 52 out of 60, T2W (mean: 2.47 + 0.99;
median: 2); and 45 out of 60, T2W coronal (mean: 2.88 + 0.99,
median: 3). However, only 16 out of 60 of the DWI evaluation
grades were consistent with sufficient quality (mean: 4.13 + 1.02,
median: 4) for interpretation. Interrater reliability as measured
by the ICC was calculated to be moderate (ICC = 0.65 with
95% CI = 0.42-0.78).
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TABLE 2. Scale of Diagnostic Quality

Grade Description

1 Highest quality for clinical interpretation

2 Adequate quality for interpretation with minor limitations,
sufficient for clinical interpretation

3 Major limitations with some minor clinical utility

4 Inadequate quality for interpretation but with
recognizable anatomy

5 Uninterpretable

Clinical Utility

The MRI results led to a change in management in five patients,
including the diagnosis and treatment of venous thrombosis,
cerebral infarction (patient illustration 1), and the involvement of
palliative care (patient illustration 2). In the case of patient illus-
tration 1, the portable MRI confirmed the presence of ischemic
strokes and the patient was started on antiplatelet medical therapy
(Fig. 2). In the case of patient illustration 2, the portable MRI
revealed extensive abnormalities in the bilateral basal ganglia and
left parietal region consistent with new hemorrhagic infarctions
(Fig. 3). After discussing the MRI results, the family requested that
any further aggressive medical management be withheld and the
patient later expired. Three patients underwent a lumbar puncture
as a result of the MRI. The CSF was unremarkable with the excep-
tion of one patient having an elevated protein and IgG/albumin
ratio. CSF results did not lead to a change in management. At the
time of imaging, we were unable to test for SARS-CoV-2 RNA in
the CSF samples.

DISCUSSION

We chose to introduce this system for the imaging of patients who
are critically ill with Covid-19 because of the understanding that
the CNS can be affected by this disease and that scanning these
patients in a diagnostic MR imager is often difficult, if not impos-
sible. In our initial patient population, portable MRI was demon-
strated to be safe and feasible, while limiting hospital exposure of
patients and staff, and minimizing disruption of ICU care.

There are numerous safety advantages to portable MRI. The
use of portable CT, compared with conventional CT, has fewer
complications, requires less time and resources, and provides
immediate diagnostic results for treatment interventions (1).
Furthermore, portable imaging removes the risks associated
with intrahospital transport, along with reducing the transmis-
sion risks associated with environmental exposure (3, 12, 14-16).
In our initial experience, we found that these same advantages
applied to the use of portable MRI in the Covid ICUs. Although
it is possible to diagnose hemorrhages and larger, older ischemic
strokes on portable CT scans, portable MRI offers the distinct
advantage of the ability to visualize these areas of injury on dif-
ferent weighted sequences, theoretically adding significant diag-
nostic benefit in clinical interpretation. However, this is based
on the evidence extrapolated from comparisons of conventional
MRI and CT, and is simply speculative at this time. Additionally,
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TABLE 3. Demographic and Clinical

Characteristics

Age, yr
Mean 622+ 11.99
Median (min—max) 67 (34-82)

Sex, n
Male 15
Female

Coexisting conditions, n
Hypertension 15
Diabetes mellitus B
Obese (BMI > 30) 11
Obese (BMI > 3b)
Cardiovascular history

C-reactive protein, mg/dL
Average 16.98 £ 16.00
Range 2.77-59.80
>bmg/dL 15

Ferritin, ng/mL

Average 1566 + 1784.99
Range 52-6500
>900ng/mL 10
D-dimer, ug/mL
Average 223+ 276
Range 0.002-13.20
> 0.5 ug/mL 18
> 0.1 ug/mL 12
Prior imaging, n
Normal CT 10
Abnormal CT
Indication for scan, n
Unexplained encephalopathy 14
Seizure 1
Focal motor deficit 1
Diplopia 1
Abnormal prior CT 4

BMI = body mass index.

the cost-saving benefits of portable MRI cannot be ignored.
Besides the benefit of significantly lower costs of the scanner,
there are healthcare costs associated with transporting critically
ill patients on isolation precautions to and from the MRI scan-
ner. These costs will vary among various institutions, and this is
a topic for future studies.

Critical Care Explorations
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TABLE 4. Portable MRI Findings

All Completed

Results Scans (n = 20)

MRI findings, n
Abnormal MRI (overall) 19
Increased FLAIR signal 12
Hemorrhage 3
Abnormal FLAIR in thalamus 3
Periventricular white matter changes 12
Hyperintensity on diffusion imaging S
MRI findings after normal HCT 4
MRI findings with no prior HCT 5
Change in management after MRI B

FLAIR = fluid attenuated inversion recovery, HCT = head computer tomography.

To determine feasibility, we performed MRI scans on patients
in a variety of ICU settings. With critical care providers quick
to integrate the MRI scanning protocol into their workflow, we
brought this technology to areas beyond traditional critical care
units. We imaged patients in a number of rapidly built ICUs as
a result of the Covid-19 surge, including the postanesthesia care
unit and interventional short stay units converted into Covid
ICUs. Despite the challenges of navigating these spaces, we were
able to complete safely up to four scans a day with no adverse
events or disruptions to critical care workflow. The patient prepa-
ration process, as outlined in the Materials and Methods section,
was a result of an iterative process that took place during the 10
days of scanning. Challenges we faced early on included fitting,
positioning, and mobilizing larger patients within the gantry,
excessive patient movement during scans, and long preparation
times. It was through this iterative process that we started stan-
dardizing our approach and improving our efficiency. We found
the imaging quality to be adequate in detecting the presence or
absence of brain abnormalities in nearly all of the acquisitions.
FLAIR sequences demonstrated the highest quality, with DWI
scoring the lowest.

There are limited data on the neurologic complications and
MRI findings in patients with Covid-19. Mao et al (8) found that
36.4% of patients had neurologic manifestations, including isch-
emic stroke, hemorrhage, and impaired consciousness. Lietal (17)
reported the occurrence rate of stroke in hospitalized patients with
Covid-19 to be 5%. Stroke has also been reported to be the initial
presenting symptom in a small series of young patients (18). In
addition to cerebrovascular disease, case reports have described
patients with encephalitis and abnormal findings on MRI (9, 10).
Some investigators recently proposed that a hypercoagulable
state and/or excessive immune response are the direct result of
the systemic manifestations of Covid-19 infection (8, 9, 17, 19).
Timely diagnosis of CNS pathologies related to this disease pro-
vides a window of opportunity to guide treatment and prevent
clinical deterioration that is associated with advanced Covid-19.
In this series, 12 of 19 patients had abnormal findings on MRI.
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Figure 2. Portable MRI of a critically ill patient with coronavirus disease 2019 (patient illustration 1). A 74-year-old male with a past medical history of obesity,
hypertension, and diabetes was admitted with respiratory failure and was subsequently found to have severe acute respiratory syndrome coronavirus 2. The
patient had a prolonged ICU course complicated by acute respiratory distress syndrome, acute kidney injury, and upper gastrointestinal bleed. A noncontrast
head CT was performed after the patient failed to make a meaningful neurologic recovery despite being stabilized systemically. This revealed multifocal
edema in bilateral occipital and parietal lobes, and a right superior cerebellar hemorrhage without evidence of hydrocephalus. Portable MRI-revealed diffuse
atrophic changes are seen on the T1 weighted images. Hyperintense T2 weighted and fluid attenuated inversion recovery (FLAIR) signals are noted in the left

parietooccipital region, without increased diffusion-weighted imaging (DWI) signal.

Most often, these were FLAIR signal changes, but restricted
diffusion and hemorrhage were also noted. These images also
prompted further investigation with serological testing or lum-
bar puncture, when appropriate. In fact, the utility of normal
findings on MRI should not be undervalued. We found that a
normal MRI allowed providers to narrow or shift differentials,
and served as a valuable tool for shared decision-making with
families with regard to goals of care and prognostication. Due
to the lack of comparison with standard-of-care imaging, the
possibility of missed findings on normal scans obtained on the
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portable MRI was accounted for during clinical decision-making
and goals-of-care discussions.

Limitations of this study include the small sample size and
the learning curve associated with the early use of new technol-
ogy, particularly during a pandemic. Throughout the study, the
strategy and logistics to perform portable MRI (such as patient-
positioning, unique ICU considerations, and device transport)
were continually improved. The study also lacks compari-
son with current standard-of-care imaging devices, such as
portable CT and conventional MRI due to the constraints
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Figure 3. Portable MRI of a critically ill patient with coronavirus disease 2019 (patient illustration 2). A 60-year-old male with a history of coronary artery
disease, prior coronary artery bypass grafting on antiplatelet medication, hypertension, and obesity presented with severe hypoxia and was subsequently
diagnosed with severe acute respiratory syndrome coronavirus 2. The patient had a prolonged ICU course complicated by seizure, acute respiratory distress
syndrome, cardiac arrhythmias requiring anticoagulation, and acute kidney injury requiring hemodialysis. A head CT performed for a poor neurologic examination
despite being off sedation revealed no acute findings. Nine days later, a portable MRI demonstrated new areas of low T1 weighted signal surrounding isointense
changes in the left parietal occipital region (solid arrow). Extensive high signal was noted on T2 weighted and fluid attenuated inversion recovery (FLAIR)
sequences (solid arrow) in the bilateral basal ganglia and left parietal lobe. A concurrent area of restricted diffusion is seen in the basal ganglia on diffusion
weighted imaging (DWI). Local mass effect was noted on the left lateral ventricle.

of the pandemic. This limits the conclusions about its clini-  tested throughout the process (e.g., use of various physiologic
cal utility but provides promising preliminary data about the = monitoring devices to reduce interference, evaluation of ven-
feasibility, safety, and expected utility in a clinical setting. tilator associated motion artifacts, and use of machine learn-
Additionally, strategies to enhance the quality of imaging were  ing algorithms to enhance quality of postprocessed images).
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However, these are beyond the scope of this study and its
current use in a clinical setting, and are actively under inves-
tigation. The inability to do contrasted MRI is a technical limi-
tation currently under investigation by the manufacturer and
clinical researchers. Furthermore, a large number of the DWI
sequences and ADC maps were deemed nondiagnostic due to
artifact and/or poor signal to noise. Another limitation of the
current device is its capability to image only the brain and foot
(not imaged in this article). Future work targeted in develop-
ing newer sequences as well as coils to expand its use to other
anatomical locations is underway.

The authors feel the study provides exciting data regarding the
use of a point-of-care MR imager. However, much work needs
to be done to allow further implementation in a clinical set-
ting. Future studies aimed at optimizing and improving acqui-
sition and postprocessed images (e.g., ADC), addition of newer
sequences, and the ability to perform scans with contrast agents
are underway. In addition, we are planning a study comparing the
portable MRI images to images acquired using CT and 1.5- and
3-T MRIL.

CONCLUSIONS

Advanced neuroimaging with a portable, self-shielding MRI is
a safe and feasible method for imaging patients in an ICU set-
ting. Preliminary imaging data from this series of patients have
demonstrated clinical utility for treatment and decision-making
in patient populations; however, future studies comparing results
with other modalities are warranted to understand fully its clini-
cal impact. Although circumstances surrounding the pandemic at
the time led us to image patients with Covid-19, this technique
can be applied to any ICU patient whose care requires imaging of
the brain.
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