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ABSTRACT

BACKGROUND AND PURPOSE: A substantial portion of clinically diagnosed TIA cases is imaging-negative. The purpose of the current
study is to determine if arterial spin-labeling is helpful in detecting perfusion abnormalities in patients presenting clinically with TIA.

MATERIALS AND METHODS: Pseudocontinuous arterial spin-labeling with 3D background-suppressed gradient and spin-echo was acquired on
49 patients suspected of TIA within 24 hours of symptom onset. All patients were free of stroke history and had no lesion-specific findings on
general MR, DWI, and MRA sequences. The calculated arterial spin-labeling CBF maps were scored from 1-3 on the basis of presence and severity
of perfusion disturbance by 3 independent observers blinded to patient history. An age-matched cohort of 36 patients diagnosed with no
cerebrovascular events was evaluated as a control. Interobserver agreement was assessed by use of the Kendall concordance test.

RESULTS: Scoring of perfusion abnormalities on arterial spin-labeling scans of the TIA cohort was highly concordant among the 3
observers (W = 0.812). The sensitivity and specificity of arterial spin-labeling in the diagnosis of perfusion abnormalities in TIA was 55.8%
and 90.7%, respectively. In 93.3% (70/75) of the arterial spin-labeling CBF map readings with positive scores (=2), the brain regions where
perfusion abnormalities were identified by 3 observers matched with the neurologic deficits at TIA onset.

CONCLUSIONS: In this preliminary study, arterial spin-labeling showed promise in the detection of perfusion abnormalities that corre-

lated with clinically diagnosed TIA in patients with otherwise normal neuroimaging results.

ABBREVIATIONS: ASL = arterial spin-labeling; ATT = arterial transit time; PCT = contrast-enhanced perfusion CT; PLD = postlabel delay

IA is traditionally defined as the sudden onset of a neurologic

deficit(s) as a result of transient ischemia of the eloquent
brain, which resolves completely within 24 hours. TIA is pre-
sumed to have a vascular cause and is considered to be an impor-
tant risk factor for stroke." In practice, the unequivocal diagnosis
of TIA has been limited by the high percentage of patients who
had suspected neurologic deficits, but lacked confirmatory imag-
ing. This contributes to lack of agreement in the diagnosis of TIA
among practicing physicians® and has led to proposals advocating
the incorporation of imaging data, in addition to clinical findings,
in the diagnosis of TIA. For instance, this new paradigm has been
adopted by American Stroke Association.* In addition to diagno-

Received September 7, 2012; accepted after revision January 31, 2013.

From the Departments of Radiological Sciences (XJ.Q., N.S, M.L,, B.M.E., W.B.P.),
and Neurology (D.JJ.W.), David Geffen School of Medicine; and Department of
Biostatistics (R.H.), School of Public Health, UCLA, Los Angeles, California.

Please address correspondence to Whitney B. Pope, MD, PhD, Department of Radio-
logical Sciences, David Geffen School of Medicine, UCLA Medical Center, 10833 Le
Conte Ave, BL-428/CHS Los Angeles, CA 90095-1721; e-mail: wpope@mednet.ucla.edu

O Indicates open access to non-subscribers at www.ajnr.org
E indicates article with supplemental on-line table
http://dx.doi.org/10.3174/ajnr.A3551

sis, detection of malperfused tissue is considered to be important
in understanding the extent of the initial perfusion deficit and
may be helpful in guiding therapeutic decisions.

SPECT and contrast-enhanced perfusion CT (PCT) have been
previously used to investigate perfusion disturbances in clinical
TIA cases.”” However, these CT-based imaging techniques have
several disadvantages including invasiveness, reliance on radioac-
tive materials, adverse reactions to contrast material, as well as
technical difficulties in covering large brain volumes.>*® More
recently, the introduction of advanced MR imaging technology
has enabled better visualization of ischemic cerebral regions cor-
responding both anatomically and temporally to symptoms of
TIA. For example, DWI results were positive for acute ischemic
lesions in 24%-40% of patients referred for evaluation of
TIA.'%'* In addition, contrast-based PWT has shown promise in
the identification of abnormalities in approximately one-third of
patients with TIA, some of whom had negative DWI results.'>'¢
Nonetheless, a substantial portion of patients diagnosed with TIA
clinically lack confirmatory imaging findings.

The arterial spin-labeling (ASL) technique provides CBF mea-
surements without the use of a contrast agent. ASL has shown
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FIG1. Representative cases from the control cohort. A, A 50-year-old woman was evaluated for dizziness after an automobile crash. No specific
findings are reported on the standard MR, DWI, and MRA tests. ASL reading scores are rated 1, 1, 1 by 3 raters. B, A 49-year old woman was
evaluated for a chronic headache of unknown cause. No specific findings are reported on the standard MR, DWI, and MRA tests. ASL reading

scores are rated 2, 2, 2 by 3 raters.

promise in clinical studies of ischemic pathologic conditions,
such as acute stroke'”"'* and large-artery occlusion.*>*! In a lim-
ited number of published studies, ASL has demonstrated a high
sensitivity for detection of minor perfusion alterations in patients
with TIA.'*?*> With the goal of establishing a vascular cause of TIA
symptoms, the current study investigated the value of ASL in the
detection of hypoperfusion abnormalities in a TIA cohort free of
stroke history and without confirmatory findings on standard

MR, DWI, and MRA examinations.

MATERIALS AND METHODS

Patients

From an ongoing prospective registry of consecutive patients
evaluated for suspected TIA from July 2010 to July 2011 at our
medical center, imaging data were selected from all patients who
had 1) transient neurologic symptoms judged by clinical neurol-
ogists at the end of the evaluation to have a possible vascular
cause; 2) no stroke history; 3) MR images performed within 24
hours of symptom onset; and 4) nonspecific findings on general
MR, DWI, and MRA examinations. ASL imaging was used only in
this retrospective analysis but not in the clinical evaluation of the
patients. The selected patients were then followed up in clinic for
complaints of any new neurologic symptoms until December 31,
2011, when the study was terminated. A control cohort of age-
matched patients (>40 years old), who had received a brain MR
imaging scan because of neurologic symptoms thought to be ir-
relevant to vascular events, was selected from another ongoing
prospective registry of consecutive patients during the same pe-
riod (Fig 1). For all selected patients in the TIA cohort (Fig 2),
ABCD? scores were generated based on the presence of pre-exist-
ing conditions.'®"" This study was approved by our institutional
review board and was Health Insurance Portability and Account-
ability Act compliant.

MR Imaging Protocols

MR imaging scans were performed on a 1.5T Avanto or 3T Tim
Trio system (Siemens, Erlangen, Germany) by use of a 12-channel
head coil. The stroke imaging protocol included DWI, FLAIR,
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and gradient recalled-echo. ASL scans were performed by use of
pseudocontinuous pulse sequence with background-suppressed
3D gradient and spin-echo readout (labeling pulse duration, 1.5
seconds; postlabel delay [PLD], 2 seconds; no flow-crushing gra-
dient; FOV, 22 c¢m; matrix size, 64 X 64; number of 5-mm sec-
tions, 26; generalized autocalibrating partially parallel acquisi-
tion, 2; TE, 22 ms; TR, 4000 ms; with 30 pairs of tag and control

volumes acquired within a total of 4 minutes).>***

ASL Postprocessing and Evaluation

ASL images were corrected for motion; pair-wise subtracted be-
tween labeled and unlabeled images; and averaged to generate
mean difference images, or ASL CBF maps. ASL CBF maps of
patients with TIA (n = 49) and control patients (n = 36) were
scored by 3 independent observers (2 board-certified neuroradi-
ologists and 1 nonradiologist physician experienced in MR imag-
ing processing) blinded to patient history. The reading scores,
ranging from a scale of 1-3, reflected the presence and severity of
the perfusion disturbance (usually hypoperfusion in this study):
“1” for normal (no readable altered perfusion), “=2” being de-
fined as “positive” readings indicating recognizable ischemic le-
sions (“2” for subtle abnormalities only identified by careful study
of ASL CBF maps, and “3” for prominent perfusion deficits easily
identified on ASL CBF maps). The laterality of the perfusion dis-
turbance was recorded in patients with hemispheric TIA for com-
parison with neurologic symptoms at onset. ASL reading scores
were compared between patients grouped by field strength (1.5T
vs 3T) of the scanner on which ASL images were obtained.

Statistical Analysis

The agreement in reading scores from 3 observers (n = 49 X 3 for
the TIA cohort; n = 36 X 3 for the control cohort) was assessed by
use of a Kendall concordance test. Kendall W, also known as the
Kendall coefficient of concordance, was calculated to evaluate the
degree of consensus. Pooled observations from all 3 observers
(n =49 X 3 for the TIA cohort; n = 36 X 3 for the control cohort)
were recorded in a 2 X 2 contingency table reflecting the fre-
quency of true-positive, true-negative, false-positive, and false-
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FIG 2. Representative cases from the TIA cohort. A, A 75-year-old woman with a history of hypertension and diabetes had an acute onset of
transient blurry vision, slurred speech, dysarthria, and word-finding difficulties that lasted for 20-30 minutes. ABCD? score is 5. The standard MR
imaging results demonstrate a few nonspecific T2/FLAIR hyperintensities in the cerebral white matter bilaterally. DWIand MRA study results are
normal. ASL CBF map shows perfusion deficits in the right MCA region (arrow). ASL reading scores are rated 2, 2, 2 by 3 raters. B, A 57-year old
woman with a history of hypertension had right facial droop and right arm numbness for 6 hours. ABCD? score is 3. Nonspecific T2/FLAIR
hyperintensities are seen in the cerebral white matter. DWI and MRA study results are normal. ASL CBF map shows perfusion deficits in the
regions of the left MCA and left posterior cerebral artery (arrow). ASL scores are rated 2, 2, 2 by 3 raters. C, A 80-year old woman with a history
of hyperlipidemia had transient global amnesia, left-sided sensory deficit, and a positive Babinski sign on the left side for 6 hours. ABCD? score
is 3. Scattered T2/FLAIR hyperintensities are seen in the periventricular and subcortical white matter on standard MR imaging. DWI and MRA
study results are normal. ASL CBF map shows perfusion deficits in the right MCA region (arrow). ASL scores are rated 3, 3, 3 by 3 raters. D, A
57-year-old woman with a history of hypertension had right facial droop and slurred speech for more than 1 hour. ABCD? score was 4. The

standard MR, DWI, and MRA study results are normal. ASL reading scores are rated 1,1, 1 by 3 raters.

negative observations as rated by ASL CBF maps compared with
the clinical diagnosis of TIA (reference standard). A true-positive
result was obtained from a patient clinically diagnosed with TIA
with an ASL CBF map reading score =2. Conversely, a true-negative
result was obtained from a control patient with an ASL CBF map
reading score of 1. Sensitivity and specificity were calculated. A t test
was used to compare ASL reading scores between imaging performed
on scanners with different magnetic field strengths (1.5T vs 3T). The
significance level was defined as P < .05 (2-sided).

RESULTS

Patient Characteristics

From July 2010 to July 2011 at our medical center, we recorded
165 patients who were suspected of having a TIA, among whom
67 (40.6%) had a history of ischemic stroke. In patients who tested
negative for a stroke history (98/165), 23 patients (23.4%) had

positive DWI findings, and 30 patients (30.6%) had vascular le-
sions identified by MRA. In this particular subgroup, 4 patients
(4.1%) showed positive findings on both DWI and MRA. Finally,
49 patients (50.0%) were “imaging negative” and were selected for
our current analysis. Until December 31, 2011, the selected imag-
ing-negative patients with TIA were followed up in clinic for 164 —
538 days (median, 370 days) for complaints of new neurologic
symptoms. Patients did not receive follow-up MR imaging.

Another cohort of 36 age-matched patients (>40 years old),
who had received a brain MR imaging scan because of neurologic
symptoms thought to be irrelevant to vascular events, was selected
from another ongoing prospective registry of consecutive patients
during the same period as a control (On-Line Table).

Table 1 shows baseline characteristics of “imaging-negative”
patients with TIA (n = 49) at symptom onset and control patients

AINR Am J Neuroradiol 34:2125-30  Nov 2013 www.ajnr.org 2127



Table 1. Basic characteristics of patient cohorts

Cohort

Characteristics TIA®* (n=49) Control (n =36)
Age (mean =+ SD y)° 65.6 +14.6 602 +12.2
Sex (F/M) 27/22 24/12
MR imaging delay median (h)° 6.5 N/A
ABCD? score median 4 N/A
Prior TIA, n (%) 9(18.4) 0(0)
Coronary artery disease, n (%)° 10 (20.4) 3(8.3)
Atrial fibrillation, n (%)° 1(2.0) 1(2.8)
Hyperlipidemia, n (%)° 24 (49.0) 5(13.9)
Hypertension, n (%) 31(63.3) 7(19.4)
Diabetes, n (%) 9(18.4) 2(5.6)

2 Diagnosis of TIA was made clinically without ASL imaging.

5 No significant difference exists between the groups.

¢ Based on 40 patients, data were not available for 9 patients.
d Significant differences exist between the groups, P < .001.

Table 2. Sensitivity and specificity of ASL CBF map reading®

Cohort
TIA® Control
ASL positive® 82 10 92
ASL negative® 65 98 163
147 108

Sensitivity, 55.78%  Specificity, 90.73%

2 Based on pooled data from 3 independent observers, n = 49 for TIA cohortand n =
36 for control cohort, with scores of =2 being defined as “positive” readings indicat-
ing recognizable ischemic lesions (82/147 = 49 X 3 for the TIA cohort, and 10/108 =
36 X 3 for the control cohort).

© Diagnosis of TIA was made clinically without ASL imaging.

© Defined as a reading score of 2 or 3.

9 Defined as a reading score of 1.

(n = 36) on MR imaging dates. Patients with a clinical diagnosis
of TIA (n = 49) but no prior stroke and positive MR imaging
findings, had a sudden onset of neurologic deficits that lasted
anywhere from seconds to hours. In all cases, symptoms resolved
by the time of MR scanning, which was performed within 1-11
hours after the initial onset of symptoms. The TIA and control
cohorts showed no significant difference in mean age but were
significantly different for pre-existing conditions associated with
stroke risk, including the incidence of TIA, coronary heart disease,
hyperlipidemia, hypertension, and diabetes mellitus. The TIA co-
hort hasa median ABCD? score of 4. All patients in the TIA cohort
were followed up for an average period of 1 year (range, 164-538
days), and none of the patients was found to have a post-TIA
stroke on the basis of absence of complaints of any new neurologic
symptoms.

Evaluation of ASL CBF Maps

Results suggested relatively high concordance scores (Kendall
concordance test), indicating good agreement in evaluating ASL
CBF maps of both TIA (W = 0.812) and control cohorts (W =
0.642) among 3 observers. With scores of =2 being defined as
“positive” readings indicating recognizable ischemic lesions (82/
147 = 49 X 3 for the TIA cohort, and 10/108 = 36 X 3 for the
control cohort), the sensitivity and specificity of the ASL CBF map
in the diagnosis of TIA were 55.8% (95% CI, 0.49-0.63) and
90.7% (95% ClI, 0.87—0.95), respectively (Table 2). The magnetic
field strength (23 patients on 1.5T, 26 patients on 3T in the TIA
cohort; 17 patients on 1.5T, 19 patients on 3T in the control co-
hort) was not associated with a significant difference in mean
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reading scores of ASL CBF maps (¢ test). In the TIA cohort, 44
(89.8%) of 49 patients presented with hemispheric symptoms,
such as focal weakness and aphasia. In this subgroup of patients
with hemispheric TIA and positive ASL CBF map readings (score
=2), 93.3% (70/75 positive readings) of the cases showed brain
regions where the hypoperfusion identified matched the laterality
of the neurologic symptoms at TTA onset. In the rest of the obser-
vations (5/75), hyperperfusion was characterized in brain regions
corresponding to transient neural deficits during the TIA attacks.

DISCUSSION

The widespread adoption of newer advanced MR imaging, such as
DWI, has significantly improved the characterization of ischemic
lesions in patients with TIA. However, the diagnosis of TIA in a
substantial proportion of cases remains purely clinically based, as
no corroborating imaging findings exist by standard MR imaging.
Therefore, it would be of potential value to identify imaging tech-
nologies with a high sensitivity for the detection of minor cerebral
perfusion abnormalities, to more confidently establish the diag-
nosis of TIA in clinical practice. ASL has emerged as such an
imaging technique with a purported high sensitivity for the
detection of perfusion abnormalities in both TIA and acute
stroke.'””'*?2 In our current study, we explored the value of ASL
in the detection of perfusion deficits in a cohort of clinically diag-
nosed patients with TIA with unremarkable standard MR imag-
ing results. To avoid confounding factors that are known to pro-
duce positive findings on ASL images, we excluded patients with a
history of stroke and those with any brain lesions that can be
identified on DWI and MRA sequences. As a preliminary investi-
gation of the value of ASL in TTA, our current analysis was limited
by small study size and discrepancy in the sex ratio between TIA
and control cohorts (Table 1). The power of the study was further
affected by the gap in the median age of the TIA and control
cohorts (70.7 years and 61.4 years, respectively), though there was
no significant difference in the mean age of the patient cohorts
(65.6 years and 60.2 years, respectively; P > .05, t test).

We found that ASL provided imaging evidence of disturbed
perfusion (this study focused on hypoperfusion) in 55.8% of im-
aging-negative TIA cases, as judged by the standard imaging pro-
tocols including DWI and MRA. ASL CBF map reading also
showed a high specificity (90.7%) for abnormal perfusion in our
patient cohort. Positive ASL CBF map readings showed that the
location of the hypoperfusion was consistent with the neurologic
symptoms at TIA onset in 93.3% (70/75) of the total observations.
These findings support the hypothesis that ASL is a feasible and
practical method for detection of perfusion abnormalities,
with good sensitivity in patients with a clinical diagnosis of
TIA. The evaluation of ASL CBF maps demonstrated good
agreement in reading scores from 3 observers (W = 0.812 for
TIA and W = 0.642 for control), suggesting that ischemic le-
sions in ASL CBF maps could be consistently recognized by
different readers, and thus supporting the conclusion that ASL
has good reliability as well. In practice, ASL has the advantages
ofbeing contrast-free and requiring a relatively short scan time
(<4 minutes in our protocol), which may allow this technique
to be widely used in the clinical management of TIA and other
clinical emergencies that mimic it.



Prospective studies have shown a high risk for stroke within
the immediate hours and days after TIA.? In our current study, we
followed up on the TIA cohort for an average period of 1 year
(range, 164—538 days), and none of the patients experienced a
post-TIA stroke. The reported factors correlating with the risk for
post-TIA stroke include ABCD/ABCD? scores'®'*> and positive
MR imaging findings on DWI*>** and MRA.**7° As a clinical
score based on the presence of pre-existing conditions to deter-
mine the risk for stroke after a TIA, the value of ABCD/ABCD?
scores in the prediction of post-TIA stroke risk have been contro-
versial and vary greatly by patient cohort and clinical proto-
col.'%'2>2% OQur TIA cohort had a high median ABCD? score of
4; however, none of the patients appeared to have a stroke during
the average 1-year follow-up period, though silent infarcts could
have gone undetected (as patients had routine clinical follow-up
but no additional MR imaging).

The lack of clinically evident strokes in our TIA cohort may be
surprising, but it may suggest that the negative standard imaging
being used as a criterion for study inclusion could be associated
with reduced stroke risk. Although the power of the current anal-
ysis was limited by a relatively small cohort size, we found that
patients with TIA with positive findings on DWI and MRA are
more likely to display readable abnormalities on ASL than imag-
ing-negative cases used in the current study (data not shown),
raising the question of whether ASL data should be included in
criteria for the evaluation of stroke risk after TIA onset. Better
characterization of such a patient cohort may help to clarify the
value of ABCD/ABCD? scores in the prediction of post-TIA
stroke. Specifically, future studies of much larger sizes will be nec-
essary to determine stroke risks in these patient groups: those with
TIA with MR imaging abnormalities (including DWT and MRA),
those with TIA with ASL abnormalities only, and those with TTIA
with no MR imaging or ASL abnormalities.

Low SNR and low spatial resolution are major limitations of
ASL. The SNR is directly proportional to voxel size and the PLD
time, which is defined as the duration between labeling of the
spins and acquisition of the images, and is typically between 1.5
and 2.0 seconds. Longer PLDs (>2 seconds) could help to im-
prove CBF quantification, however, at the cost of a further de-
crease in SNR.?' In the current analysis, a single PLD of 2.0 sec-
onds was used, resulting in the detection of focal hypoperfusion in
55.8% of imaging-negative patients with TIA. Considering the
universal existence of multiple conditions in patients with TIA
that related to vascular pathogenesis, arterial transit time (ATT)
could vary greatly among individual patients. Therefore, 1 calcu-
lated CBF map on the basis of a single PLD might not be the best
approach to accurately reflect the perfusion status in these pa-
tients. In this case, an option would be to obtain images at multi-
ple PLDs, which offers the potential to quantify ATT>* and effec-
tively map the inflow of label into the tissue.?>*’ In future studies,
we plan to perform ASL scans by using multiple PLDs and calcu-
late ATT-adjusted CBF maps, aiming to improve the sensitivity in
the detection of minor perfusion changes in patients with TIA.

CONCLUSIONS
Our results suggest the potential value of ASL perfusion data in
the detection of abnormalities in patients with TIA, which may

help improve the diagnostic certainty in otherwise imaging-neg-
ative patients with TTA.
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