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Abstract

Background and Purpose—Diffusion-weighted imaging (DWI) is recommended for the
evaluation of transient ischemic attack. Perfusion imaging can increase the yield of MRI in
transient ischemic attack. We evaluated automated bolus perfusion (the time when the residue
function reaches its maximum [TMax] and mean transit time [MTT]) and arterial spin labeling
(ASL) sequences for the detection of ischemic lesions in patients with transient ischemic attack.

Methods—We enrolled consecutive patients evaluated for suspicion of acute transient ischemic
attack by multimodal MRI within 36 hours of symptom onset. Two independent raters assessed
the presence and location of ischemic lesions blinded to the clinical presentation. The prevalence
of ischemic lesions and the interrater agreement were1410 assessed.

Results—From January 2010 to 2011, 93 patients were enrolled and 90 underwent perfusion
imaging (69 bolus perfusion and 76 ASL). Overall, 25 of 93 patients (27%) were DWI-positive
and 14 (15%) were perfusion-positive but DWI-negative (ASL n=9; TMax n=9; MTT n=2). MTT
revealed an ischemic lesion in fewer patients than TMax (7 versus 20, P=0.004). Raters agreed on
89% of diffusion-weighted imaging cases, 89% of TMax, 87% 010f010 MTT, and 90% of ASL
cases. The interrater agreement was good for DWI, TMax, and ASL (x =0.73, 0.72, and 0.74,
respectively) and fair for MTT (x=0.43). Diffusion and/or perfusion were positive in 39 of 69
(57%) patients with a discharge diagnosis of possible ischemic event.

Conclusions—Our results suggest that in patients referred for suspicion of transient ischemic
attack, automated TMax is more sensitive than MTT, and both ASL and TMax increase the yield
of MRI for the detection of ischemic lesions.
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Methods

Transient ischemic attacks (T1As) affect 250 000 patients per year, and >10 000 will
experience a stroke within a few days.1~* Urgent specialized management of TIA appears to
reduce the risk of further stroke by up to 80%.°6 An accurate diagnosis of TIA is essential
to initiate adequate acute management but is often difficult. Cohort studies report that 25%
to 50% of patients referred for suspicion of TIA have a final diagnosis of a honischemic
event.b.7 In addition, there is a substantial lack of agreement regarding TIA diagnosis among
emergency physicians, neurologists, and even stroke specialists, whose judgment is often
considered the gold standard.8-11 Brain imaging can detect ischemic “footprints” that
confirm the ischemic nature of transient neurological symptoms.12 For approximately a
decade, multimodal brain MRI has been used for the management of patients with acute TIA
although never evaluated prospectively.13-1% In recent meta-analyses, diffusion-weighted
imaging (DWI) demonstrates an acute ischemic lesion among 30% of the patients referred
for the evaluation of TIAs, although these lesions are very subtle.16

Mean transit time (MTT) and time to peak maps can reveal ischemic lesions in patients with
TIA with a negative DWI.1718 Qur group has reported that manually processed MTT maps
can detect ischemic lesions in approximately one third of the patients with TIA who exhibit
an ischemic lesion and that half of them have a negative DWI.1° Since then, we have
developed the RApid processing of Perfuslon and Diffusion (RAPID) software, which
automatically produces deconvolved MTT and the time when the residue function reaches
its maximum (TMax) sequences.2 Additionally, we have implemented the use of arterial
spin labeling (ASL) automatically processed by commercially available software.2921 Both
sequences have been incorporated in the Stanford MRI protocol used to evaluate patients
with acute TIA. Neither ASL nor automated deconvolved perfusion measures have
previously been assessed in patients with TIA. Therefore, we sought to evaluate the
sensitivity and interrater agreement of automated TMax, MTT, and ASL maps for the
detection of ischemic lesions in a cohort of consecutive patients referred for suspicion of
TIA.

Patient Population

Between January 2010 and January 2011, consecutive patients evaluated in the emergency
department by our stroke team at the request of the emergency physician for transient
neurological symptoms of suspected cerebrovascular etiology that lasted <24 hours, in the
absence of any revascularization therapy, were prospectively collected into a TIA registry.
Per protocol, these patients were monitored in the emergency department observation unit,
and if they had no contraindications, they underwent a multimodal MRI within 12 hours of
arrival. Clinical information was prospectively collected during TIA evaluation. Patients
scanned within 36 hours after symptom onset were enrolled. The final diagnosis was
assigned at discharge by the treating stroke neurologist using clinical information, imaging,
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and laboratory results. Events were classified as: (1) definite; (2) possible; or (3) unlikely
ischemic. The clinically symptomatic location of symptoms (hemisphere or posterior fossa/
posterior cerebral artery) was determined based on the history obtained by the attending
stroke neurologist before reviewing MRI scans. This study has been approved by the
Stanford Administrative Panel on Human Subjects in Medical Research. A waiver of
consent was obtained from the Stanford Institutional Review Board that approved this study.

Multimodal MRI was performed on a 1.5-T scanner (GE Sigha, Waukesha, WI). Sequences
obtained were DWI, MR angiography, bolus perfusion and ASL, T1 with gadolinium,
gradient echo, T2, brain and neck MR angiography, and fluid-attenuated inversion recovery.
DWI was performed with a b-value of 1000 s/mm?2; TR/TE 6000/70 ms; field of view 24
cm; matrix 128x128; slice thickness 5 mm skip 1.5 mm; gradients in 3 tetrahedrally encoded
directions to create isotropic DWI, and apparent diffusion coefficient maps. ASL maps have
been processed as previously described.?! Pseudocontinuous background-suppressed 3-
dimensional fast-spin-echo ASL was acquired (TR/TE/label time/postlabel delay
5500/2.5/1500/2000 ms). Cerebral blood flow maps were created using an automated script
on the scanner console. Bolus perfusion was performed using gradient-echo echo planar
image during passage of 0.1 mmol/kg of either gadopentetate dimeglumine or gadodiamide.
Image readout was performed using standard single-shot echo planar image (TR/TE 2000/60
ms). Hemodynamic maps (TMax and MTT) were created using in-house-developed
automated arterial input function detection and delay-invariant deconvolution software
called RAPID.?0

Image Evaluation

MRIs were reviewed by 1 stroke neurologist (J.-M.0O.) and 1 neuroradiologist (G.Z.) blinded
to all clinical information including symptom side and final diagnosis. Before the
evaluation, the raters separately reviewed the MRI of 20 TIA cases from another clinical
data set and defined the criteria of a focal ischemic lesion on DWI and perfusion. An acute
focal DWI lesion was defined by hyperintensity on b=1000 images. Fluid-attenuated
inversion recovery and T2 were reviewed to rule out “shine through.” A corresponding
decrease in apparent diffusion coefficient values was confirmatory but was not required. An
acute bolus perfusion lesion was defined by the presence of a focal increase of TMax or
MTT in a vascular distribution. An ASL lesion was defined by the presence of focal slow
flow (arterial transit artifact) in a vascular distribution. Patients with ischemic lesion
corresponding to chronic infarction on fluid-attenuated inversion recovery were excluded.
Perfusion lesions “agreed” with the suspected hemisphere if they agreed with the reported
symptoms and/or there was a concurrent DWI lesion in that location (regardless of reported
symptoms). If the posterior circulation was suspected, cases were counted as “agreement”
with symptoms if they had a diffusion and/or perfusion lesion in the posterior fossa or
posterior cerebral artery territory.
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Statistical analyses were performed using SPSS (Version 19; SPSS Inc, Chicago, IL). We
used le McNemar, and t test to compare continuous variables. A 2-sided probability value
of <0.05 was considered statistically significant. Interrater reliability was assessed using a
statistic. A x >0.6 was considered good agreement, and a x >0.8 was considered excellent.22

From January 2010 to 2011, 104 patients were evaluated in the emergency department by
our stroke team for transient neurological symptoms of presumed vascular mechanism.
Eleven patients did not undergo MRI due to: a pacemaker (5), claustrophobia (2), an old
metallic clip (1), and other (3). Ninety-three underwent an acute MRI after a median delay
of 16.7 hours (interquartile range, 11-26) after symptom onset. Every patient underwent
DWI1 and 90 (97%) received at least 1 perfusion modality (69 bolus perfusion-weighted
image, 76 ASL; Figure 1). Baseline characteristics are summarized in Table 1. None of the
patients were symptomatic at the time of MRI. After the review of the MRI by the 2 raters,
all disagreement was adjudicated by consensus of the 2 readers, and in all cases, agreement
was reached.

Full Cohort (n=93)

An ischemic lesion was identified on either diffusion or perfusion imaging (TMax, MTT, or
ASL) in 39 of 93 (42%) patients who underwent an acute MRI (25 on DWI and 29 on
perfusion; Table 2). Perfusion imaging revealed an ischemic lesion in 14 patients who had a
negative DWI. Six of 93 patients (6%) had a symptomatic intra- or extracranial stenosis.
They all had either a corresponding acute diffusion (n=4) or perfusion lesion (n=5). Two
patients had nonischemic perfusion lesions (both on TMax and ASL, 1 on MTT). The first
case had a venous angioma as revealed by gradient echo. The second case had a fetal
posterior cerebral artery revealed by MR angiography, which can cause perfusion
asymmetry.23 These cases were recognized as nonischemic and were counted as perfusion
imaging negative in further analyses.

Diffusion Imaging (n=93)

An acute ischemic lesion on DWI was found among 25 of 93 (27%) of the patients (Table
2). The 2 readers agreed on the presence of a DWI lesion in 89% (95% CI, 81-94) of the
cases and the interrater agreement was good (x=0.73; 95% CI, 0.57-0.89).

Bolus Perfusion (n=69)

Bolus perfusion was attempted in 69 of 93 patients. A poor bolus occurred in 2 of 69 (3%)
patients, although images were of adequate quality for RAPID processing and subsequent
interpretation. The most frequent contraindication to bolus perfusion was severe renal
insufficiency (n=11). TMax demonstrated an ischemic lesion in 20 of 69 (29%) patients and
9 of 20 (45%) had a negative DWI (Figure 2). The overall agreement between raters was
89% (95% ClI, 81-94) and the interrater agreement was good (x=0.72; 95% CI, 0.56-0.88).
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MTT revealed an ischemic lesion in fewer patients than with TMax (n=7; P=0.004), and 2
of 7 (29%) had a negative DWI versus 9 of 20 (45%) using TMax. The overall agreement
was 87% (95% ClI, 78-93) and the interrater agreement was fair (x=0.43; 95% ClI, 0.16—
0.70; Table 2).

Arterial Spin Labeling (n=76)

ASL was attempted in 78 of 93 patients and failed in 2 cases (3%) due to patient motion. We
detected an ischemic lesion on ASL in 20 of 76 patients (26%) who underwent ASL, and 7
of 20 (35%) had a negative DWI (Figure 2). The overall agreement was 90% and the
interrater agreement was good (x=0.74; 95% CI, 0.57-0.90).

Bolus Perfusion and ASL (n=55)

Fifty-five of 93 patients (59%) underwent DWI, bolus perfusion, and ASL. Imaging
demonstrated an acute DWI lesion in 16 of 55 (29%) patients. ASL revealed an ischemic
lesion in 19 of 55 (35%), TMax in 17 of 55 (31%), and MTT in 5 of 55 (9%). In this
subgroup, MTT identified fewer ischemic lesion than TMax (P=0.042) or ASL (P=0.001).
Every ischemic lesion identified by MTT was captured either by TMax or ASL. TMax and
ASL were equivalent (P=0.7).

ASL and/or TMax were positive among 23 of 55 patients (42%; ASL+TMax n=13; ASL
alone n=6; and TMax alone n=4). Combined ASL and TMax identified an ischemic lesion
among 14 of 16 patients (88%) with a positive DWI (TMax+ASL n=9; ASL alone n=4;
TMax alone n=1). Combined ASL and TMax demonstrated an ischemic lesion among 9
DWI-negative patients (ASL+TMax n=4; ASL alone n=2; and TMax alone n=3). In this
subgroup, DWI and/or TMax and/or ASL were positive among 25 of 55 (45%) patients.

Definite or Possible Cerebrovascular Events (n=69)

Sixty-nine patients (74%) had a discharge diagnosis of “possible or definite” ischemic event.
Diffusion and/or perfusion imaging were positive among 39 of 69 (57%) of these patients.
The yield of perfusion imaging in this subgroup is presented in Table 3. Nine patients (13%)
had presumed posterior fossa or posterior cerebral artery territory symptoms and 60 had
hemispheric symptoms. In 4 DWI-negative patients, the perfusion measures did not agree
with the presumed symptom location. Three of these 4 patients were in atrial fibrillation
versus 12% of the rest of the cohort (Fisher exact, P=0.01). In 3 of these 4 discordant cases,
both ASL and TMax were positive in an identical area. All 4 patients were either in atrial
fibrillation and/or had a concordant perfusion lesion on TMax and ASL.

Discussion

Our results demonstrate that automated sequences TMax, MTT, and ASL increased the yield
of MRI for the detection of ischemic lesions in patients referred for suspicion of TIA. TMax
and ASL were more sensitive than MTT. The combination of TMax and ASL appears to
provide the highest yield and certainty for detecting perfusion abnormalities.
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As opposed to TMax, ASL does not require any contrast injection and can be performed in
every patient undergoing an MRI for TIA workup. ASL has not previously been assessed in
the evaluation of patients with TIA. The ASL maps were interpretable in 97% of the
patients. The sensitivity of ASL to detect an ischemic lesion among DWI-negative patients
was comparable to TMax. The combination of TMax and ASL detected a higher number of
ischemic lesions than either sequence alone and captured every lesion found by MTT. The
overall agreement observed with TMax (89%, x=0.72) and ASL (90%, x=0.74) was
comparable to that found with DWI (89%, x=0.73).

Two previous studies showed that MTT could identify ischemic lesions in patients with
TIA.18.19 We are comparing, for the first time, 2 automated perfusion sequences that can be
used in clinical practice. Our results suggest that, as processed by RAPID, the yield of TMax
was higher than MTT for the detection of ischemic lesions in patients with acute TIA. One
study suggests that time to peak, the nondeconvolved commercially available version of
TMax, could also increase the yield of MRI for the detection of ischemic lesions among
patients with TIA.1” RAPID is the only bolus perfusion software available on our scanners
and does not produce time to peak maps; therefore, we were unable to include time to peak
maps in this study.

Previous studies selected patients with final diagnoses of definite ischemic events.1’-19 This
may have resulted in a higher yield of MRI than would be expected in consecutive cohort
sample. In our study, patient characteristics were in line with large cohort studies®16 (75%
with a final diagnosis of possible/definite ischemic event and 27% of positive DWI),
suggesting that our cohort was a representative sample of patients typically evaluated for
TIA in clinical practice.

The results of our study also underline several limitations of acute MRI in the evaluation of
acute TIA. In contrast to acute stroke, in which lesions are obvious and easily outlined on
MRI studies, TIA ischemic lesions can be subtle and the possibility of false-positive exists.
In the present study, the location of the perfusion lesion was not always consistent with the
presumed location of the symptoms. Three patients were in atrial fibrillation, which may
account for perfusion abnormalities in an asymptomatic territory. Additionally both ASL
and TMax sequences agreed in 3 of the 4 discordant cases. All of these 4 patients were
considered as having experienced an ischemic event by the stroke neurologist. Therefore, we
believe the perfusion lesions in these 4 cases are unlikely to be false-positive. A limitation of
the study is that the results of the MRI scans were evaluated retrospectively, not at a time
when their interpretation could have an impact on patient management. Finally, the study
was conducted using a single type of MRI (1.5 T); the type of scanner (make and magnet
strength) may modify the yield of each sequence.

The results and the limitations of this study suggest that multimodal MRI including DWI,
TMax, and ASL may be a powerful tool for the evaluation of acute TIA. These results
should be validated in a prospective multicenter study evaluating real-time perfusion
interpretation and its impact on patient management and prognosis.
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DWI + Bolus PWI
n=69

Figurel.
Flow chart. DWI indicates Diffusion-weighted imaging; PWI, perfusion-weighted imaging;

ASL, arterial spin labeling.
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Figure 2.
A, A 75-year-old patient referred for a transient episode of right-sided weakness

(ABCD2=4). MRI was performed 5 hours after symptom onset. Diffusion-weighted
sequence was negative. TMax revealed a perfusion lesion in the deep left MCA territory
(arrow). This lesion progressed into infarction 4 days later when the patient developed a
persistent right-sided weakness. B, An 82-year-old right-handed patient with atrial
fibrillation referred for a transient episode of left-sided weakness. ABCD2 score=6. MRI
was performed 22 hours after symptom onset. Acute DWI was negative. ASL identified
hypoperfusion in the right MCA territory (arrow). TMax the time when the residue function
reaches its maximum; MCA, middle cerebral artery; DWI, diffusion-weighted imaging;
ASL, arterial spin labeling.
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Patient Population

Table 1

Full Cohort Definiteor Possible  Unlikely TIA

Demographics (n=93) TIA (n=69; 74%) (n=24; 26%)
Age, mean£SD 69.2+16.3 y 70£16.5y 66.8+15.8y
Sex, female no. (%) 57 (61%) 42 (61%) 15 (62%)
ABCD2 median (IQR) 3(3-4) 3(3-4) 3(3-4)
Hypertension, no. (%) 53 (57%) 40 (58%) 13 (54%)
Diabetes, no. (%) 20 (22%) 15 (22%) 5 (21%)
Hyperlipidemia, no. (%) 48 (52%) 36 (52%) 12 (50%)
Current smoker, no. (%) 5 (5%) 2 (3%) 3 (13%)
Atrial fibrillation, no. (%) 14 (15%) 12 (17%) 2 (8%)
Coronary artery disease, no. (%) 9 (10%) 6 (9%) 3 (13%)
Prior stroke, no. (%) 20 (22%) 17 (25%) 3 (13%)

MRI delay median (IQR)

16.8 (11-26h)  16.4 (1026 h) 19.3 (14-29 h)

TIA indicates transient ischemic attack; IQR, interquartile range.
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