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852  Although ischemic penumbra can be operationally defined in many ways, the earliest defini- Q1
853  tions considered thresholds in the reduction of cerebral blood flow (CBF) in the ischemic core
854  and swrrounding regions (1). While the ischemic penumbra can now be defined by cellular and
855  molecular events, hypoperfusion remains the proximate cause of cerebral ischemia and a
856  critical physiological parameter in its mechanism. The concept of ischemic thresholds is also
857  universally recognized to have a temporal component—shorter the durations of reversibility
858  occurring in regions, greater the reductions in CBF (2). Accordingly, serial measurements of
859  CBF are ideally required to fully characterize the relationships between CBF and ischemic
860  outcomes, both clinically and in experimental models.

861 Arterial spin-labeled (ASL) perfusion MRI provides a completely noninvasive method for
862  quantification of CBE using magnetically labeled arterial blood-water as an endogenous and
863  nominally diffusible flow tracer (3). It is conceptually analogous to the CBF measurements
864  made with O-H,0 and positron emission tomography (PET) scanning, except that no exoge-
865  nous or radioactive tracer is required. Instead, radiofrequency (RF) excitation is used to alter the
866  magnetization of arterial blood-water proximal to the tissue of interest; for CBE, arterial blood-
867  water is typically labeled at the base of the brain or in the neck. Another major difference is that
868 20 decays with a half-life of two minutes, whereas ASL blood-water decays with T1, which is
869  on the order of one to two seconds, depending on the field strength and tissue type. ASL perfu-
870  sion MRI measurements can, therefore, be made quickly, and rapid changes in CBF can be fol-
871  lowed. Although ASL only produces an approximately 1% change in magnetization of the
872 brain, this effect can be reliably measured using modern imaging equipment.

873 Because ASL is completely noninvasive and the ASL “tracer” is extremely short-lived, it
874  can also be repeated indefinitely. This is a unique difference from other methods for CBF imag-
875  ing, where repeatability is limited by either radiation dose limits in radionuclide methods or
876  accumulation of the tracer for vascular contrast methods such as dynamic susceptibility con-
877  trast (DSC) based perfusion MRI. ASL perfusion MRI is also directly quantifiable in classical
878  units of tissue perfusion (mL/g/min) with measurements, knowledge, or assumptions about
879  the labeling efficiency, arterial transit time from the labeling location to the tissue of interest,
880  and T1 relaxation rates in blood and tissue. Modifications of ASL imaging sequences also allow
881  an arterial transit time to be calculated (4). This measure may have physiological significance
882  independent of CBF, potentially indicating the recruitment of collateral flow pathways.

883 The earliest models for quantifying CBF, based on ASL data, used a modification of the
884  Block equations for longitudinal magnetization with added terms for the delivery of labeled
885  spins by CBF and their removal by venous outflow (3). A well-mixed compartment was also
886  assumed, allowing the venous concentration of label to be replaced with the brain concentra-
887  tion adjusted by the blood:brain partition coefficient for water following the Kety—Schmitt
888  model. Subsequent models for quantifying CBF have also considered an arterial blood-water
889  compartment (5) and finite permeability of water (6).

890 Several approaches exist for carrying out ASL. They fall into two main categories: pulsed
891  ASL (PASL), which uses a spatially localized RF excitation to saturate or invert the arterial mag-
892  netization with respect to the tissue magnetization (7-9,9a), and continuous ASL (CASL) (10), Q2
893  which uses a velocity-driven adiabatic excitation (11) to invert spins flowing through a desig-
894  nated labeling plane (Fig. 1). In the theoretical limit, CASL methods provide over two-fold F1
895  greater labeling than PASL methods, though in practice the relative improvement tends to be
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8% FIGURE 1 A schematic diagram illustrating con-
897 tinuous arterial spin labeling. Velocity-driven adia-
898 batic fast passage inverts arterial blood—water
899 flowing towards the brain as it passes through the
900 labeling plane. The resulting arterial blood-water
901 has opposite magnetization to the static brain
902 water and p‘rodu.ces a'small decre;ase in magnetic

resonance imaging signal that is measured by
903 comparison with a control condition without afte=
904 rial spin labeling. The regional magnitude of(tfhb the
905 signal changes is dependent on cerebral blood A
906 flow, which delivers labeled spins to the region,
907 and T1 relaxation, which causes the labsl to decay.
908 Abbreviation. ASL, arterial spin labeling. Source:
From Refs. 10 and 11.
909
910
911 somewhat less (9,9a). Several methods for selective labeling of individual arteries have also Q2
912 been developed. Some are based on the use of separate small RF coils (12,13), whereas others
913 rely on gradient-based localization (14-16). The ability to selectively label individual arteries is
914 unique to ASL among noninvasive CBF imaging techniques.
915 ASL was initially reported in the early 1990s for single slices, and CBF measurements
916 were validated against other approaches including flowmeter (17), microspheres (18), hydro-
917 gen clearance (19), autoradiographic methods (20), and O-PET CBF (21,21a,22). However, Q2
918 several key methodological advances have greatly improved the utility of ASL perfusion MRI.
919 The introduction of a postlabeling delay (5) to allow labeled blood-water to move from the
920 arterial circulation into the microcirculation and tissue greatly reduced the dependency of
921 calculated CBF on variations in arterial transit time and produced CBF images that were far less
922 contaminated by artifacts due to residual label in large arteries that were present in early
923 studies (23). Improved spatial localization for PASL and strategies to control for the spatially
924 dependent off-resonance effects of CASL (24) have permitted multislice ASL, which is neces-
925 sary for clinical applications and beneficial for research applications. The increased signal
926 strength and prolongation of T1 relaxation rates with increased magnetic field strength act in
927 tandem to greatly improve the sensitivity of high-field ASL (25). The use of surface coils and
928 parallel imaging also increased the sensitivity of ASL methods (26). Finally, under certain
929 circumstances, it is possible to suppress the magnetization from static brain-water, which
930 amplifies the ASL effect from approximately 1% to up to 100% of the measured signal (21,21a). Q2
931 Taken together, these methodological advances have resulted in a 10-fold improvement in the
932 sensitivity of ASL over the past decade. An example of a current ASL perfusion MRI study from
933 human brain is shown in Figure 2. Continued methodological development is focusing on F2
934 improving labeling efficiency and optimizing strategies for measuring the ASL effect in brain
- 935 and other organs.

936 Over the past decade, several studies in animal models and human patients have also
937 established the utility of ASL perfusion MRI for measuring CBF in cerebrovascular disease and
938 stroke. ASL has been used for serial imaging of CBF in animal models (27-29). Brain tissue with
939 perfusion deficits below a critical threshold (2) experiences metabolic energy failure, membrane
940 depolarization, and subsequent cytotoxic edema. These changes precipitate a reduction in the
941 apparent diffusion coefficient (ADC) of brain—water (30), which has been well characterized in
942 animal models of stroke. During the acute phase, the area of ADC abnormality is typically
943 smaller relative to the area of perfusion deficit. As ischemia evolves, most of this ADC abnor-
944 mality expands and, eventually, coincides with the area of perfusion deficit. The difference in
945 the abnormal region defined by the abnormal perfusion and diffusion contrast in acute stroke -
946 is referred to as the “perfusion—diffusion” mismatch, and represents potentially salvageable
947 tissue corresponding to the “ischemic penumbra.” An example of the application of ASL
948 perfusion MRI in a rat stroke model is shown in Figure 3. E3
949 Critical CBF and ADC thresholds below which infarctions are destined to develop can be
950 defined by correlation with endpoint histology (29). Although there are limitations of this
951 approach, it provides a simple and practical means to define the ischemic penumbra and
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999 FIGURE 3 (Top) Cerebral blood flow (CBF) maps at 30 minutes, apparent diffusion coefficient maps at 30 and
1000 180 minutes after permanent middle cerebral artery occlusion. CBF was measured using continuous arterial spin labe-
1001 ling (ASL) with a separate neck coil for ASL. Gray scale indicates CBF ranging from 0 to 1 mL/g/min and apparent diffu-
1002  sion coefficient (ADC) ranging from 0to 1 x 10-° mm?/sec. (Bottom) Evolution of ADC- and CBF-defined lesion volumes
1003 for permanent (n = 6) and 60-minute (17 = 6) stroke. CBF-defined lesion volume of the permanent stroke was constant,
1004 whereas ADC-defined lesion volume of the permanent stroke grew bigger with time. Reperfusion salvaged substantial

tissues, and some of these tissues showed delayed cell death, as indicated by gradual increase in ADC lesion volume
1005 gyer time after reperfusion. Final infarct volumes were obtained by triphenyl tetrazolium chloride histology at 24 hours -
1006  after ischemia. Abbreviations: ADC, apparent diffusion coefficient; CBF, cerebral blood flow; TTC, triphenyl tetrazolium
1007  chloride.
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FIGURE 2 Multislice continuous arterial
spin labeling perfusion magnetic resonance
imaging obtained at 3T from a normal
volunteer in approximately 10 minutes with
spinecho echoplanarimaging. Abbreviation:
GBF, cerebral blood flow.
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1018
1019 FIGURE 4 Continuous arterfal spin-fabeled (ASL) perfusion magnetic resonance imaging (MRI) and diffusion-
1020 weighted MRI (DWI1) obtained at 1.5 T from a 56-year-old man with hemiparesis due to carotid dissection six hours after

symptom onset. DWI shows cytotoxic injury primarily around insular cortex, whereas perfusion MRI shows hypoper-

1021 fusion in affecting most of the middle cerebral artery distribution, suggesting a large penumbral zone. However, owing
1022 to the weak ASL effect in the hypoperfused region, cerebral blood flow (CBF) values are difficult to distinguish from zero.
1023 High-field ASL should dramatically increase ASL sensitivity for low CBF values. Abbreviations: ASL, arterial spin labe-
1024 ling; CBF, cerebral blood flow; MRI, magnetic resonance imaging.

1025

1026 infarcted tissues at different time points after stroke. This approach has also been used to study Q2
1027 the effects of reperfusion (31,31a) and other therapeutic interventions (32). For example, the
1028 data shown in Figure 3 suggest that about half of -the-penumbral tissue was salvaged when
1029 reperfusion was performed 60 minutes after occlusion, compared with no reperfusion. One
1030 limitation of extending this approach to the clinic is that CBF and ADC critical thresholds are

1031 defined at one single time point after stroke onset, while it is well known that the duration of
1032 CBF reduction should also be taken into account (2). Objective classification of ischemic penum-
1033 bra, normal, and infarcted tissues (such as using automated clustering algorithm based on mul-

1034 tispectral CBE ADC, and other MRI data) is clearly important and has been demonstrated in Q2
1035 stroke models (31,31a) and to some extent in humans (33).

1036 In human patients with acute stroke and chronic cerebrovascular disease, ASL perfusion
1037 MRI has been used to demonstrate the presence of chronic asymptomatic and symptomatic
1038 hypoperfusion (34-36). Although these studies have demonstrated the feasibility of using ASL
1039 to characterize the ischemic penumbra, accurate measurement of low CBF values has remained

1040 challenging because signal changes are particularly small and arterial transit times can be sig-
1041 nificantly longer than T1 of arterial blood—water. However, most of the existing data on ASL in

1042 experimental and clinical stroke were acquired at 1.5 T using early methodology, with several-

1043 fold lower sensitivity than that is now available. The recent improvements in ASL methodology

1044 described earlier should facilitate the transition of ASL perfusion MRI from feasibility to practi-

igi‘z cal utility in basic and clinical research on the ischemic penumbra.
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