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Feasibility and Practicality of MR Imaging of Stroke in
the Management of Hyperacute Cerebral Ischemia

Peter D Schellinger, Olav Jansen, Jochen B Fiebach, Olivia Pohlers, Henning Ryssel, Sabine Heiland,
Torsten Steiner, Werner Hacke, and Klaus Sartor

BACKGROUND AND PURPOSE: Neuroimaging techniques such as diffusion- and perfusion-
weighted MR imaging have been proposed as tools for advanced diagnosis in hyperacute is-
chemic stroke. There is, however, substantial doubt regarding the feasibility and practicality
of applying MR imaging for the diagnosis of stroke on a routine basis, especially with respect
to possible delay for specific treatment such as thrombolysis. In this study, we tested whether
MR imaging of stroke is safe, fast, and accurate, and whether the gain in additional infor mation
can be used in the daily routine without a loss of time and a risk of suboptimal treatment for
the patient with stroke.

METHODS: Between September 1997 and August 1999, 64 patients with acute ischemic
stroke were recruited for MR imaging (ie, diffusion-weighted imaging, perfusion-weighted im-
aging, MR angiography, T2-weighted imaging) after a baseline CT was performed. We eval-
uated practicality and feasibility of MR imaging of stroke by analyzing the intervals between
symptom onset, arrival, CT, and MR imaging.

RESULTS: Sixty-four patients (mean age, 60.9 years) underwent routine CT and MR imaging
within 12 hours after stroke onset (n=25, =3 hr; n=26, 3-6 hr; n=13, 6-12 hr). Median times
to arrival, start of CT, MR imaging, and between CT and MR imaging were 1.625 hours, 2
hours, 3.875 hours, and 1 hour, respectively. I ntervals between symptom onset and MR imaging
(P<.005), arrival and MR imaging (P<.002), and CT and MR imaging (P=.0007) differed
significantly between the early phase of the study and after November 1998, whereas the in-
tervals between symptom onset and arrival, symptom onset and CT, and arrival and CT did
not. Hemorrhage could be excluded in all; a perfusion/diffusion match or mismatch could be
shown in 63 of 64 patients.

CONCLUSION: Practice and experience with MR imaging in a stroke team significantly
reduce the time and effort required to perform this technique and thus make 24-hour avail-
ability for MR imaging of stroke practical. Assessment of patients with hyperacute stroke is
rapid and comprehensive. Image quality can be substantially improved by head immobilization

and by mild sedation, if necessary.

The advent of new MR techniques such as perfu-
sion- and diffusion-weighted imaging in the early
1990s has added another dimension to diagnostic
imaging of stroke (1-6). During the last few years,
a growing body of evidence has accumulated, doc-
umenting the usefulness of this methodology in the
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clinical setting of acute ischemic stroke. Several
investigators found a significant correlation of dif-
fusion and perfusion changes with follow-up T2
changes, as well as with neurologic outcome (7—
12). It is presumed that the difference (mismatch)
between abnormal areas on diffusion-weighted and
perfusion-weighted images (with perfusion-weight-
ed images > diffusion-weighted images) shows the
ischemic tissue at risk, which is potentially sal-
vageable (7, 11, 12). Some authors have concluded
that different infarct patterns can be identified by
means of diffusion-weighted and perfusion-weight-
ed imaging of hyperacute stroke, which may allow
a more rational selection of therapeutic strategies
based on the presence or absence of atissue at risk.
Also the sensitivity (up to 94%) and specifity (up
to 100%) of diffusion and perfusion imaging is re-
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ported to be excellent within the first hours of
stroke (13, 14). A recently published study showed
that a subgroup of patients with stroke, defined by
MR imaging, benefited significantly from early re-
canalization (15), whereas other authors found by
using diffusion and perfusion imaging that reper-
fusion was more frequent with intravenous rt-PA
therapy (16). Furthermore, MR imaging of stroke
does show intracerebral hemorrhage, which must
be excluded before any form of recanalization ther-
apy using thrombolytic agents can be performed
(17-19). Nevertheless, substantial doubts remain
regarding the feasibility and practicality of MR im-
aging of stroke in the clinical setting (20). We
aimed to show that MR imaging of stroke is fea-
sible and practical in the setting of hyperacute
stroke. We aso sought to address the logistical
problems that may arise, including clinical path-
ways, when this novel methodology is implement-
ed routinely. Finally, we sought to demonstrate
that, after successful implementation of these new
techniques, the time needed to perform the studies
in a routine setting can be shortened significantly.

M ethods

Patients

Patient recruitment in this open nonrandomized study started
in September 1997, and is still continuing. The last patient
included was recruited in August 1999. The basic protocol was
designed to identify patients who are suitable for specific forms
of therapy within the first hours of stroke. We included patients
who had had an ischemic stroke within the 12 hours of symp-
tom onset and a baseline National Institutes of Health Stroke
Scale (NIHSS) score of at least 3, but preferred a window of
6 hours after symptom onset. With approximately 1200 stroke
patients/year seen at the neurology emergency room, at least
50% arrive outside of a window of 12 hours. Fifteen percent
of the patients have intracerebral hemorrhages, and in another
20% of patients, stroke severity is not adequate for aggressive
forms of therapy, or there is a marked improvement of more
than 4 points on the NIHSS. The NIHSS is a clinical test bat-
tery, which consists of 10 items. consciousness, gaze palsy,
facia pasy, hemianopia, arm and leg weakness, sensory def-
icits, dysarthria, ataxia, aphasia, and hemineglect. The mini-
mum score is 0 points (no symptoms), the maximum score is
42: death is not coded. Finally, there are 10% of patients with
good demarcation of the acute infarct on CT scans or signs of
infarction exceeding one third of the middle cerebral artery
(MCA) territory. All these patients were excluded from this
study. Of the remaining 100 patients suitable for MR imaging,
MR imaging of stroke was not performed in roughly one third
of the patients because of nonavailability of the MR stroke
team, because the stroke MR imaging team was not informed
by the neurologist or neuroradiologist on call, or, in scarce
cases, because of technical problems with the MR scanner.
Stroke onset was defined as the last time the patient was known
to be without neurologic deficit. Exclusion criteria were an age
of less than 18 years or more than 85 years, a significant pre-
existing neurologic deficit (modified Rankin Scale > 1), ahis-
tory or CT findings of severe cerebral microangiopathy or mul-
tiinfarct dementia, unstable vital signs, or genera MR
contraindications. All patients had a CT scan before they were
enrolled into the MR study. We performed thrombolysis with
0.9mg/kg BW rt-PA according to the ECASS |1 study protocol
(17) in €eligible patients within a 6-hour window (n=24). Be-
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cause MR imaging of stroke was the technique under inves-
tigation, we chose not to delay therapy in patients selected for
thrombolysis. Therefore, the indication for thrombolysis was
based exclusively on clinical status and CT findings (ECASS
criteria), not on MR imaging of stroke imaging results. These
inclusion criteria for thrombolysis are moderate-to-severe
hemispheric ischemic stroke (NIHSS 7—15[-20]), which can be
treated within 6 hours after symptom onset, and no or minor
signs of infarction (= 1/3 MCA territory) on the initial CT
scan (17). In addition to the general contraindications such as
pregnancy, coagulation disorders, trauma, recent surgery, and
recent gastrointestinal hemorrhage blood pressure exceeding
200/110 mm Hg, exclusion criteria were intracranial hemor-
rhage, including subarachnoid hemorrhage, coma or stupor,
hemiplegia plus fixed head and eye deviation, rapid improve-
ment of stroke symptoms (= 4 points NIHSS), or only minor
stroke symptoms (17). CT was followed by MR imaging, after
which the patient was admitted to the neurocritical care unit,
or to the stroke unit for further monitoring and therapy. For
patient safety, a neurologic stroke fellow experienced in neu-
rologic critical care was present throughout the MR examina-
tion. The patients oxygen saturation and electrocardiogram
were monitored continuously, whereas blood pressure was
measured intermittently. We obtained informed consent from
al patients or their next of kin. The study protocol was ap-
proved by the local ethics committee. We applied ear plugs
prior to imaging to reduce patient irritation from noise, espe-
cialy with the echo-planar sequences (diffusion-weighted, per-
fusion-weighted, echo-planar fluid-attenuated inversion recov-
ery [FLAIR]). Further, the patient’s head was immobilized with
pieces of foam rubber (5 X 2 X 8 in), which were stuffed
between the coil and the head on both sides. When necessary,
mild sedation was given with either continuous intravenous
propofole 20—60 mg/hr or midazolam 5-10 mg as an intra-
venous bolus, repeatedly if necessary.

Imaging and Clinical Assessment

All patients, except one, with hyperacute-stage CT studies
dready done at the referring hospital were examined with a
state-of-the-art CT scanner and immediately thereafter with a
1.5-T whole-body MR imager equipped with enhanced gradient
hardware for echo-planar imaging. For the MR examination, we
used a circular polarized head coil. The MR imaging protocol
included an axial T2-weighted fast spin-echo sequence, an axia
FLAIR echo-planar sequence, an isotropic axial diffusion-
weighted spin-echo echo-planar sequence (b=0, 333, 666, 1000
s/mm?), time-of-flight MR angiography (MRA), and perfusion-
weighted imaging with an axial T2*-weighted gradient-echo
echo-planar sequence (40 data sets during and after injection of
25 mL Gd-DTPA with a power injector [SmL/s]). The complete
MR imaging protocol required 15 to 20 minutes to perform, and
an additional 10 minutes were necessary for patient positioning
and transfer, as well as calculation of the apparent diffusion
coefficient and mean transit time maps. All neuroimaging stud-
ies were crossread by staff neuroradiologists. Image quality was
categorized as good quality/readable or low quality/not per-
formed and thus unreadable.

Satistical Analysis

For statistical analysis, we used a standard software package.
Demographic data, intervals between examinations, and other
descriptive statistics are given as mean or median values and
range. For the calculation of significance of reduction in the
interval between examinations before and after November
1998, we used a chi-sguare test, or a Mann-Whitney U-test, as

appropriate.
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Results

Patients and Image Quality

We examined 64 patients (36 men, 28 women)
with MR imaging. The mean age was 60.9 years
(range, 29-83 years), with women being slightly
older (mean, 63.5 years; range, 2983 years) than
men (mean 58.9 years; range, 34—78 years). There
was an even distribution of left (n=31) and right
(n=33) hemispheric infarctions; 28 of the 31 pa
tients with left hemispheric stroke had a moderate
or severe aphasia. The median NIHSS at baseline
was 12 (range 3 to 25), with only 1 patient with a
NIHSS score of less than 5. With the exception of
one patient, the quality of all MR images obtained
was satisfactory for interpretation and without dis-
turbing motion artifacts. One patient did not toler-
ate the examination despite mild sedation so that
only the diffusion-weighted sequences were inter-
pretable (feasibility = 98.4%). Fixation of the pa-
tients' heads with foam rubber resulted in a marked
noise reduction as well as an excellent reduction of
motion artifacts. In some patients with hyperkine-
sia, the nonparetic arm had to be held by the phy-
sician inside the MR imaging room; leg motion did
not influence image quality as long as the head was
satisfactorily immobilized.

Logistics

At our ingtitution, the routine call schedule re-
quires the presence of at least three neurology fel-
lows or residents (one neurointensivist, one emer-
gency room neurologist, one stroke unit
neurologist), one neuroradiologist, and one MR
technologist at al times. The MR technologists are
familiar with the procedure of MR imaging of
stroke, because diffusion-weighted and perfusion-
weighted imaging are also used in other areas of
neuroimaging, such as multiple sclerosis and brain
tumors. During this study, two additional stroke
MR imaging physicians (one neurologist [PD.S]
and one neuroradiologist [J.B.F]) assisted by two
doctora students (O.P, H.R.) took weekly turns for
stroke MR imaging call. When eligible stroke pa-
tients were referred to the neurology emergency
room, the stroke MR imaging physician on call was
paged, and the technologist on call prepared the
MR scanner and the infusion pump. Ideally, during
the day, the patient was directly moved from the
CT to the MR suite, which are next to each other.
An MR examination underway would not be inter-
rupted, but the next time slot was claimed for the
emergency stroke MR imaging, so that waiting
times never exceeded 30 minutes except for logis-
tical reasons other than MR capacity. At night, the
interval between CT and MR imaging was slightly
longer, except when the stroke MR imaging phy-
sician on call was available on site. This period,
however, was not very extended, because the stroke
MR imaging physician on call was paged from the
emergency room before CT was performed, and
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both stroke MR imaging physicians and doctoral
students live only within 10 minutes’ distance to
the hospital. All further therapy, such as thrombo-
lysis, or randomization to phase |11 treatment trials,
was initiated at the MR site after knowledge of the
CT results, and started during MR imaging, without
unacceptable loss of time. Thrombolytic therapy
was based on CT results in order to avoid a bias
in favor of an imaging method that has not been
fully evaluated. Postprocessing of MR images, such
as 3D reconstruction of MR angiography and cal-
culation of apparent diffusion coefficient and per-
fusion maps was done online and parallel to the
patient’s transport from the MR suite to his or her
final destination at the neurologic critical care or
stroke unit. Secondary therapeutic intervention or
escalating forms of therapy such as hypothermia or
decompressive surgery were initiated depending on
MR imaging results. Since November 1998, all
neuroradiol ogists participating in the on-call sched-
ule have been trained in MR imaging of stroke.
Subsequently, MR imaging of stroke has become
part of the clinical routine and thus available 24
hours aday, 7 days aweek, without additional costs
for a technologist or physician on call.

Time Windows

Of the 64 patients included in our study, 25 un-
derwent MR imaging of stroke within 3 hours, 26
within the 3- to 6-hour window, and another 13
within the 6- to 12-hour window of symptom onset.
The average time of symptom onset to arrival at
the neurologic emergency room was 2.23 = 1.64
hours (median, 1.625 hr; range, O hr to 8 hr). The
mean time from symptom onset to CT was 2.744
+ 1.834 hours (median, 2.0 hr; range, 0.25 hr to
10 hr), the mean interval from arrival to CT was
0.603 = 0.592 hours (median, 0.5 hr; range, 0.25
hr to 4.25 hr). One patient had a CT scan done
aready at an outside hospital. The mean time from
symptom onset to MR imaging of stroke was 4.48
+ 2.662 hours (median, 3.875 hr; range, 1.25 hr to
11.5 hr), from arrival to MR imaging of stroke
2.262 = 1.949 hours (median, 1.5 hr; range, 0.25
hr to 7.5 hr). The mean interval between CT and
MR imaging of stroke was 1.734 *= 1.89 hours
(median, 1 hr; range, 0.25 hr to 6.75 hr). The win-
dow between MR imaging of stroke and CT was
significantly reduced with training and growing ex-
perience of the involved technical and medical per-
sonnel. Using the period before November 1998 as
an arbitrarily chosen point of time, only 10 of 31
patients underwent MR imaging within 1 hour after
CT, whereas from November 1998 on, 27 of 33
patients underwent MR imaging within 1 hour after
baseline CT (P=.0001; chi-square test). Comparing
the intervals before and since November 1998 with
the Mann-Whitney U-test, we found a statistically
signficant difference between the intervals from
symptom onset to MR imaging (P=.0047), arrival
to MR imaging (P=.0015), and between CT and
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MR imaging (P=.0007). The interval between
symptom onset and arrival, as well as that between
symptom onset and CT, did not differ at all (P=.48
and P=.4785) before and after November 1, 1998.
There was a trend but no statistically significant
difference in the interval between arrival and CT
(P=.1119) before and after November 1, 1998.
These observations (Fig 1) match the investigators
impression that the overall acceptance of the fea
sibility and practicality of MR imaging of stroke
among colleagues of the departments of neurology
and neuroradiology, who are part of the on-call
schedule, has increased decidedly during the study.
Subsequently, MR imaging was successfully im-
plemented as a standard stroke emergency proce-
dure in the clinical routine at all times.

Discussion

The need for a comprehensive diagnostic tool
that allows one to look at all important pathophys-
iologic aspects of hyperacute stroke is evident.
Such a method must be rapid, show actua irre-
versible ischemic brain damage as well as its age,
show any tissue at risk and, if such tissueis present,
its size, show any vessel occlusion and its location,
and rule out intracerebral hemorrhage. During the
last few years, there has been accumulating evi-
dence of the superiority of novel MR sequences in
not only the diagnosis of hyperacute ischemic but
also hemorrhagic stroke (8, 11, 12, 15, 19, 21-26).
MR imaging of stroke, the combination of diffu-
sion-weighted and perfusion-weighted imaging
with a fast T2-weighted and an MR angiography
sequence, enables the stroke physician to investi-
gate all important pathophysiologic aspects of hy-

peracute stroke. In spite of remaining doubts that
MR imaging is useful to guide therapy for acute
stroke (20), there is now sufficient evidence that
diffusion-weighted imaging, perfusion-weighted
imaging, and MR angiography do show irreversible
ischemic infarction, tissue at risk, and presence as
well as location of a vessel occlusion (11, 23, 27—
29). In patients with transient ischemic attacks, re-
versibility of lesions on diffusion-weighted images
has been described (30), although reversibility is
not present in patients with completed stroke or in
those with a grade of severity that calls for throm-
bolytic therapy. Earlier studies revealed a good cor-
relation between baseline diffusion imaging find-
ings and initial and outcome NIHSS (11, 12). The
question, however, is whether a diagnostic ap-
proach with MR imaging is feasible and practical
in aclinica setting, where the time span to a spe-
cific form of therapy such as thrombolysisis crucial
a7).

It has been claimed that a method for the selec-
tion of patients that benefit most from effective re-
canalization therapy would be an improvement
(31). Because of the narrow window for treatment,
at present only scarce data exist about MR imaging
findings in patients undergoing thrombolysis, es-
pecialy with imaging performed before onset of
therapy (15, 16). Our study shows that the perfor-
mance of MR imaging before initiation of a specific
therapy does not lead to an unacceptable loss of
time to therapy, with a median window between
CT and MR imaging of 1 hour. Approximately one
third of the eligible patients during the investiga-
tion period was not included in the study mostly
owing to nonavailability of the MR imaging team
or because the MR imaging team was not informed



1188 SCHELLINGER

by the neurologist or neuroradiologist on call. Al-
though unlikely, this may have introduced a biasin
favor of shorter intervals between CT and MR im-
aging. With the implementation of MR imaging of
stroke into our routinely available diagnostic pro-
cedures, follow-up studies on the efficacy of MR
imaging of stroke will not be subjected to such a
bias. Also, 51 patients were examined within 6
hours of stroke onset, with the examination lasting
20 to 30 minutes. Although CT in hyperacute
stroke is the standard of care, an accurate detection
of infarct location and a rough estimation of infarct
size (more or less than one third of the MCA ter-
ritory) is achieved in only 50% to 67% of patients
in an early time window (17, 32). Therefore, we
believe that CT does not meet the present require-
ments of diagnostic sensitivity in hyperacute stroke
patients to allow optimal patient selection for
thrombolytic therapy or more invasive means to
achieve recanalization. Detection of vessel occlu-
sion with Doppler sonography is time consuming,
highly dependent on examiner experience, and may
technically not be possible, whereas a short fast
MR angiography sequence offers this information
within 3 minutes (15). Further, perfusion-weighted
imaging has to meet the critique that it renders only
aqualitative index of tissue perfusion, whereas oth-
er methods such as single-photon emission CT
(SPECT) and positron emission tomography (PET)
may offer accurate quantitative regional CBF mea-
surements (20). However, neither PET nor SPECT
have become a standard for patient management,
as such quantification is not easy and most insti-
tutions rely on qualitative or semiquantitative
SPECT and PET studies. We concur that the eval-
uation of perfusion status and identification of tis-
sue at risk by xenon CT, SPECT, or PET is not
practical for routine use. Furthermore, they do not
deliver any visualization of vessel status or normal
brain anatomy as opposed to MR imaging (29). A
direct comparison of these different techniques,
however, has yet to come. In addition to the high
sensitivity and specifity of diffusion-weighted im-
aging findings, it has been shown that the differ-
ence in size of signal abnormality between diffu-
sion and perfusion in hyperacute ischemic stroke
reliably identifies that area of brain tissue at risk of
irreversible infarction (15, 16). Salvage of the tis-
sue at risk (for instance by recanalizaton) resultsin
smaller infarcts and a better neurologic outcome as
opposed to loss of the tissue at risk with subse-
quently large infarctions accompanied by clinical
deterioration (15, 33).

A new diagnostic test must of course show that
it can replace a more invasive or more expensive
test and that the additional gain in information
leads to an improvement of patient management
and prognosis (20). Cost effectiveness of MR im-
aging of stroke is likely if one considers that mul-
tiple examinations such as CT, CT angiography,
and Doppler sonography may be substituted by an
at least equally accurate imaging technique that is
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also capable of excluding intracerebral hemorrhage
(18, 19). It is known that optimal stroke care ne-
cessitates a lot of manpower (34, 35). Therefore, in
a stroke center, there usually are two or more neu-
rologists and an additional neuroradiologist plus a
technologist present at all times, allowing for the
performance of MR imaging of stroke protocols
without the need for extra personnel. Furthermore,
agan ininformation is reached by the substantially
higher sensitivity of diffusion-weighted imaging
for stroke location and size (10). The particular ad-
vantage of MR imaging of stroke, however, besides
that of rapid demonstration of infarct size and ves-
sel occlusion as the rationale for thrombolytic ther-
apy, is delineation of potential tissue at risk, which
represents the aim for most therapeutic efforts (15,
36, 37). Not only can those patients be identified
that profit most from successful recanalization ther-
apy, but also those that probably will not, but have
an excess risk of complications associated with
thrombolysis (38). Our data show, however, that the
interval to baseline diagnostic imaging (ie, CT)
could not be shortened at all. Besides establishing
MR imaging of stroke as an initial imaging tech-
nique, the interval from symptom onset, presenta-
tion at the emergency room, to initial diagnostic
imaging must be further reduced. Several multicen-
ter trials attempting to establish the efficacy and
cost-benefit ratio of MR imaging of stroke further
are underway.

Conclusion

In conclusion, MR imaging is a procedure that
rapidly allows a comprehensive diagnostic evalua-
tion of patients with acute stroke and provides all
necessary and relevant information in the setting of
hyperacute stroke. Image quality can be optimized
by head immobilization and by mild sedation, if
necessary. Practice and experience with MR im-
aging in a stroke team significantly reduces the
time effort for this methodology and facilitates a
24-hour availability of MR imaging of stroke.
Therefore, we postulate, in contrast to other inves-
tigators, that MR imaging of stroke is “‘ready for
prime time” (20).
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