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ABSTRACT. Over the last few decades there has been considerable research into
quantifying the cerebral microvasculature with imaging, for use in studies of the
human brain and various pathologies including cerebral tumours. This review
highlights key issues in dynamic contrast-enhanced CT, dynamic contrast-enhanced MRI
and arterial spin labelling, the various applications of which are considered elsewhere
in this special issue of the British Journal of Radiology.

The tumour microvasculature can readily be imaged
using X-ray, CT and MRI techniques. This review
concentrates on three main methods. Dynamic contrast-enhanced CT (DCE-CT) and dynamic contrastenhanced MRI (DCE-MRI) are well-established techniques, where data acquisition and analysis are comparable despite inherent differences in signal production
and mechanism of tissue contrast enhancement
(reviewed in [1, 2]). Although they can be performed
on conventional clinical scanners, they require specialist image analysis to extract biomarkers of tumour
vascular function. In distinction, arterial spin labelling
(ASL) offers a highly specific method of measuring
cerebral perfusion without exogenous contrast agent
(CA) administration, but is at present a research
technique. The practical applications of these techniques are considered elsewhere in this special issue.

Basic principles of dynamic contrast-enhanced
imaging
DCE imaging describes the acquisition of a baseline
image(s) without contrast enhancement followed by a
series of images acquired over time after an intravenous
bolus of conventional CA. The presence of CA within
cerebral blood vessels and tissues affects measured X-ray
attenuation on CT in a linear fashion and the calculated
signal intensity on MRI in a non-linear manner. Thus,
the temporal changes in contrast enhancement effectively provide a time–concentration curve, which can be
analysed to quantify a range of physiological parameters
that indicate the functional status of the vascular system
within tumours and adjacent tissues. These parameters
reflect the two-compartment pharmacokinetics exhibited
by CA, comprising intravascular and extravascular
components. During the first-pass of the CA through
the circulation (typically 45–60 s after injection), CA is
predominantly intravascular allowing evaluation of
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perfusion (i.e. blood flow per unit volume or mass of
tissue), relative blood volume (rBV) and mean transit
time. During the subsequent 2–10 min, there is increasing
passage of CA into the extravascular space, and imaging during this delayed phase enables measurement
of vascular permeability and relative extravascular
volume.

DCE-CT image acquisition protocols
A number of distinct DCE-CT techniques have been
developed, reflecting the different analysis methodologies adopted by commercial software packages for
perfusion CT. The main acquisition factors to be considered are summarised in Table 1. For DCE-CT, the
need to keep the radiation burden as low as practicable
is a constraint on the total number of images acquired
and the X-ray exposure factors. Nevertheless, the choice
of protocol is primarily determined by the physiological
parameters to be measured and the analysis methodology. There are essentially two approaches to analysis:
compartmental modelling and deconvolution. Detailed
descriptions of these approaches can be found elsewhere [3]. The dependence of acquisition parameters on
analysis methodology relates to the different assumptions used in their respective models. A short sharp bolus of CA is particularly important for first-pass studies
analysed with a compartmental model. Images acquired
for compartmental analysis can also be successfully
processed using deconvolution analysis. To date, no
consensus has emerged as to which perfusion CT
technique is optimal for the assessment of tumour
vascularity.

Processing DCE-CT data
Semi-quantitative parameters
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Semi-quantitative parameters that reflect tumour
vascularity are readily obtained from tumour time–
attenuation curves obtained during DCE-CT (Table 2).
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Table 1. Summary of image acquisition parameters for dynamic contrast-enhanced CT
Overall length of time of the image series
The number and frequency of images
The number and thickness of CT slices

X-ray exposure factors

Type of contrast medium
Volume and concentration of contrast medium

First pass imaging for perfusion and rBV
Delayed imaging for vascular permeability
First pass: no slower than one image every 2–3 s
Delayed phase: one image every 5–10 s
Constrained by the width of the CT detector
Detector can be divided into several slices (e.g. 465 mm)
’’Table-toggling’’ allows greater volumes
Lower tube voltages (i.e. 80–100 kVp) reduce radiation
dose and increase in X-ray attenuation of contrast material
Lower tube current and higher image frequency
Suitable for deconvolution analysis
Compartmental modelling favours higher tube current
(with reduce image frequency to minimise radiation dose)
Non-ionic contrast medium preferred
Different agents may produce different values for vascular permeability
Volume 40–50 ml
Rapid injection rate ($4 ml s–1; 7 ml s–1 for compartmental
models) and high iodine concentration (i.e. 350–400 mg)
to maximise contrast enhancement
Biphasic injections may be useful for vascular permeability
measurements derived from compartmental modelling

rBV, relative blood volume.

Clinicopathological studies have shown that many of
these parameters correlate with the density of microvessels within a range of tumours [4–6]. This correlation
suggests that, although simple in derivation, some of
these parameters are related to perfusion normalised to
cardiac output. This normalisation is an advantage because
it inherently corrects for individual variations in cardiovascular function that might otherwise alter tumour
perfusion despite no change in microvessel density.
However, when using semi-quantitative parameters, it
is also important to calibrate the CT system because
significant variations in iodine sensitivity can exist between
CT systems or on the same CT system over time [7].

Absolute quantification
In addition to data from the tissue itself, derivation of
discrete physiological parameters also requires a time–
attenuation curve from a supplying artery, known as the
arterial input function (AIF). Within the brain, these
arteries are small and therefore time–attenuation data
from the sagittal sinus is used to correct for partial
volume effects. The parameters commonly obtained from
DCE-CT are summarised in Table 3. For capillary beds
that are highly permeable, measurements of vascular
leakage will approximate perfusion.
DCE-CT measurements of perfusion and blood
volume in cerebral tissues and brain tumours have been

validated against a range of reference methods, including microspheres in animals and xenon-CT in humans.
Reproducibility has been shown to be good for absolute
quantification of DCE-CT with typical test–retest values
for perfusion in normal brain and tumour of 7–13% [8, 9].
Table 4 shows a set of three illustrative acquisition and
analysis procedures, typical of those in current use.
Table 5 shows the accepted standardised abbreviations
for microvascular parameters derived from dynamic
MRI.

Image segmentation
Software packages for analysis of DCE-CT data
typically include automated or semi-automated processes to identify particular structures to improve the
accuracy and reproducibility of results. Brain tissue is
readily separated from non-cerebral tissues using
attenuation thresholds on baseline images while the
arterial input and sagittal sinus can be segmented from
contrast-enhanced images. Algorithms that use enhancement thresholds or perfusion values to remove large
vessels within tumour regions can also improve the
accuracy of perfusion measurements but should be used
with care for highly vascular tumours such as meningiomas. It is also possible to automatically segment
cerebral grey and white matter as well as enhancing and
non-enhancing regions of tumour [10].

Table 2. Semi-quantitative parameters from dynamic contrast-enhanced CT
Peak enhancement
Perfusion normalised to cardiac output
Standardised perfusion value
Area under the time–attenuation curve
Maximum upslope

Affected by dose of contrast material, patient weight and iodine calibration factor
Peak enhancement corrected for dose of contrast material and iodine calibration factor
Peak enhancement corrected for iodine calibration factor and patient weight
Related to blood volume but affected by dose of contrast material and iodine
calibration factor
Related to perfusion but affected by peak arterial enhancement
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Table 3. Common parameters that can be absolutely
quantified by dynamic contrast-enhanced CT
Parameter

Units

Perfusion

ml min–1 ml–1 or
ml min–1 100 g–1 tissue
ml ml–1, ml 100 g–1 or %
s
ml min–1 ml–1 or
ml min–1 100 g–1 tissue
ml ml–1, ml 100 g–1 or %

Relative blood volume
Mean transit time
Permeability–surface
area product
Relative extravascular volume

Advantages and disadvantages of DCE-CT
The need to use ionising radiation is an important
limitation for DCE-CT. However, with typical radiation
doses of 1–2 mSv, the radiation burden is similar to xenonCT and O-15 positron emission tomography (PET) but less
than single photon emission tomography. The restricted
anatomical coverage in the cranial-caudal direction is a
further constraint for DCE-CT but less so as larger detector
tracks and table-toggling techniques become available
[11]. The increasing availability of 256 slice scanners also
makes whole brain DCE-CT at an acceptable radiation
dose available at many centres. The CT CAs are more
viscous, and bolus duration is often longer than in MRI.
The main advantage of DCE-CT is its simplicity in terms
of acquisition and processing. The linear relationship
between CA concentration and X-ray attenuation aids
absolute quantification with commercial software approved
by the United States Food and Drugs Administration
available from most CT manufacturers. DCE-CT also
benefits from wide availability and low cost. The high
spatial resolution of CT supports accurate placement of
regions of interest and results in high-resolution parametric
images. For the brain, the reproducibility of DCE-CT
measurements approaches that of PET and may be superior
to DCE-MRI [12].

Opportunities for application of DCE-CT
DCE-CT can be readily incorporated into existing
CT protocols, including CT angiography. DCE-CT can

also be performed using integrated PET/CT systems,
enabling tumour vascularity and glucose metabolism to
be evaluated simultaneously. This combined information
offers new insights into tumour pathophysiology with
the potential to assess tumour aggression [13].

Basic principles of DCE-MRI
DCE-MRI uses the same principles as DCE-CT. A
dynamic image acquisition is performed during which
an intravenous bolus of standard small molecular weight
gadolinium-based CA is injected intravenously. Images
of the resultant changes in signal intensity can then be
analysed to derive parametric maps of specific microvascular biomarkers. There are a number of significant
differences between CT and MR-based approaches. One
of the major factors is that changes in MR signal are
not linearly related to changes in CA concentration. MR
images can be acquired using either T2 * or T2 weighting
(T2 weighted DCE-MRI, also known as dynamic susceptibility contrast MRI or DSC-MRI) or T1 weighting (T1
weighted DCE-MRI). These different contrast mechanisms have a major impact on the nature of the signal
changes observed and the analytical approaches applied
to the data.

Dynamic susceptibility contrast MRI
In DSC-MRI, rapid loss of MR signal on T2 or T2*
weighted images is measured and then used to calculate
the change in concentration of CA for each individual
voxel (Figures 1 and 2). A series of pre-contrast images
are acquired for approximately 1 min to enable an
estimate of baseline CA concentration to be made.
Gadolinium CA is then administered through an automated injection pump as an intravenous bolus (to
achieve a relatively uniform rate and volume of injected
CA), followed by a saline flush and a series of
acquisitions are made over a few minutes. The signal
intensity–time course data acquired for each image can
then be transformed into a measure of CA concentration
by calculating the change in the effective transverse
relaxation rate (R2*),

Table 4. Acquisition and processing parameters for three illustrative perfusion CT protocols for the assessment of tumour
vascularity

Contrast medium
Concentration
Volume
Injection rate
Acquisition type
Slice thickness
No. of images
Image frequency
Tube current
Analysis method

Advantages
Disadvantages

S114

1

2

3

370 mg ml–1
40 ml
4–7 ml s–1
Single location
465 mm
60
Every 1 s
50–100 mAs
Deconvolution for perfusion
and blood volume

370 mg ml–1
50 ml
7–10 ml s–1
Single location
2610 mm
15
Every 3 s
100–250 mAs
Compartmental analysis for
perfusion and blood volume

Good temporal resolution
High spatial resolution
Image noise
Limited volume coverage

Low image noise

370 mg ml–1
100 ml
4 ml s–1
Multiple spiral
2063 mm
6
Every 20 s
100–250 mAs
Standardised perfusion value
Patlak analysis for permeability
and blood volume
Large volume coverage
High spatial resolution
Poor temporal resolution

Reduced temporal resolution
Limited volume coverage
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Table 5. Common parameters derived from advanced MRI methods that evaluate the tumour microvasculature
Symbol

Short name

Unit

Estimated or predetermined quantities
MTT
Mean transit time
CTT
Capillary transit time
Calculated parameters
F
Perfusion (blood flow per unit volume of tissue)
CBF
Cerebral blood flow per unit volume
P
Total capillary wall permeability
PS
Permeability–surface area product per unit mass of tissue
E
Extraction fraction
Volume transfer constant between plasma and EES
Ktrans
CBV
Cerebral blood volume per unit of tissue
vp
Fractional blood plasma volume
Volume of EES per unit volume tissue
ve
IAUC
Initial area under gadolinium concentration agent–time curve

s
s
ml min21 ml21
ml min21 ml21
cm min21
ml min21 g21
None
min21
ml21
%
%
mM min

EES, extracellular extravascular space.

{lnðSðtÞ=S ð0ÞÞ
DR2  ~
TE

ð1Þ

where S(0) is the baseline signal intensity, S(t) is the pixel
intensity at time t and TE is the echo time.
Fast imaging techniques are used to enable rapid
measurements of signal change, since proper characterisation of the bolus (and subsequent T2 or T2* weighted
signal loss) requires sampling of the signal with a high
temporal resolution (typically a few seconds or less),
while keeping a long enough TE. Both single or multishot echo planar imaging (EPI) and fast low angle shot
(FLASH) can achieve this temporal resolution, but vary
in the number of slices that may be acquired: EPI
sequences can typically acquire up to 15 slices (matrix
resolution 1286128 or greater) within this time frame
[14, 15]. Three-dimensional volumetric sequences have
been employed in an attempt to increase volume coverage at the expense of either spatial or temporal resolution
[16].
The susceptibility contrast mechanism results from
changes in local field strength within the tissue induced
by the paramagnetic contrast molecules [17]. These
variations affect water molecules at some distance from

the contrast so the apparent CA concentration measurements will be affected by the local vascular structure. A
given amount of contrast in a diffuse capillary bed will
have a larger effect than the same amount of contrast
concentrated in a single large vessel, since the local
changes in field strength will be more widely dispersed.
This has led to widespread use of DSC-MRI to study
changes in grey and white matter, since the signal-tonoise ratio (SNR) is consequently far better than can be
achieved with T1 weighted techniques in the presence of
low tissue CBV. Similarly, imaging of signal changes
resulting from T2* and matched T2 weighted sequences,
where susceptibility effects are far smaller, allow extraction of information concerning the size and distribution
of blood vessels within the voxel, so-called ’’vessel size
imaging’’ [18].
Another major feature of susceptibility-based images
is that T1 effects commonly contaminate them. Thus, a
signal loss due to the T2* effect of intravascular contrast
will be countered by a signal gain due to the T1 effects of
contrast that has leaked into the perivascular tissue. DSCMRI techniques for use in tumours, where vessels are
commonly sufficiently permeable to allow leakage of
contrast, need to be designed to minimise this ’’T1 shinethrough’’ in order to avoid systematic underestimation of

Figure 1. (a) Post-contrast T1 weight-

(a)
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(b)

ed and (b) T2 weighted images
showing an enhancing glioblastoma
adjacent to the posterior horn of the
right lateral ventricle.
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Figure 2. T2 weighted dynamic contrast-enhanced MRI in the patient
shown in Figure 1. (Top) Dynamic
time course series through the brain
using a T2* weighted acquisition
during passage of bolus of contrast
agent. There is decrease in signal
intensity within the brain as the
contrast agent bolus traverses the
grey and white matter. (Middle) Plot
of contrast concentration changes in
tumour. (Bottom) Calculated images of
blood flow (right) and blood volume
(left) showing increased flow and
blood volume within the tumour.

CBV. This can be done by reducing the flip angle, and
hence the T1 and sensitivity, of the commonly used
gradient echo sequences. However, this reduces the SNR
in the remaining time course data. An alternative approach
is to pre-dose the patient with a contrast injection given
5–10 min before the DSC-MRI acquisition [19]. Despite
these significant problems, the ease of acquisition and
analysis has meant that the DSC-MRI has become one
of the most widely used dynamic enhancement techniques
in brain tumour studies and clinical practice.
The analysis of the DSC-MRI data has been discussed
in detail elsewhere [17]. Usually relatively simple metrics
are derived, particularly regional CBV, which can be
estimated from the area under the first pass component
of the contrast concentration–time course curve. DSC-MRI
measurements of CBV represent the most commonly
used and best validated microvascular biomarkers
used in cerebral tumour studies. Similar basic analytical
approaches provide estimates of mean transit time (MTT)
and contrast arrival time parameters (T0, and the time
to peak (TTP), although these have found relatively
little application in cerebral tumours. Estimation of
absolute flow is complex and has been the basis of many
methodological studies. In principle, the concentration–
time course data from an individual tumour voxel can
be deconvolved with an arterial input function, derived
from a major vessel, to produce a direct measurement
S116

of flow. In practice, these measurements are complicated
by variations in regional contrast arrival times and by
dispersion of the contrast bolus within the vascular tree
[20]. Since it is impossible to identify with any accuracy
the vessel supplying a region of tumour, these methods
have not been widely applied in tumour studies. In
malignant tumour capillary beds, there are areas of
low perfusion pressure, which are characterised by
intravascular trapping of the CA. This effect, originally
recognised on cerebral angiography, can also be quantified using DSC-MRI data to measure the extent to which
the contrast concentration returns to normal after passage
of the first bolus of contrast. This parameter, called
relative recirculation (rR) has also been shown to be of
significant value as a biomarker in a number of tumour
studies [19].
In tissues, such as malignant tumours, where considerable leakage of contrast occurs from the vessels into
the extravascular extracellular space it is theoretically
possible to calculate estimates of the endothelial permeability of the capillary bed using DSC-MRI data. However, the characteristics of the signal change and the
underlying problems of T1 shine-through make such
analyses relatively unreliable. Consequently, there has
been an increased interest in the use of T1 weighted
DCE-MRI techniques where the application of this type
of analytical approach is more reliable.
The British Journal of Radiology, Special Issue 2011
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T1 weighted DCE-MRI
Dynamic MRI can also be used to derive estimates of
a number of parameters that describe the microvascular environment including direct estimates of capillary endothelial permeability (Figure 3) [17]. This is of
particular interest since drugs that target the vascular
endothelial growth factor (VEGF)-1 and -2 receptor cause
rapid reductions in capillary permeability within the
tumour. The methodology is similar to those described
above: a T1 weighted multislice or volume imaging sequence is run repeatedly, typically every few seconds. A
bolus injection of the CA is given, and the subsequent
image enhancement is measured for about 5 min.
Protocol variations reflect trade-offs between spatial
resolution (typically a few millimetres), temporal resolution (how quickly each image is acquired) and extent of
anatomical coverage. Ideally a measurement of baseline
T1 before gadolinium injection is required, to enable
transformation of the signal intensity-time curve into a
time–concentration curve (TCC). This is used together
with the known relaxivity of the CA and a model of how
signal depends on T1 for the particular sequence used to
calculate contrast concentrations in each frame of the
dynamic image series. The shape of the tumour signal

intensity-time curve and TCC contain information about
the rate of uptake and clearance of gadolinium and can
be analysed to derive a number of potential biomarkers
of the vascular microenvironment.

Analysis of T1 wDCE-MRI data
Depending on the analysis approach chosen, measurements may be derived from signal intensity data,
or more commonly, signal intensity data are transformed into contrast concentration data prior to analysis.
Analysis may be performed on a region of interest or,
less commonly, on a pixel-by-pixel basis. Simple semiquantitative metrics can be derived from the tissue
residue function alone. More complex pharmacokineticbased analyses require identification of an AIF. The AIF
may be measured in a major blood vessel, often the
carotid middle cerebral artery. Derivation of the AIF is
far from straightforward and is discussed in detail
elsewhere [21]. In brain tumour studies, a signal intensity
time curve from the sagittal sinus is commonly used as a
surrogate AIF since it is relatively simple to identify and
is robust to partial volume artefacts. However, where
this is done a correction must be made for the delayed

Figure 3. Dynamic T1 weighted dynamic contrast-enhanced MRI in the
patient shown in Figure 1. (Top)
Dynamic time course series through
the brain using a T1 weighted acquisition during passage of bolus of
contrast agent. There is increase in
signal intensity within the brain
as the contrast agent bolus traverses the grey and white matter. Early
persistent enhancement is seen in
the tumour. (Middle) Concentration–
time course curves from the middle
cerebral artery (red), superior sagittal sinus (blue) and tumour (green).
(Bottom) Parametric maps of vp (left),
Ktrans (centre) and ve (right).
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arrival of the CA within the venous system. Alternatively,
an idealised input function or population-based function
[21] may be used.
Simple features of the signal–time or contrast concentration–time curves (such as gradient or time to 90%
peak enhancement) can easily be extracted without
knowledge of an AIF [22]. The integrated area under
the CA concentration–time curve (IAUC) is one of the
most commonly used metrics, and has been shown to be
robust to measurement error and highly reproducible[23]. These simple semi-quantitative metrics have been
used extensively in diagnostic practice with considerable
benefit, particularly in the study of breast cancer.
In the majority of reported studies, analysis is performed using pharmacodynamic models to describe
the relationship between the tumour and blood TCC.
The available analytical models differ in the degree of
physiological specificity that they seek to provide. The
most complex models, such as the adiabatic tissue
homogeneity model [24], include estimates of blood flow
(F), proportional blood volume (vp), capillary permeability surface area product (PS) and the proportional
volume of the extravascular extracellular distribution
space [EES (ve)]. Although this degree of biological
specificity is desirable, significant analytic problems
make its application inappropriate in the majority of
cases. The majority of pharmacokinetic analyses rely
on curve-fitting methods to produce estimates of parametric values. The accuracy of curve-fitting techniques is
affected by the temporal resolution of the data, the SNR
and the number of free-fitting parameters in the function.
Consequently, the accuracy of parametric estimates will
be directly affected by the data quality and the choice of
analytical model [25, 26]. Although acquisition sequences
can be modified to optimise data quality, there is an
inevitable trade-off between temporal resolution, SNR
and tissue coverage. Furthermore, if analysis is to be
performed on a voxel-by-voxel basis then the SNR of
individual voxels will become the limiting factor. In most
tumours this will be heterogeneous, and some steps may
have to be included in the analysis to identify voxels
where data quality is too poor to support analysis.
The commonest approach to these problems is to use
a simplified pharmacokinetic model with a reduced
number of fitting parameters, sacrificing biological
specificity for improved accuracy.
The majority of clinical studies use a simple
two-compartment pharmacokinetic model [27, 28] to
estimates the transfer constant Ktrans (bulk transfer
coefficient, a quantity that depends on permeability
and also blood flow) and ve.


ðt
{K trans
Ct ðtÞ~K trans Cp ðt0 Þexp
(t{t0 )dt0
ve

Ct ðtÞ~vp Cp ðtÞzK

trans

ðt



{K trans
(t{t0 )dt0 ð3Þ
Cp ðt Þexp
ve
0

0

In these models, if the leak is small, then the rate at
which gadolinium leaks out of capillaries is determined
by permeability. Here, the blood flow is large enough to
replace gadolinium that is lost through vessel leakage.
The gadolinium concentration in the capillary is the
same as in large arteries; there is no local depletion.
Conversely, if the leak is large (large permeability surface
area product, PS), then the rate at which gadolinium leaks
out of capillaries may be limited by the blood flow (F;
perfusion in ml of blood per min per ml of tissue) and not
by PS. Formal mathematical analysis [29, 30] shows if
PS,,F, then Ktrans<PS (permeability-limited), whereas
if F,,PS, then Ktrans<F (flow-limited or perfusionlimited). For this reason, the quantity estimated termed
Ktrans does not relate simply to permeability or perfusion,
although in very leaky tumours Ktrans may in practice be
perfusion limited.
Ktrans has also been estimated from T2 weighted DCEMRI image data [31, 32]. This approach is less sensitive
than T1 weighted imaging, is relatively unreliable (since
the relaxivity constant r2* is unknown), and gives a limited
number of slices. Its benefit is that it combines a DSC-MRI
measurement of cerebral blood flow (CBF) with a leakage
(permeability) measurement from a single bolus injection,
and may prove to be a useful method of calculating vascular parameters while still accounting for vessel leakage.
The disadvantages of T1 weighted DCE-MRI are mostly
related to it being an immature technology. There remain
considerable technical issues around measuring Ktrans
related to data collection and analysis techniques although the Ktrans estimation technique outlined in this
review is becoming a standard accepted approach and
there is some degree of consensus on protocol standardisation [22, 33]. Measurement reproducibility is approximately 5–10% of the coefficient of variation [34, 35], similar
to figures from competing techniques such as DSC-MRI,
and this probably limits the sensitivity of the technique.

Endogenous contrast technique: arterial spin
labelling
ASL is similar in essence to bolus tracking studies of
perfusion: a ’’tracer’’ is introduced into the blood and the

ð2Þ

0

where Ct(t) is the concentration of agent in the voxel at
time t and Cp is the concentration of agent in the plasma
volume. This approach was designed for tissues with low
vascular fractions and can give erroneously high values of
Ktrans in vascular tissues such as tumours. Consequently,
it is more common to use an extension of this model
(the modified Tofts model) which additionally enables
calculation of the fractional plasma volume (vp).
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Figure 4. Quantitative maps of cerebral blood flow in the
brain of a normal volunteer using a STAR PASL sequence at 3 T.
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concentration of this tracer is tracked over time as it
passes through the tissue of interest, which in practice is
usually the brain. In the case of ASL, the tracer is
endogenous water in the blood that is labelled magnetically using an radiofrequency (RF) inversion pulse. The
technique can produce quantitative maps of perfusion,
or cerebral blood flow, in units of ml min–1 100 ml–1.
Compared with dynamic contrast-enhanced approaches,
the main advantage offered by ASL is its complete
non-invasiveness, requiring no CA administration. This
permits serial measurements, essential for certain applications such as fMRI. Another key advantage is the absolute
quantification of perfusion offered by ASL. The main
disadvantage is low SNR, requiring a number of averages
to produce a good-quality image and taking approximately 10 min for whole-brain coverage. This improves at
higher field strengths. ASL is not yet fully adopted by the
manufacturers and hence local expertise may be needed
for implementation.
The image acquisition technique involves collection of
a pair of images: the label and the control image. The
labelled image includes additional signal from labelled
blood. On subtraction of the two images we obtain a
perfusion-weighted image. The difference in signal
between the two images is on the order of only 1%, so
a number of averages are required. There are two
principle labelling strategies.
(a) Continuous ASL (CASL): a spatially localised RF
field positioned through the feeding arteries continuously inverts the longitudinal magnetisation of
the protons in the blood as they flow through the
plane [36]. The labelling pulse can cause large power
deposition, which is a particular problem at higher
field strengths. Owing to good coverage and high
signal, CASL is particularly suited to resting state
perfusion measurements.
(b) Pulsed ASL (PASL): a large volume of spins are
labelled using a brief RF pulse. In the simplest technique [37] the labelling pulse is non-selective, whereas
the control inversion covers only the slices of interest.
Owing to the brief labelling pulse, acquisition of each
image pair is faster than for CASL, making PASL
particularly suited to functional imaging studies.
The main problems in image acquisition concern signal contributions that are unrelated to perfusion. First,
the labelling pulse can cause additional signal in the
tissue due to magnetisation transfer. This effect can
be overcome either by using a separate labelling coil
(CASL only) or by matching the magnetisation effects in
the control image. Second, there is significant signal from
background tissue. Application of a saturation pulse
prior to labelling can reduce static tissue signal and
improve SNR. Third, images may have substantial signal
from large vessels. This can be overcome by applying
diffusion gradients to dephase large vessel signal or by
introducing a delay between labelling and signal collection to give time for fast-flowing blood in large vessels to
flow into smaller vessels. Finally, some true perfusion
signals may be missed if the transit time between the
labelling plane and the imaging plane is long. A number
of strategies to reduce the sensitivity to transit time
effects have been developed [38, 39].
The British Journal of Radiology, Special Issue 2011

In order to produce accurate perfusion maps a number
of factors need to be measured or assumed, including
the degree of arterial spin inversion, the transit time
from label to slice, the T1 of blood and tissue, and the
equilibrium magnetisation of arterial blood. Most applications use a single tissue compartment model [36],
where the signal in the difference image M(t), following
labelling at time t 5 0, can be described quite simply,
dM ðtÞ
M ðtÞ
~{
zf (ma {mv )
dt
T1

ð4Þ

where T1 is the T1 of tissue, f is perfusion, ma is the
arterial magnetisation and mv the venous magnetisation.
There is evidence that the labelled water remains largely
intravascular at the time of imaging, and hence replacing
T1 with the T1 of blood has been shown to be more
accurate [40]. Further developments include corrections
for transit time and restricted water diffusion [41].
A timely multicentre reproducibility study showed
promising results [42], providing the reliability needed to
proceed to clinical studies. A recent review paper [43]
summarises major research areas, which include cerebrovascular disease, dementia, oncology and studies of
normal brain function. One particular area of growth and
interest is in the use of ASL for functional imaging,
important for clinical studies where neurovascular coupling may be altered. ASL can be used in combination
with blood oxygenation level-dependent (BOLD) imaging
to quantify both blood flow and oxygenation changes [44],
which could be of potential interest in tumour studies.

Conclusions
Advanced MRI and CT imaging techniques are becoming more widely available in conventional clinical
practice. Although analysis and interpretation of the data
derived from these techniques can be complex, many
of the calculated parameters have physiological significance, are repeatable and have clear clinical uses in diagnosis, guiding therapy and in predicting patient outcome.
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