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Novel MRI Approaches for Assessing Cerebral
Hemodynamics in Ischemic Cerebrovascular Disease
Manus J. Donahue, PhD; Megan K. Strother, MD; Jeroen Hendrikse, MD, PhD
Abstract—Changes in cerebral hemodynamics underlie a broad spectrum of ischemic cerebrovascular disorders. An
ability to accurately and quantitatively measure hemodynamic (cerebral blood flow and cerebral blood volume) and
related metabolic (cerebral metabolic rate of oxygen) parameters is important for understanding healthy brain
function and comparative dysfunction in ischemia. Although positron emission tomography, single-photon
emission tomography, and gadolinium-MRI approaches are common, more recently MRI approaches that do not
require exogenous contrast have been introduced with variable sensitivity for hemodynamic parameters. The
ability to obtain hemodynamic measurements with these new approaches is particularly appealing in clinical and
research scenarios in which follow-up and longitudinal studies are necessary. The purpose of this review is to
outline current state-of-the-art MRI methods for measuring cerebral blood flow, cerebral blood volume, and
cerebral metabolic rate of oxygen and provide practical tips to avoid imaging pitfalls. MRI studies of
cerebrovascular disease performed without exogenous contrast are synopsized in the context of clinical relevance
and methodological strengths and limitations. (Stroke. 2012;43:903-915.)
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T

he aim of this review is to discuss noninvasive
(without contrast injection) MRI methods that are
available to assess cerebral blood flow (CBF), cerebral
blood volume (CBV), cerebral metabolic rate of oxygen
(CMRO2), and oxygen extraction fraction (OEF) in the
setting of cerebrovascular disease. Many such methods
have recently been shown to provide comparable contrasts
to more established invasive techniques and have been
used with appropriate modifications to characterize tissuelevel hemodynamics in patients with acute and chronic
ischemia.
Physiologically, as cerebral perfusion pressure (CPP)
reduces, the extent of hemodynamic compromise at the
tissue level reflects the autoregulatory capacity of vasculature to increase CBV and/or develop collaterals to
supplement CBF. CBF collateralization, as well as regional
variability in CBV and OEF, have been hypothesized to
correlate uniquely with stroke risk, with evidence suggesting that risk positively correlates with elevated CBV and
OEF.1 Detailed measurements of CBF, CBV, OEF, and
CMRO2 have provided important clues regarding progression of cerebrovascular disease,2,3 and accurate measure-

ments of hemodynamic compromise have the potential to
improve diagnosis and risk stratification.1 Yet, hemodynamic measures are not standardized for the acute or
long-term assessment of cerebrovascular disease. The
critical barrier to achieving this rests with a lack of (1)
methodology for measuring tissue hemodynamics with
high specificity and availability and (2) noninvasive approaches capable of monitoring longitudinal progression
of impairment.
Recently, additional MRI methods have been developed
that claim to provide quantitative information of cerebral
hemodynamic status, yet in reality have varying degrees of
reproducibility and ease of implementation. By combining
these techniques with structural scanning, a state-of-the-art
MRI protocol could in principle provide both information
on the stage of tissue-level disease and the distribution and
size of cerebral infarcts. An overview of novel MRI
methods is presented, with comparisons to positron emission tomography and single-photon emission tomography
(PET and SPECT) in healthy individuals and in patients
when available. The precision, availability, expertise, and
clinical relevance of these MRI approaches are summarized in the context of cerebrovascular disease.
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Figure 1. The growing popularity of noninvasive hemodynamic MRI. A, Yearly
total number of arterial spin labeling
(ASL), and B, vascular-space-occupancy
(VASO) publications since 1996 (ASL) and
2003 (VASO) and corresponding total
number of non-methodological studies of
these techniques where the focus was
specifically to use the method for
addressing a neurophysiological question.

Year

Hemodynamic MRI: State of the Field
The gold standard imaging methods to assess hemodynamic
impairment have been PET for CBF, CBV, OEF, and
CMRO2 and additionally SPECT for measurements of CBF
and CBV. Still, PET and SPECT measurements are not often
performed in the diagnostic workup of patients, largely owing
to difficulty in routine implementation and the exogenous
tracers required, which are unavailable in nonspecialized
centers. MRI is more widely available and faster than PET
and SPECT. Diffusion-weighted imaging (DWI) and fluidattenuated inversion recovery (FLAIR) MRI sequences are
currently the most sensitive methods for identifying small and
large acute, subacute, and enduring ischemic infarcts. DWI,
which has high diagnostic accuracy and is the gold standard
for identifying acute stroke, requires less than 2 minutes of
scan time.4
Perfusion MRI provides additional information about
hemodynamic compromise. The majority of MRI perfusion
studies exploit gadolinium (Gd)-dynamic susceptibility
contrast (DSC), wherein a Gd chelate is injected intravenously (4 – 6 mL/s) and tracked by acquiring a 90 –120 –
second time series of single-shot gradient echo images
(TR/TE⬇1.5/0.03 seconds). Application of tracer kinetics
models to the temporal changes in signal permit mean
transit-time (MTT), time-to-peak (TTP), CBV, and, to a
lesser extent, CBF quantification. Gd-DSC has been used
extensively in both chronic and ischemic cerebrovascular
disease, and many reviews are available.5,6 Recent acute
stroke trials utilizing Gd-DSC to stratify patients according
to perfusion/diffusion mismatch and infarction risk include
the Desmoteplase in Acute Ischemic Stroke (DIAS)7 and
DIAS-2 trials,8 Dose Escalation of Desmoteplase for Acute
Ischemic Stroke (DEDAS) trial,9 and the Diffusion and
Perfusion Imaging Evaluation for Understanding Stroke
Evolution (DEFUSE) trial.10
Ongoing developments in the Gd-DSC field focus on
optimization of automated postprocessing routines and
related evaluation of algorithms capable of predicting
tissue fate during and after ischemia. Although no software
combination is capable of reliably predicting tissue fate in
all scenarios, novel CBF thresholding approaches and
automated analysis software have shown promise for
predicting differential responses to reperfusion11 and iden-
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tifying lower-boundaries of brain tissue progressing to
infarction.12
However, Gd-DSC requires the injection of a contrast
agent, which, over the past decade, has been dose-restricted
because of its association with nephrogenic systemic fibrosis.13 In clinical populations in which Gd-based contrast
agents are contraindicated, such as patients with renal insufficiency, Gd-DSC is generally not permitted for research
purposes. Dose restrictions also limit the use of Gd-DSC in
longitudinal protocols in which multiple, repeated measurements may be desired. Therefore, research studies are increasingly using new approaches that do not require Gdbased contrast agents.

New MRI Approaches for Assessing CBF
Arterial spin labeling (ASL) MRI14 is currently the most
popular MRI method for measuring CBF that does not require
exogenous contrast, and ASL is being implemented in an
increasing number of methodological and clinical studies
(Figure 1). In ASL, radiofrequency pulses are applied to the
blood water proximal to tissue. A delay time is allowed
(1.5–2 seconds) whereby the radiofrequency-labeled blood
water protons travel to the brain tissue and exchange with
tissue water. Consequently, a small reduction occurs in the
tissue water magnetization, which is proportional to the
amount of exchange, or CBF. However, the change in
magnetization when the labeling pulse is applied is very small
relative to the total amount of signal. Thus, images acquired
during labeling are subtracted from a control (unlabeled)
image. Models of tracer kinetics15 are then applied to the ASL
difference signal to quantify CBF in absolute units of mL
blood/100 g tissue per minute.
The principles of ASL are analogous to those of H215O
PET CBF measurements,16 because both are fundamentally
freely diffusible tracer-based approaches. However, whereas
the tracer in PET is injected H215O, the tracer in ASL is
endogenous blood water. For PET, the half-life of 15O is
approximately 2 minutes, whereas the blood water tracer in
ASL will decay more quickly, with the longitudinal relaxation time, or T1, of blood water. At 1.5 T, this value is quite
short (⬇1.2 seconds); however at 3.0 T and 7.0 T, this
increases to approximately 1.7 and 2.5 seconds, respectively.17 The relatively fast decay of the endogenous tracer in
ASL allows for repeated measurements to be obtained in a
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Hemodynamic Methods Comparison

Citation

First
Author

Year

MRI Technique
(Parameter)

Reference Technique
(Parameter)

Population

n

Findings

19

Noguchi

2011

ASL (CBF)

SPECT (CBF)

Moyamoya

12

Hemispherical CBF correlated
between ASL and SPECT

20

Liu

2011

ASL (CBF)

SPECT (CBF)

Gulf war illness

47

CBF trends similar between
ASL and SPECT (SPECT data
from separate study)

21

Uh

2011

VASO (CBV)

PET (CBV)

Controls

8

CBV similarity between VASO
and PET

22

Donahue

2010

iVASO (CBV)

Gd-DSC

ICA
steno-occlusion

17

CBV correlation between
iVASO and Gd-DSC

23

Wissmeyer

2010

ASL (CBF)

PET (CBF)

Epilepsy

3

CBF correlation between ASL
and PET

24

Xu

2010

ASL (CBF)

PET (CBF)

Elderly controls

9

Global and regional CBF
agreement between ASL and
PET

25

Qiu

2010

ASL (CBF)

PET (CBF)

Controls

14

Variations in AAT influence
regional ASL CBF
quantification

26

Bokkers

2010

ASL (CBF)

PET (CBF)

ICA occlusion

14

CBF overestimation in ASL
relative to PET

27

Knutsson

2010

ASL (CBF)

Gd-DSC

Brain tumor

15

Linear correspondence
between ASL and Gd-DSC

28

Lüdemann

2009

ASL (CBF)

PET (CBF)

Glioma

12

CBF measured most reliably
with ASL compared to other
methods

29

Chen

2008

ASL (CBF)

PET (CBF)

Controls

10

CBF correlation between ASL
and PET; ASL yielded slightly
lower CBF

30

Newberg

2005

ASL (CBF)

PET (CMRGlc)

Controls

5

Concordance between ASL
CBF and PET-measured
cerebral metabolic rate of
glucose

31

Kimura

2005

ASL (CBF)

PET (CBF)

ICA occlusion

11

ASL and PET correlation; ASL
CBF underestimation
ipsilateral to the carotid
occlusion

32

Wintermark

2005

ASL (CBF)

PET, SPECT, Gd-DSC

Multiple

...

Review of perfusion imaging
techniques

33

Weber

2003

ASL (CBF)

Gd-DSC

Brain
metastases

62

Comparable CBF contrast in
healthy tissue found using
ASL and Gd-DSC

34

Liu

2001

ASL (CBF)

PET (CBF)

Epilepsy

8

Correlation between ASL and
PET hypoperfusion

35

Ye

2000

ASL (CBF)

PET (CBF)

Control subjects

12

Gray matter CBF similar
between ASL and PET; white
matter CBF underestimated
with ASL

ASL indicates arterial spin labeling; CBF, cerebral blood flow; SPECT, single-photon computed tomography; VASO, vascular-space-occupancy; PET, positron
emission tomography; CBV, cerebral blood volume; ICA, internal carotid artery; Gd-DSC, gadolinium– dynamic susceptibility contrast.

short time period (4 – 8 seconds) and even for changes in CBF
in response to neuronal or vascular tasks to be assessed.18
Cross-modality comparisons (Table 1) have been performed,
which generally report comparable CBF contrast between
ASL, PET, SPECT, and DSC.
There are a variety of ASL approaches that differ
regarding how the labeling is applied36 and can be grouped
into two categories: pulsed ASL (PASL) and continuous

ASL (CASL). The difference between PASL and CASL is
the labeling scheme for PASL occurs using one37 or two38
radiofrequency pulses of duration 3–15 ms, which label
blood water over a large volume (80 –120 mm) in the neck.
Conversely, a long labeling pulse (1.5–2 seconds) is
applied in CASL at a single location in the neck.39,40 The
signal-to-noise ratio (SNR) achieved with CASL is 30 –
50% higher relative to PASL methods,41 and therefore in
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Figure 2. Cerebral blood flow (CBF) imaging using
arterial spin labeling (ASL) MRI. A, Pseudocontinuous ASL (pCASL) approach in which CBFweighted maps are obtained from subtraction of a
labeled (red) blood water acquisition from an unlabeled control acquisition. B, Vessel-selective ASL
in which blood water is separately labeled in right
internal carotid artery (ICA) (red), left ICA (blue),
and basilar (green) arteries; right, corresponding
CBF maps are generated. C, Example baseline
and acetazolamide pCASL-CBF maps for a healthy
volunteer and a patient with symptomatic right ICA
stenosis. D, Vessel-selective pCASL shows altered
posterior and right flow territories in a patient with
right ICA stenosis. Right, Axial flow-territory maps
projected on a standardized atlas for healthy control participants (n⫽20) and patients with symptomatic ICA stenosis (n⫽23). Scale indicates percentage of individuals in the denoted group with
measured perfusion.

principle CASL is most desirable. However, historically,
the PASL method was used because the short pulses could
readily be played out with standard MRI body coils,
whereas the longer pulse in the CASL sequence required
specialized, local transmit coils.42
CBF measurements with PASL MRI depend on the
distance between the labeling and imaging region43 which
varies spatially across the brain. For instance, borderzone
or watershed areas supplied by end branches of feeding
arteries may have increased arterial arrival time (AAT), or
time required for blood water to move from the tagging
plane to the capillary exchange site. The AAT is generally
on the order of 500 –1100 ms44,45 but may be longer in
patients with arterial occlusion and collateral flow.46,47 The
long AAT may result in an underestimation of CBF when
blood water does not reach the tissue. In patients with
intracranial atherosclerotic stenosis or Moyamoya configuration, ASL also may overestimate CBF in focal spots
close to the vasculature due to increased endovascular
signal caused by prolonged AATs. To address this, PASL
data may be acquired at multiple postlabeling delay times,
generally 300 –2500 ms, which allows for simultaneous
quantification of AAT and CBF. The feasibility of this
approach has been demonstrated in steno-occlusive disease46,48 and validated against SPECT.25,27,25 However,
ASL obtained at multiple labeling delays generally requires additional scan time relative to single-delay approaches. Whole-brain coverage with a single postlabeling

delay can be obtained in 2– 4 minutes, whereas multidelay
approaches with comparable resolution require 5– 8 minutes. Although the rapid decay of signal creates challenges
for ASL tracer labeling, the signal decay is critical for
measuring changes in CBF in response to neuronal or
vascular tasks,18 information that cannot be gleaned from
Gd-DSC, PET, or SPECT.
A recent ASL improvement is pseudocontinuous ASL
(pCASL).41 In pCASL (Figure 2), labeling is performed over
a long duration, as with CASL, but with a series of shorter
pulses. These shorter pulses can be applied with available
body coils and provide SNR improvements comparable to
CASL.41 pCASL methods have recently increased in popularity,
and pCASL probably will be the ASL method of choice in
hospital MRI exams. pCASL largely preserves the higher SNR
of CASL and is less sensitive to AAT than PASL.
ASL is most robust when used to measure regions of
decreased CBF in the cerebral cortex, which can be clearly
distinguished from the surrounding areas of normal CBF.
Alternatively, white matter CBF is 2–3 times lower than gray
matter, and combined with the longer white matter AAT
(⬇1.5–2.5 seconds), the ASL signal in the white matter is
typically just above the background noise level,49 making it
difficult to detect hypoperfused white matter. Challenges
caused by delayed AAT may be offset by a recent innovation
called velocity-selective ASL. In this technique, arterial
blood that decelerates can be labeled in close proximity to the
brain tissue, thereby reducing signal loss from delayed
AAT.50
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A rapidly emerging labeling strategy is vessel-selective
ASL (VS-ASL). In VS-ASL, different feeding arteries (commonly left and right internal carotid arteries and basilar
artery) are separately labeled, thereby giving a measure of
perfusion territories and collateralization.51,52 This approach
(Figure 2) has been the target of much recent development
work and has been successfully applied in patients with
cerebrovascular disease to assess compensatory flow
patterns.53
Several technical improvements to the ASL sequences
complement the labeling strategies mentioned above.
Background suppression, which reduces the static gray and
white matter signal, improves SNR in most ASL variants.54,55 Also, “crusher” gradients can be applied in ASL
acquisitions to suppress arterial signal in large vessels,
allowing for improved CBF contrast without contamination from intravascular blood water. Different imaging
readout options are available as well. The most popular
readout is single-shot (2D) echo planar imaging (EPI), but
it has been difficult to obtain whole-brain coverage using
2D readouts. The multiple excitation pulses required result
in slice-dependent labeling delays, complicating CBF
quantification. Three-dimensional GRadient and Spin
Echo (GRASE) readouts have been applied to remove this
slice-timing discrepancy.56 Compared with 2D EPI readouts, 3D GRASE readouts have shown a 200 –300%
increase in SNR.56 ASL with 3D-GRASE has been applied
to investigate baseline,57,58 pharmacological,59 and neurovascular coupling18 phenomena in healthy volunteers as
well as CBF modulations in patients with steno-occlusive
carotid artery disease.46
ASL has been used to assess CBF variation in cerebrovascular disease in many human studies (Table 2). Improvements
in the past decade allow ASL to be applied clinically to obtain
reliable measurements of whole-brain CBF at a field strength
of 3.0 T. Many of the more successful clinical ASL studies
have been performed at 3.0 T rather than 1.5 T. This is both
due to the longer blood water T1 at 3.0 T (longer label
duration) and the SNR increase at 3.0 T.
pCASL approaches with background suppression and
flow-crushing gradients in conjunction with 2D or 3D
readouts provide CBF values comparable to PET and
SPECT. However, unlike PET and SPECT, these measurements can be obtained in 3 to 5 minutes, at a higher spatial
resolution of 3 to 5 mm (isotropic voxel dimensions), and
with VS-ASL, which together result in less partial volume
effects in the cortical ribbon and smaller subcortical
structures and additional information regarding collateral
flow behavior.

Cerebral Blood Volume
Total CBV quantification in humans is possible with the use
of invasive contrast agents and Gd-DSC,96 PET,97 CT,98 and
SPECT.99 MRI approaches using endogenous contrast for
measuring total and venous CBV response to neuronal
stimulation have been proposed and ASL MRI approaches
are being modified to allow for estimation.100,101 Such approaches can provide reproducible and comparable results to
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contrast agent-based techniques and have promise for clinical
imaging of steno-occlusive disease.
More specifically, vascular-space-occupancy (VASO)
MRI has been used to noninvasively measure CBV adjustments associated with increased neuronal activity.102 In
VASO, blood water signal is nulled and the resulting
image contains signal primarily from extravascular tissue.
Reductions in the measured tissue signal are then used to
quantify increases in the vascular compartment volume
that accompany neuronal activity. The VASO contrast
mechanism has been investigated and information regarding signal changes,103–105 CSF contamination,104,105 consistency with other CBV-weighted approaches,106 blood inflow and T1 variation,107 and clinical feasibility (Table 2)
have been investigated. Although VASO is much less
popular than ASL (first published in 2003; Figure 1), it has
demonstrated a similar increase in popularity as ASL over
the same postdiscovery time frame. Validation studies
have been performed comparing VASO contrast with more
established monocrystalline iron oxide nanoparticle
(MION)-CBV,106 PET CBV,21 and Gd-DSC22 approaches,
reinforcing the CBV sensitivity of VASO. VASO has been
applied in a range of neurovascular coupling108 and functional MRI methodology studies109 –112 as well as in clinical applications of steno-occlusive disease,22,70 Alzheimer’s disease,113 and cancer.114,115
Recently, a modification has been introduced to the VASO
sequence in which only blood water below the imaging
volume is nulled. This “inflow VASO” (iVASO) approach
increases SNR over conventional VASO and is primarily
sensitive to arterial CBV (aCBV) adjustments.116 An additional improvement to iVASO, termed iVASO with dynamic
subtraction (iVASO-DS), utilizes the difference between a
consecutively acquired control (tissue⫹blood signal) and null
(tissue signal only) image to quantify absolute aCBV.22 The
subtraction procedure is similar to ASL, except instead of
tagging the blood water as is done in ASL, blood water signal
is nulled by choosing the labeling delay to correspond to the
blood water null time; the time needed for blood nulling is
approximately on the order of arterial-to-capillary transit
times (700 –1100 ms), which is why the sensitivity is primarily arterial.
Using iVASO-DS, aCBV values have been reported
in-line with expected values from the literature, and
between-subject aCBV values vary over a physiologically
expected range. Depending on the imaging modality used
and region studied, total gray matter CBV is generally
reported as 4.7–5.5 mL/100 mL,117 and healthy precapillary CBV is commonly approximated as 20 –30% of total
CBV.118 This would lead to an expected aCBV of 0.94 –
1.65 mL/100 mL, consistent with iVASO-DS aCBV measures. iVASO-DS has very recently been applied to assess
CBV modulations in patients with internal carotid artery
steno-occlusive disease (Figure 3) and has been compared
with Gd-DSC.22
A similar approach that has been proposed for assessment of absolute aCBV is quantitative STAR labeling of
arterial regions (QUASAR).100 Similar to iVASO-DS,
aCBV is quantified in QUASAR on subtraction of data
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Human Baseline and Reactivity Cerebrovascular Disease Studies
First Author

Year

MRI Technique
(Parameter)

46

MacIntosh

2010

60

Chen

61
62

63

Pollock

2008

64

Wolf

2003

65

Chalela

2000

66

Detre

67

Citation

Disease

n

Findings

ASL (CBF, AAT)

Acute minor stroke or
TIA

30

Reduced CBF and increased AAT in patients relative to controls

2009

ASL (CBF)

Pediatric ischemic stroke

10

Acute and follow-up infarct volumes largest in cases with
hypoperfusion

Hendrikse*

2009

ASL (CBF)

Ischemia

159

ASL provides diagnostic capability in 92% of patients

Zhao*

2009

ASL (CBF)

Chronic middle cerebral
artery stroke

87

Despite preserved vasoconstriction, CBF augmentation is inadequate
in many vascular territories in patients with large-artery ischemic
disease

ASL (CBF)

Anoxic injury

16

Gray matter CBF significantly higher in anoxic injury subjects

ASL (CBF)

Acute and/or chronic
cerebrovascular disease

10

Invasive CBF measurements correlated with ASL CBF measurements
in patients who did not have major transit time delays

ASL (CBF)

Acute ischemic stroke

15

ASL detects perfusion/diffusion (DWI) mismatches in acute ischemic
stroke patients

1998

ASL (CBF)

Stroke, TIA, or severe
ICA stenosis

14

Good-quality CBF-weighted maps can be obtained using ASL in
patients

Bokkers*

2011

ASL (CBF)

ICA occlusion

32

ASL identified regional impaired acetazolamide-induced
cerebrovascular reactivity in patients relative to control subjects

68

Hartkamp

2011

ASL (CBF)

ICA stenosis

53

Caudate nucleus is supplied with blood by the contralateral ICA
more frequently in patients than control subjects

69

Bokkers

2010

ASL (CBF)

ICA stenosis

43

Vasodilatory capacity and regional variability in flow territories of
major cerebral arteries can be visualized with ASL

26

Bokkers

2010

ASL (CBF)

ICA occlusion

14

ASL at multiple delay times depicts areas of reduced CBF in
patients; overestimation of CBF relative to H215O PET was noted

22

Donahue*

2010

iVASO (arterial CBV)

ICA stenosis or occlusion

25

Arterial CBV elevated in brain hemisphere from which symptoms
were derived in 41% of patients; no asymmetry found in control
subjects

70

Donahue

2009

VASO (CBV)

ICA stenosis or occlusion

20

Feasibility study demonstrating that CBV-weighted reactivity is
altered in patients relative to control subjects

71

Van Laar*

2008

ASL (CBF)

ICA stenosis or occlusion

130

Hypertension is related to higher CBF and hyperhomocysteinemia to
lower regional CBF

72

Chng

2008

ASL (CBF)

ECA or ICA stenosis

18

Agreement observed between digital subtraction angiography and
territorial ASL for the assessment of collateral flow

73

Haller*

2008

BOLD (CBF, CBV,
CMRO2)

ICA stenosis

24

Severely reduced pretreatment CO2-induced BOLD reactivity was
associated with increased occurrence of peri-interventional therapy
infarction

74

Mandell

2008

BOLD (CBF, CBV) and
ASL (CBF)

ICA stenosis

38

CO2-induced BOLD reactivity correlates with CO2-induced
CBF-weighted ASL reactivity

75

Van Laar*

2007

ASL (CBF)

ICA stenosis

24

Differences in flow territories and regional CBF between patients
and control subjects reduced after carotid angioplasty with stent
placement; changes in flow territories and regional CBF were
similar in patients who underwent carotid angioplasty with stent
placement or carotid endarterectomy

76

Van Laar

2007

ASL (CBF)

ICA occlusion

68

Vessel-selective ASL maps show significant differences in flow
territories of the contralateral ICA and vertebrobasilar arteries in
patients compared with control subjects

77

Hendrikse

2005

ASL (CBF)

ICA sacrifice

7

Feasibility established for ASL for clinical follow-up of patients after
extracranial-intracranial bypass surgery

78

Ziyeh*

2005

BOLD (CBF, CBV,
CMRO2)

ICA stenosis or occlusion

27

BOLD reactivity measurements include diagnostic information
concerning cerebrovascular reserve

79

Hendrikse*

2004

ASL (CBF)

ICA occlusion

11

Reduced CBF in gray matter of hemisphere ipsilateral to occlusion
compared with contralateral hemisphere

80

Ances

2004

ASL (CBF)

ICA stenosis

10

Inverse relationship found between change in CBF after carotid
endarterectomy versus baseline CBF within the anterior circulation
but not for posterior circulation

81

Detre

1999

ASL (CBF)

ICA and/or middle
cerebral artery stenosis

14

Feasibility study demonstrating ability of ASL to identify different
patterns of CBF augmentation

Stroke

ICA disease

(Continued)
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Continued
First Author

Year

MRI Technique
(Parameter)

Disease

n

Findings

82

Hajjar*

2010

ASL (CBF)

Hypertension

62

Decrease in CO2-induced CBF reactivity in hypertensive patients
without stroke was comparable to the decrease in CBF reactivity in
stroke patients without hypertension

83

Fierstra

2010

BOLD (CBF, CBV,
CMRO2)

Vascular steal
phenomena

17

Spatial correspondence exists between vascular steal and cortical
thinning

84

Hajjar*

2010

ASL (CBF)

Acute stroke

80

Nocturnal dipping of lesser magnitude in systolic and pulse
pressure is associated with brain atrophy and worse functional
status

85

Pollock*

2009

ASL (CBF)

Hospitalized patients
with hypercapnic
cerebral hyperperfusion
or hypocapnic
hypoperfusion

45

Significant positive linear relationship between ASL CBF and partial
pressure of CO2

86

Zaharchuk*

2009

ASL (CBF)

Cerebrovascular disease

139

Approximately half of patients with normal contrast-enhanced CBF
imaging have abnormal ASL findings, suggesting ASL provides
additional information

87

Wu*

2008

Vessel-encoded ASL
(CBF)

ICA and/or middle
cerebral artery stenosis

56

ASL detects the presence and origin of collateral flow

88

Van Laar*

2008

ASL (CBF)

Vascular risk factors

121

Increasing levels of tumor necrosis factor-␣ is significantly
associated with higher regional CBF

89

Mandell*

2011

BOLD (CBF, CBV,
CMRO2)

Intracranial stenosis with
EC/IC bypass

25

Preoperative measurement of CO2-induced BOLD reactivity predicts
the hemodynamic effect of extracranial-intracranial bypass

90

Zaharchuk*

2011

ASL (CBF)

Moyamoya

18

ASL predicts the presence and intensity of collateral flow in patients

91

Heyn

2010

BOLD (CBF, CBV,
CMRO2)

Moyamoya

11

BOLD CO2-induced reactivity correlates with modified Suzuki score

Citation
Cerebrovascular
risk factors

Intracranial
stenosis

Sickle cell
disease
92

O’Gorman

2010

ASL (CBF)

Sickle cell disease

1

ASL demonstrates crossed-cerebellar diaschisis

93

Helton

2009

ASL (CBF)

Sickle cell disease

21

Hydroxyurea may normalize gray matter CBF but not white matter
CBF in sickle cell anemia children

94

Van den Tweel

2009

ASL (CBF)

Sickle cell disease

12

No CBF difference observed between sickle cell patients and control
subjects, yet more CBF asymmetry observed in patients

95

Oguz*

2003

ASL (CBF)

Sickle cell disease

14

Regional CBF variations observed in normal-appearing regions of
structural MRI

ASL indicates arterial spin labeling; CBF, cerebral blood flow; AAT, arterial arrival time; TIA, transient ischemic attack; DWI, diffusion-weighted imaging; ICA, internal
carotid artery; BOLD, blood oxygenation level– dependent MRI; CBV, cerebral blood volume; CMRO2, cerebral metabolic rate of oxygen; iVASO, inflow
vascular-space-occupancy.
*Selected studies with clinical implications, expanded in online-only Data Supplement Table 1 (http://stroke.ahajournals.org).

with and without blood water signal. However, in QUASAR,
transverse blood water magnetization is nulled by bipolar
dephasing gradients, whereas in iVASO the longitudinal
blood water magnetization is nulled through principles of
inversion recovery. QUASAR has been evaluated in a largescale, interinstitutional validation study45 and has been shown
to provide comparable contrast as SPECT in patients with
internal carotid artery stenosis.48
Other MRI methods for measuring CBV have been
proposed but have been validated and implemented to a
lesser extent in humans. Using MRI with modulation of
tissue and vessel (MOTIVE) signals in isoflurane-anesthetized rats at 9.4 T, it was estimated that aCBV⫽1.1⫾0.5
mL/100 mL in cerebral cortex.101 The MOTIVE technique
separately modulates tissue and blood water signal using
magnetization transfer and ASL principles. Additionally,
venous refocusing for volume estimation (VERVE) has
been proposed as a noninvasive MRI method for assessing

venous CBV changes in conjunction with readouts with
refocusing pulses with varying intervals.119 MOTIVE and
VERVE provide physiological CBV changes, yet have not
been systematically evaluated in clinical populations.

Oxygen Metabolism and Consumption
OEF and CMRO2 are important parameters in gauging
hemodynamic and metabolic impairment. Despite a large
variation in CBF and CMRO2 over the brain, OEF remains
relatively constant in healthy individuals. This appears to be
true even in early stages of hemodynamic impairment, in
which OEF is maintained through regional modulations of
CBF and CBV.1 In acute stroke, CBF and CMRO2 falling
below threshold generally indicate irreversible tissue damage. However, preservation of CMRO2 in the face of
reduced CBF and increased OEF, or misery perfusion, may
indicate viable tissue.
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Figure 3. Noninvasive arterial cerebral
blood volume (aCBV)-weighted vascularspace-occupancy with dynamic subtraction– dynamic subtraction (iVASO-DS)
MRI. A, In iVASO-DS, the difference
between images with and without inflowing blood water signal yields an aCBVweighted map. B, Such images can be
acquired at different labeling delays while
keeping the blood water nulled in the null
acquisitions, thereby yielding maps of
inflowing microvascular aCBV as a function of time (ms; above). C, Axial slices
from a patient with 70% right internal
carotid artery (ICA) stenosis. Left, CBFweighted slice from gadolinium– dynamic
susceptibility contrast, and right,
iVASO-DS aCBV map. CBF is symmetrical, yet aCBV is increased in the right
parietal lobe, consistent with autoregulation. D, Box plots from patients (n⫽17)
with varying degrees of ICA stenosis
(mild, 15%ⱕICA stenosis ⬍70%; severe,
ⱖ70% ICA stenosis). aCBV was asymmetrically elevated in 41% of patients
studied (dark gray is ipsilateral to maximum stenosis).

0.05

Healthy

Like CBF, OEF measurements are possible with the use
of PET in conjunction with H215O. Efforts have been made
using MRI approaches to similarly measure OEF; however, such approaches are still very much in development.
An obvious place to begin is with blood oxygenation
level– dependent (BOLD) MRI, which has emerged as the
most popular method for assessing brain function.120
Briefly, BOLD contrast arises owing to a disproportionate
increase in CBF relative to CBV and CMRO2 during
elevated neuronal or vascular activity,118 leading to an
increase in the oxygenation level of blood in capillaries
and veins and corresponding T2(*)-lengthening (BOLD
effect). BOLD MRI has been widely used as it can easily
be implemented with reasonably high spatial (3– 4 mm
isotropic voxel dimensions) and temporal (2–3 seconds)
resolution. Additionally, the most commonly implemented
BOLD variant is fundamentally a standard gradient echo
sequence, available on any MRI scanner.
Unfortunately, the BOLD effect is only an indirect
marker of neuronal activity, and relating the measured
response quantitatively to CBF, CBV, CMRO2, and OEF is
an area of active research. Much of this effort focuses on
measuring CBF, CBV, and OEF changes concurrent to a
neuronal or vascular stimulus18 (Figure 4). Clinically, such
an approach has provided promising qualitative results in
patients with chronic cerebrovascular disease74,91 but is not
widely applicable in acute settings because impairment
frequently precludes task compliance. Thus, recent work

Mild

Severe

has focused on extracting quantitative OEF measurements
from baseline images. Feasibility has been demonstrated
for applying models to baseline BOLD signal to quantify
OEF. This was first suggested in 2000 and later revisited in
2007 on application of a more elaborate multicompartment
model.121,122 This approach has been shown to provide
physiological OEF values in healthy volunteers, and in
acute stroke patients this method was used to characterize
the OEF around the area of ischemic infarcts,123 yet the
approach has not gained clinical attention largely owing to
difficulty in the elaborate modeling and quantification
assumptions.
More recently, a method for measuring whole-brain
OEF has been proposed called T2-relaxation-under-spintagging (TRUST).124 In this approach, venous T2 is measured in the sagittal sinus, after which oxygenation level is
assigned based on known relationships between blood
water T2 and oxygenation level. This approach has shown
potential for measuring whole-brain OEF and for explaining variations in intersubject BOLD variations125 but does
not measure regional variations in OEF. An adaptation of
the TRUST approach has been proposed whereby venous
oxygenation is targeted more locally using venous blood
water labeling in conjunction with velocity selective ASL
principles. This approach126 may be more sensitive to
regional variations in OEF; however, clinical implementation and cross-modality validation studies have not yet
been performed.
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Figure 4. MRI reactivity in cerebrovascular disease. A, Moyamoya patient with decreased blood oxygenation level– dependent
(BOLD) cerebrovascular reactivity (CVR) in right parietal lobe, and B, larger region of compromised cerebral blood flow (CBF) in
the right hemisphere on arterial spin labeling (ASL). C, BOLD CVR time courses from colored voxels in A reveal heterogeneous
response to carbogen administration (gray). This includes normal CVR and baseline CBF in the posterior left frontal lobe (blue),
delayed CVR with delayed time-to-peak in the right frontal lobe (red; arrows 1 and 3), and even negative CVR (green; arrow 2),
indicative of vascular steal phenomenon in the right parietal lobe. D through F, Hemodynamic time courses from chronic middle
cerebral artery (MCA) stroke patients and controls acquired using BOLD, CBF-weighted ASL, and CBV-weighted vascular-spaceoccupancy fMRI in sequence. Patients (n⫽9) with enduring motor impairment were scanned within 1 year after stroke, at which
time they performed unilateral joystick movement (f⫽1 Hz) with their affected hand. D, Activation maps (green), anatomic M1
(blue), and common regions (red) for all subjects, normalized to standard space. Time courses in common regions (D, red) show
robust hemodynamic responses (gray box denotes stimulus period) in control subjects (n⫽11) but discord in CBF and CBV coupling in patients, eliciting absent ensemble patient BOLD reactivity.

Clinical Implications and Conclusions
We have outlined the state of new MRI approaches for
measuring CBF, CBV, CMRO2, and OEF in cerebrovascular disease. The majority of studies using these approaches have occurred in the setting of chronic cerebrovascular disease, with far less work being focused on acute
stroke imaging. The primary reason for this is the time
required for scanning (approximately 5 minutes per approach) and the image processing required, which has
generally not been optimized for acute time demands.
However, as these methods become more standardized, it
is anticipated that a demand for efficient and fast processing will grow and analysis packages will translate to

scanner consoles to facilitate time-sensitive imaging. In
general, CBF-weighted ASL approaches have undergone
the most advanced clinical testing and have been crossvalidated with Gd-DSC, PET and SPECT (Table 1) and
extensively applied in cerebrovascular disease (Table 2).
Using standard hardware widely available on MRI scanners, pCASL approaches can be applied in less than 5
minutes with spatial resolution of 3 to 4 mm isotropic and
whole-brain coverage, making them a reasonable substitute for Gd-DSC. A postlabeling delay of 1.5—2 seconds
is generally used, with a longer delay time or multiple
delay time protocol (5– 8 minutes) required for ischemic
patients with delayed AAT. Importantly, and unlike other
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methods such as PET, SPECT, and Gd-DSC, ASL can be
modified to allow for labeling of blood water in different
vessels, thereby providing an image of both CBF and
collateral flow (eg, the extent to which CBF is supplied
from different feeding vessels). Noninvasive CBV approaches are less advanced than CBF applications, with
only VASO and QUASAR applied to human chronic
cerebrovascular disease studies. These methods may be
useful in patient populations that exhibit abnormal CBF
and CBV coupling, whereby when used in sequence with
ASL can provide quantitative information regarding both
collateral flow and autoregulation. MRI methods for measuring OEF and CMRO2 remain in development, with
several promising research applications yet extremely
limited clinical assessment. Online-only Data Supplement
Table 1 (http://stroke.ahajournals.org) provides more detailed explanations of the direct clinical relevance of some
of the most influential studies that have exploited contrast
from these approaches.
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SUPPLEMENTARY MATERIAL
Human baseline and cerebrovascular reactivity cerebrovascular disease studies.

First Author

Year

MRI
Technique
(Parameter)

Disease

N

Clinical Significance

1

Hendrikse

2009

ASL (CBF)

Ischemia

159

2

Zhao

2009

ASL (CBF)

Chronic middle cerebral
artery (MCA) stroke

87

159 patients with first-time symptoms consistent with cerebral ischemia were
enrolled and VS-ASL was applied in conjunction with DWI. 136 patients had
infarcts from DWI. RPI changed the classification of lesions in 11% of cortical or
border zone infarcts, yet not for infarcts located in lacunar, periventricular,
cerebellar or brainstem regions. This work demonstrated that perfusion territory
imaging with ASL can help better classify infarctions, especially in cortical and
border zone regions.
39 patients with chronic MCA territory infarcts and 48 controls were scanned using
CASL to assess the extent to which vasoreactivity (in response to a CO2 challenge)
is affected by existing infarcts. It was found that patients showed a lower
augmentation of CBF at increased CO2 yet larger reduction of CBF with decreased
CO2 relative to controls. These findings suggest that following ischemic stroke,
CBF augmentation is inadequate in multiple vascular territories, yet
vasocontriction is largely preserved.

3

Bokkers

2011

ASL (CBF)

ICA occlusion

32

4

Donahue

2010

iVASO (aCBV)

ICA stenosis or
occlusion

25

Citation
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ICA disease
CBF reactivity was investigated in patients with ICA occlusion by combining ASLMRI with an acetazolamide vascular challenge. 16 patients with a symptomatic
ICA occlusion and 16 controls underwent ASL and regional perfusion imaging
before and after acetazolamide administration. Reactivity was assessed in the grey
matter supplied by the unaffected asymptomatic ICA and the basilar artery. In the
tissue supplied by the unaffected contralateral ICA, CVR was lower in patients
when compared with the controls. This work demonstrates that CBF reactivity can
be asssessed using acetazolamide challenge, and provides regional differences in
reactivity measurements between ICA occlusion patients and controls.
17 patients with varying degrees of steno-occlusive disease were scanned using the
aCBV-weighted iVASO approach. Elevated aCBV in the brain hemisphere from
which symptoms were derived was found in 41% of patients, whereas no
asymmetry was found in controls. aCBV data were also compared with Gd-DSC
CBV measures, and a significant correlation was found. This work represents the
first clinical application of iVASO for assessing absolute CBV in patients with
cerebrovascular disease.
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5

Van Laar

2008

ASL (CBF)

ICA stenosis or
occlusion

130

6

Haller

2008

BOLD (CBF,
CBV, CMRO2)

ICA stenosis

24

7

Van Laar

2007

ASL (CBF)

ICA stenosis

24

8

Ziyeh

2005

BOLD (CBF,
CBV, CMRO2)

ICA stenosis or
occlusion

27

9

Hendrikse

2004

ASL (CBF)

ICA occlusion

11

Cerebrovascular risk factors

130 patients with symptomatic atherosclerotic disease were studied to understand
how cerebrovascular risk factors (body mass index, carotid artery stenosis, diabetes
mellitus, hyperhomocysteinemia, hyperlipidemia, hypertension, and smoking)
manifested in CBF measurements obtained using ASL. The investigation found that
in patients with symptomatic atherosclerotic disease, hypertension is directly
correlated with increased CBF whereas and hyperhomocysteinemia is inversely
correlated with CBF.
24 patients with symptomatic and high-grade ICA stenosis were recruited and
scanned using BOLD in conjunction with a CO2-challenge to understand how
BOLD reactivity changed before and after CAS (n=13) or CAE (n=11). This study
identified reduced BOLD reactivity in the ipsilateral MCA territory prior to
treatment which normalized after treatment. Patients which developed new
periinterventional infarcts exhibited the largest reduction in reactivity in the
ipsilateral MCA territory prior to treatment. This study demonstrates the potential
of BOLD reactivity measurements to monitor patient responses to revascularization
procedures.
Regional perfusion imaging using ASL was performed in 24 patients with
symptomatic ICA stenosis. All patients had revascularization procedures, consisting
of either CAS (n=12) or CAE (n=12). It was found that the flow territory of the
ipsilateral ICA in patients was smaller, and the territories of the contralateral ICA
and vertebrobasilar arteries were larger compared with controls. After
revascularization, differences in flow territories and CBF between patients and
controls was not significant. This work demonstrates that improvements in CBF
following revascularization procedures are similar for CAS and CAE.
BOLD and transcranial Doppler measurements were made in patients with ICA
stenosis, both in response to a 7% CO2 challenge. The BOLD and Doppler
reactivity were highly correlated in affected territories. This study showed
feasibility of performing BOLD reactivity measurements (here, with very high
levels of administered CO2) clinically and good correspondence with the more
established transcranial Doppler technique was shown.
One of the shortfalls of ASL imaging in patients with steno-occlusive disease and
delayed arrival times is the requirement to image late enough after the blood water
labeling such that the label has had sufficient time to exchange with tissue water.
Here, ASL experiments were performed in ICA stenosis patients at multiple
inversion times, demonstrating that CBF was reduced in flow territories ipsilateral
to the stenosis, and more importantly, that multi-delay pulsed ASL approaches
could be successfully applied clinically in patients with reduced arterial arrival
times.
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10

Hajjar

2010

ASL (CBF)

Hypertension

62

11

Hajjar

2010

ASL (CBF)

Acute stroke

80

12

Pollock

2009

ASL (CBF)

Hospitalized patients
with hypercapnic
cerebral hyperperfusion
or hypocapnic
hypoperfusion

45

13

Zaharchuk

2009

ASL (CBF)

Cerebrovascular disease

139

14

Wu

2008

Vessel-encoded

ICA and/or MCA

56

The relationship between hypertensive CBF reactivity in response to a 5% CO2
challenge was investigated using CASL in 62 volunteers. Hypertensive volunteers
demonstrated reduced global reactivity, which was most significant in frontal,
temporal, and parietal lobes and higher mean systolic blood pressure was associated
with lower reactivity. The decrease in reactivity in patients with hypertension but
no stroke was comparable to the decrease in reactivity in patients with stroke but
without hypertension. This work demonstrates that hypertension has a negative
effect on cerebrovascular circulation and that this is comparable to that seen with
stroke, motivating the need for studies that assess the impact of antihypertensive
therapies, vasoreactivity and outcomes.
The relationship between elevated blood pressure, nocturnal dipping, brain atrophy,
CBF (CASL approach) and functional status was investigated in 80 adults with and
without stroke. Nocturnal dipping in systolic and pulse pressure was associated
with greater brain atrophy, especially in fronto-parietal regions. Dipping in systolic
blood pressure and brain atrophy were also associated with reduced gait speed and
poorer recovery following stroke. Higher mean blood pressure was associated with
lower CBF but not atrophy, regardless of prior history of stroke. This study
demonstrates that nocturnal dipping should be considered as an important
parameter in evaluating and understanding stroke risk.
The purpose of this study was to present clinical and CBF imaging (ASL) findings
in 45 patients with hypercapnic cerebral hyperperfusion and hypocapnic
hypoperfusion. Patients with hypercapnia showed global hyperperfusion on ASL
and diffuse air-space abnormalities on chest radiographs. A positive linear
relationship between CBF and the partial pressure of CO2 was found. This study
suggests that owing to the noninvasive and increasingly routine implementation of
ASL, hypercapnic-associated cerebral hyperperfusion will be identified more
frequently and may provide diagnostic information for certain neuropsychiatric
symptoms.
The goal of this study was to understand whether CBF (pCASL) abnormalities are
depicted on ASL images obtained in patients with Gd-DSC MRI. 41 patients had
normal Gd-DSC findings, with 56% of these patients having normal ASL findings.
The remaining 44% patients had the ASL borderzone sign and had lower mean
CBF compared with the patients who had normal ASL imaging findings.
Approximately half of the patients with normal Gd-DSC findings had abnormal
ASL findings-most commonly the borderzone sign. Results of this study suggest
that ASL yields additional information to Gd-DSC.
The aim of this study was to investigate distal flow of collaterals using VS-ASL) in

15

Van Laar
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Intracranial stenosis
16
Mandell

17

Zaharchuk

Sickle cell disease
18
Oguz

ASL (CBF)

stenosis

2008

ASL (CBF)

Vascular risk factors

121

2011

BOLD (CBF,
CBV, CMRO2)

Intracranial stenosis with
EC/IC Bypass

25

2011

ASL (CBF)

Moyamoya

18

2003

ASL (CBF)

Sickle cell disease

14

56 patients with either ICA or MCA stenosis. In this patient population, VS-ASL
could identify the presence and origin of collateral flow, thereby demonstrating
feasibility of VS-ASL for understanding collateralization in patients with largevessel steno-occlusive disease.
The study evaluated the effect of growth factors on CBF in humans using ASL.
Circulating levels of vascular endothelial growth factor (VEGF), granulocytemacrophage colony-stimulating growth factor (GM-CSF), tumor necrosis factor
alpha (TNF) and basic fibroblast growth factor (bFGF), along with CBF
measurements, were recorded in 121 patients with symptomatic atherosclerotic
disease. Increasing levels of TNF were significantly associated with a higher
CBF, independent of cerebrovascular risk factors. No correlation was found
between CBF and VEGF, GM-CSF or bFGF.
The aim of this study was to determine whether preoperative BOLD reactivity
measurements in response to CO2 challenge could predict the hemodynamic effect
of EC/IC bypass in 25 patients with intracranial steno-occlusive disease. BOLD
reactivity was measured preoperatively and postoperatively. Patients with normal
preoperative reactivity demonstrated no significant change in reactivity following
bypass surgery, whereas patients with reduced preoperative reactivity showed
improvement following surgery, and patients with paradoxical preoperative
reactivity showed the largest change following surgery. This study suggests that
preoperative measurement BOLD reactivity measurements predict the
hemodynamic response to EC/IC bypass in patients with intracranial stenoocclusive disease.
The purpose of this study was to determine how ASL compared with digital
subtraction angiography (DSA) and Xe CT for assessing collateral flow in 18
patients with Moyamoya disease. Agreement between ASL and DSA consensus
readings was moderate to strong and sensitivity and specificity for identifying
collaterals with ASL were 0.83 and 0.82; Xe CT CBF increased with increasing
DSA and ASL collateral grade. This study demonstrates that similar to DSA, ASL
can predict the presence of collateral flow in patients with Moyamoya disease.
One of the earlier studies using ASL in sickle cell disease. CBF was measured with
CASL in 14 children with sickle cell disease. Mean CBF values were higher in
patients than controls in all flow territories evaluated, however variations between
patients were found. Specifically, three patients had decreased CBF in right anterior
and middle cerebral artery territories, and one patient had decreased CBF in all
right hemisphere territories. This study demonstrated that ASL was feasible in sickle

cell disease studies, and that regional variability in CBF could provide an
important measurement in understanding disease severity and progression.
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