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Abstract

Introduction—The purpose of this study was to compare the non-invasive 3D pseudo-continuous
arterial spin labelling (PC ASL) technique with the clinically established dynamic susceptibility
contrast perfusion magnetic resonance imaging (DSC-MRI) for evaluation of brain tumours.

Methods—A prospective study of 28 patients with contrast-enhancing brain tumours was
performed at 3 T using DSC-MRI and PC ASL with whole-brain coverage. The visual qualitative
evaluation of signal enhancement in tumour was scored from 0 to 3 (0 = no signal enhancement
compared with white matter, 3 = pronounced signal enhancement with equal or higher signal intensity
than in grey matter/basal ganglia). The extent of susceptibility artefacts in the tumour was scored
from 0 to 2 (0 = no susceptibility artefacts and 2 = extensive susceptibility artefacts (maximum
diameter>2 cm)). A quantitative analysis was performed with normalised tumour blood flow values
(ASL nTBF, DSC nTBF): mean value for region of interest (ROI) in an area with maximum signal
enhancement/the mean value for ROIs in cerebellum.

Results—There was no difference in total visual score for signal enhancement between PC ASL
and DSC relative cerebral blood flow (p=0.12). ASL had a lower susceptibility-artefact score than
DSC-MRI (p=0.03). There was good correlation between DSC nTBF and ASL nTBF values with a
correlation coefficient of 0.82.
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—Applied Science Lab Europe. A. Shankaranarayanan is employed at GE Healthcare, Applied Science Lab, Menlo Park, California. D.
C. Alsop is an inventor on several patents related to ASL and to the ASL sequence in this manuscript.
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Conclusion—PC ASL is an alternative to DSC-MRI for the evaluation of perfusion in brain
tumours. The method has fewer susceptibility artefacts than DSC-MRI and can be used in patients
with renal failure because no contrast injection is needed.
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Introduction

Brain tumours are a leading cause of cancer-related deaths with ten to 15 per 100,000 persons
diagnosed both in Europe and USA per year [1]. The growth of malignant tumours requires a
substantial blood supply that results in the creation of new vessels, a physiological process
called angiogenesis. Perfusion magnetic resonance imaging (MRI) facilitates the prediction of
tumour progression in conjunction with histopathology [2]. Cerebral blood volume (CBV) and
cerebral blood flow (CBF) are perfusion parameters that can be assessed using bolus-tracking
perfusion MRI methods such as dynamic susceptibility contrast MRI (DSC-MRI). Several
studies have emphasised the efficiency of relative CBV (rCBV) obtained by DSC-MRI in brain
tumour evaluation [3-5]. Relative CBF (rCBF) measured with DSC-MRI is also successfully
used in brain tumour prognostication [6,7]. DSC-MRI is the predominant technique for clinical
evaluation of brain tumour perfusion.

Although not yet widely established in clinical practice, arterial spin labelling (ASL) is a MRI
technique for retrieval of cerebral perfusion that offers several advantages. It provides absolute
quantification of CBF and the technique is totally non-invasive. It uses arterial water as an
endogenous tracer by magnetic labelling of the blood-water protons in a cerebral feeding artery.
Thisendogenous approach makes ASL a promising technique for studying perfusion in patients
with renal failure and patients who require repetitive follow-ups. Recently developed ASL
imaging sequences, incorporating high-field, parallel imaging, pseudo-continuous labelling
and 3D imaging with background suppression, now provide a considerable increase in
sensitivity for imaging CBF, compared with prior approaches [8]. These features may move
ASL from the research stage towards clinical usage [9].

Several brain tumour studies have compared ASL with DSC-MRI, focusing on perfusion ratios
[10-12]. Visual inspection of ASL or DSC-MRI maps separately has been assessed in a few
previous studies [13,14], but the visual qualities of the two methods have not been compared
systematically. In a clinical setting, visual evaluation of signal enhancement in tumour relative
to normal brain parenchyma constitutes an essential part of tumour characterisation and
treatment monitoring. The extent of susceptibility artefacts is an important factor in the visual
evaluation because artefacts may deteriorate image quality and thereby make the evaluation
of the perfusion unreliable or impossible in regions with prominent artefacts.

The aim of this study was to evaluate whether 3D pseudo-continuous ASL (PC ASL) could be
a valid alternative to DSC-MRI for qualitative and quantitative evaluation of brain tumour
perfusion in a clinical setting.

Materials and methods

Patient population

In this prospective study, perfusion was evaluated in contrast-enhancing brain tumours.
Patients already scheduled for a clinical 3-T MRI examination of the brain with DSC-MRI
were asked to participate in the study. Thirty-two eligible patients were MR scanned at our
university hospital from September 2007 to October 2008. Three of the patients were excluded
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due to motion artefacts that severely affected the quality of the perfusion maps. One patient
was dismissed because of lack of contrast enhancement on T1-weighted MR images. Twenty-
eight patients, 11 men and 17 women with a mean age of 58 years, range 22—84 years, were
finally enrolled. Ten patients had a newly detected tumour and had no treatment at the time of
the MR scan. Eighteen patients had received therapy, but there were still definitive signs of
residual or recurrent tumour on contrast-enhanced T1-weighted images. The tumours had been
treated by surgery, chemotherapy, radiotherapy or a combination of the three. Tissue for
histological analysis had been obtained at stereotactic biopsy or during surgical resection of
the tumour. Histopathological assessment of the tumours according to the criteria of the revised
WHO classification had revealed 12 grade 1V glioblastomas, two grade 111 anaplastic
astrocytomas, one grade 111 anaplastic oligodendroglioma, three grade 11 oligodendrogliomas
and one grade Il astrocytoma. Four meningiomas, three metastases, one lymphoma and one
primitive neuroectodermal tumour were also present in the cohort. The tumours were situated
adjacent to paranasal sinuses or mastoid air cells in eight patients. All patients tolerated the
MRI examination without any adverse reaction to the contrast material injection. The study
was approved by the Regional Ethics Review Board; all patients gave written informed consent.

MR scanning was performed on a 3-T whole-body MRI system (Signa HDx, R14M5, GE
Healthcare) by using a receive only eight-channel phased-array head coil. All patients were
examined with DSC-MRI and morphological sequences including an axial contrast-enhanced
T1-weighted sequence (T1Gd) and an axial T2-weighted fast spin echo (FSE) sequence. For
our project, an axial 3D FSE PC ASL sequence with spiral acquisition was added to the clinical
protocol.

DSC-MRI was performed using a T2*-weighted single-shot gradient-recalled echo-planar
imaging (GRE EPI) sequence. Parameters of the sequence were matrix 128x 128, field of
view=240 mm, repetition time (TR)= 1,400 ms, echo time (TE)=29 ms, flip angle 60°, array
spatial-sensitivity encoding technique=2, number of excitations (NEX)=1, slice thickness=5
mm with 1-mm interslice gaps, number of slices=23 and acquisition time of 90 s. A standard
dose of 0.1 mmol/kg body weight of a Gd-based contrast agent (Gadovist, Bayer Schering
Pharma AG, Berlin, Germany) was injected intravenously at a rate of 5 ml/s by a power injector
(Spectris Solaris, MEDRAD). The images were post-processed with a dedicated software
package (Nordic ICE, NordicNeuroLab, Bergen, Norway, http://www.nordicneurolab.com).
The measured tissue concentration—time curve was de-convoluted using singular value
decomposition with a global arterial input function (AIF; approximately 5 pixels) retrieved
from the middle cerebral artery branches in the hemisphere contralateral to the tumour. DSC-
MRI maps (rCBF and rCBV) were generated by using an established tracer kinetic model
applied to first-pass data [15,16]. Correction was performed for contrast agent leakage in the
tumour due to blood-brain barrier disruption [17].

ASL perfusion imaging was performed with pseudo-continuous labelling, background
suppression and a stack of spirals 3D fast spin echo imaging sequence (Fig. 1). PC ASL
followed the method of Dai et al. [18]. It employed Hanning radio frequency (RF) pulses of
500 s duration spaced 1,500 ps apart, an average RF amplitude of 1.8 uT, an average gradient
of 0.9 mT/m and a gradient amplitude during the RF pulses of 9 mT/m. Labelling was
performed from 3,000 to 1,500 ms before image acquisition. Background suppression was
achieved with selective saturation at 4,100 ms before imaging, selective inversion just before
the labelling begins at 3,000 ms before imaging and then weakly selective inversion pulses
applied at 1,500, 680, 248, and 57 ms before imaging. The selective inversion and saturation
pulses were applied to a slab containing the imaged region and ending at the labelling plane.
All inversion pulses were adiabatic pulses. In addition to the background suppression pulses,
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inferior saturation pulses were applied at 1,037, 392 and 116 ms to suppress inflowing arterial
blood spins after labelling is completed. A reference image volume for quantification was also
acquired using asimple saturation recovery preparation with saturation applied 2,000 ms before
image acquisition. After ASL preparation, images were acquired with an interleaved 3D stack
of spirals fast spin echo sequence with the following parameters: 512 sampling points on eight
spirals, reconstructed matrix 128x128, TR=9.2 ms, TE= 1.9 ms, NEX=3, slice thickness=5
mm, number of slices= 32 and acquisition time=5:36 min. The eight axial spiral interleaves
were acquired to encode images with 3.7-mm resolution on a 24-cm field of view. Each fast
spin echo train acquired all slices encodes for a particular spiral interleave, and subsequent
interleaves were acquired after additional preparation and acquisition. The total spiral duration
of 4.1 ms, combined with the fast spin echo refocusing, helped to minimise sensitivity to field
nonuniformity. Three averages of the label and control pairs were performed. Quantification
was performed using the model of Alsop and Detre [19], with the inclusion of a term for the
finite labelling duration as in Wang et al. [20] and correction for the incomplete recovery of
the tissue signal in the reference image due to the saturation performed tgy; (2,000 ms) before
imaging. Flow was calculated with the equation

(Scut = S (1 - €_m)
Srcf

1
2¢xT|b(1 - e’ﬁ)

=

where f is the flow, S is the signal on the control, label or reference image, Ty is the T1 of
blood, T14 is the T1 of grey matter,  is the labelling efficiency, 4 is the brain-blood partition
coefficient, z is the labelling duration (1,500 ms) and w (1,500 ms) is the post-labelling delay
time. This equation assumes that the label is primarily in the microvasculature, rather than the
tissue, so T1 of blood rather than tissue is used throughout. We used an estimate of grey matter
T1, 1,200 ms, for the correction of incomplete recovery, but the effect is relatively small such
that differences in tissue T1 should not have a major effect on quantification. We used an
assumed T1for blood of 1,600 ms [21] and an average brain value for A 0f 0.9 [22]. The labelling
efficiency was assumed to be the product of 0.95 for PC ASL efficiency and 0.75 for the
additional attenuation from the background suppressed pulses [23].

Visual scoring of tumour tissue with pronounced sighal enhancement

In each tumour, a small region representing tumour tissue with the most pronounced signal
enhancement was visually assessed on T1Gd and perfusion images (Fig. 2), by an experienced
neuroradiologist blinded to tumour histopathology. The visual evaluation of signal
enhancement in ASL CBF and DSC-MRI (both colour-coded and grey-scale maps of rCBF
and rCBV) was scored from 0 to 3, where 0 = no signal enhancement compared with white
matter (WM), 1 = slightly higher signal enhancement than WM, 2 = moderate signal
enhancement, i.e. slightly lower signal enhancement than cortical grey matter (GM)/basal
ganglia, and 3 = pronounced signal enhancement with equal or higher signal intensity than in
GM/basal ganglia. ASL CBF and DSC-MRI maps (rCBF and rCBV) were evaluated separately
at an interval of 4 weeks.

Visual assessment of susceptibility artefacts

A susceptibility artefact was defined as signal loss/displacement close to interfaces between

tissues with different magnetic susceptibility, e.g. at air/soft tissue interfaces close to paranasal
sinuses and mastoid air cells. The extent of susceptibility artefacts in the tumour region or close
surroundings was noted on ASL CBF and DSC-MRI maps (rCBF and rCBV) and scored from
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0 to 2, where 0 = no susceptibility artefacts, 1 = small/moderate (maximum diameter<2 cm)
susceptibility artefacts, not affecting tumour evaluation and 2 = extensive susceptibility
artefacts (maximum diameter> 2 cm), deteriorating tumour evaluation.

Quantitative perfusion analysis

Tumour regions of interest (ROISs), range 0.28-2.0 cm?, were manually drawn in an area with
maximum signal enhancement on grey-scale DSC rCBF map and copied to the corresponding
DSC rCBYV map using in-house developed software. Effort was made to localise the same ROI
position on ASL CBF as on the DSC-MRI maps (rCBF and rCBV). Necrotic tissue and large
vessels were avoided by comparison with T1Gd and T2-weighted images. Tumour-to-healthy
tissue perfusion ratios were calculated by dividing the mean value of tumour ROI by the mean
value in ROIs in the two cerebellar hemispheres. Cerebellar ROIs (approximately 2.5 cm?
each) were placed in the central parts of the bilateral cerebellar hemispheres (Fig. 3). Additional
ROIs were placed in normal appearing GM (approximately 4.0 cm?) and WM (approximately
2.5 cm?) in the hemisphere contralateral to the tumour. Normalised tumour blood flow (nTBF)
values [24] were thus evaluated on ASL CBF (ASL nTBF) and DSC rCBF maps (DSC nTBF).
The corresponding procedure was performed on DSC rCBV maps, producing normalised
tumour blood volume (DSC nTBV) values. Absolute perfusion values were measured with PC
ASL in the above-described ROIs in tumour tissue, in the cerebellum and in contralateral
normal appearing GM and WM.

Statistics—qualitative perfusion analysis

Comparison between ASL CBF and DSC rCBF was performed with Mann-Whitney test
(significance level set at p<0.05) for both visual score in the tumour region with pronounced
signal enhancement and susceptibility-artefact score. These statistical analyses were performed
using SigmaStat 3.5. (Systat Software, Inc., Point Richmond, CA, USA).

Statistics—quantitative perfusion analysis; normalisation to cerebellum

Results

ASL nTBF was compared with DSC nTBF, and DSC nTBF was compared with DSC nTBV
measurements using paired t tests. Linear regression and Pearson’s correlation were used to
evaluate association between quantitative results. The agreement between ASL nTBF and DSC
nTBF measurements were quantified by the coefficient of agreement [25], which is 1.96xSD,
where SD is the standard deviation of the difference between observed ASL nTBF and
predicted ASL nTBF from DSC nTBF. Assumption of normal distribution was evaluated by
visual inspection of relevant residuals (the difference between observed and expected values)
and found adequate. These statistical analyses were performed using the SPSS, version 16.0
software package (SPSS Inc., Chicago, IL, USA).

Visual scoring of tumour tissue with pronounced signal enhancement

The visual evaluation of signal enhancement in ASL CBF and DSC-MRI maps (both colour-
coded and grey-scale maps of rCBF and rCBV) showed that the total visual score in tumour
regions with pronounced signal enhancement was lower in ASL CBF than in DSC-MRI—70
vs. 80 with DSC-MRI (Fig. 4). There was no statistically significant difference in total visual
score for signal enhancement between the two sequences (p=0.12). Nineteen out of 28 patients
had the same visual score with ASL CBF and DSC rCBF.
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Visual assessment of susceptibility artefacts

A lower total susceptibility-artefact score was seen for ASL CBF maps than for DSC-MRI
maps (rCBF and rCBV; Fig. 5). Susceptibility artefacts were less prominent in ASL CBF (Fig.
6).

ASL CBF had in total a susceptibility-artefact score of 15, whereas DSC rCBF (and DSC
rCBYV) yielded a score of 29. The difference in score for number of susceptibility artefacts was
statistically significant (p=0.03).

Quantitative perfusion analysis

Normalised perfusion values, i.e. ASL nTBF, DSC nTBF and DSC nTBYV, as well as absolute
ASL TBF in gliomas and non-gliomas, number of patients, age, gender and number of treated
patients, are shown in Table 1. Most (15 of 19) of the patients with gliomas had ongoing
treatment at the time of the MR scan. Figure 7 shows distribution of ASL nTBF, DSC nTBF
and DSC nTBV values for all the different tumour types. Meningiomas showed the highest
median ASL nTBF, DSC nTBF and DSC nTBV values. Figure 8 shows a scatterplot of ASL
nTBF and DSC nTBF values in all tumour types. The Pearson correlation coefficient was 0.82
(R2=0.67). Mean ASL nTBF (2.46x 1.67) in this study was approximately 67% (range 58—
75%) of the corresponding DSC nTBF (3.60+2.24). Figure 9 shows a Bland—Altman plot for
ASL nTBF and adjusted DSC nTBF (0.67xDSC nTBF). Differences for ASL nTBF and
adjusted DSC nTBF values were on average 0.05+£0.97 (mean £ SD) resulting in a coefficient
of repeatability of 1.91. Figure 10 shows a scatterplot of DSC nTBF and DSC nTBV values.
Pearson correlation coefficient was 0.70 (R=0.49). Table 2 summarises CBF values
normalised to different reference regions in high-grade gliomas from eight different studies
compared with our results. Table 3 shows absolute ASL CBF values in the cerebellum and
normal appearing WM and GM in the hemisphere contralateral to the tumour.

Discussion

This is the first study systematically comparing visual evaluation of brain tumour perfusion
maps obtained using ASL and DSC-MRI. In addition, we have made quantitative comparisons
of perfusion ratios obtained with both techniques and obtained absolute ASL CBF values.

Visual scoring of tumour tissue with pronounced signal enhancement

We found that perfusion maps obtained using DSC-MRI had a higher signal enhancement score
than ASL CBF, although the difference was not statistically significant (Fig. 4). PC ASL
enables a more subtle visual grading of tumours than DSC-MRI, where almost all tumours
scored 3 in signal enhancement (Fig. 4). A previous study has described a higher tumour to
GM contrast in ASL images in comparison to DSC-MRI maps, facilitating detection and
delineation of tumours [26]. In some ASL CBF, a larger difference in signal enhancement was
indeed seen between tumour and cortex compared to DSC-MRI maps (Fig. 2), but not in the
majority of our ASL images. Our system of assigning points to degree of signal enhancement
is sufficient to quickly get an overview of tumour perfusion in clinical practice but a more
advanced scoring system is needed in order to substantially improve the sensitivity and
predictive values of preoperative grading of gliomas compared with conventional imaging
alone [13].

Visual assessment of susceptibility artefacts

We found that ASL CBF images had significantly fewer susceptibility artefacts than did DSC-
MRI maps (Fig. 5). Tumours situated close to bone—air interfaces, such as the paranasal sinuses
and the mastoid air cells, are particularly vulnerable to susceptibility artefacts. In our cohort,
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eight tumours were situated in such regions. Spiral acquisition and FSE instead of single-shot
GRE EPI explain the low number of susceptibility artefacts seen in ASL compared with DSC
GRE EPI maps in our study [27].

Quantitative perfusion analysis

The precision of the CBF measurements obtained by 3D PC ASL and DSC-MRI is dependent
on the calculation models. The signal behaviour/perfusion value is expected to differ between
the two perfusion techniques because DSC-MRI uses a Gd-based contrast agent with a larger
molecular weight and different diffusion behaviour than water molecules [28]. Differences in
ratios between these two perfusion techniques could further be due to vascular artefacts often
observed in DSC-MRI maps in which flow in larger vessels may be partially included in the
tumour ROIs. Reproducible absolute quantification of CBF with DSC-MRI is difficult because
the perfusion calculation post-processing step demands a careful selection of the AIF (also
hampering reproducible absolute quantification of CBV) and advanced de-convolution
algorithms. In clinical practice, usually only a relative perfusion measurement is possible with
DSC-MRI [9]. ASL was therefore quantitatively compared with DSC-MRI by means of
normalised perfusion values in this study.

Some DSC-MRI, positron emission tomography (PET), and single photon emission computed
tomography studies have used the cerebellum as a reference region when analysing perfusion
and tracer uptake in brain tumours [29,30], but normalisation of TBF to contralateral GM and
in particular contralateral WM has most often been performed in MRI studies[6,7,26,31-33].
However, because cerebellar perfusion usually is unaffected by pathology in the brain and is
higher than WM CBF (Table 3) and thereby is easier to measure with the ASL technique, we
have consequently chosen to focus on the normalisation to cerebellum in this study. One
disadvantage with this approach is the difficulty of comparing our results with results obtained
in other perfusion studies. For this purpose, additional ROls were placed in GM and WM (Table
2). Regarding normalisation to GM, our ASL nTBF and DSC nTBF values are in accordance
with previous studies [26,31]. Absolute ASL CBF values in GM (Table 3) are consistent with
absolute ASL CBF values found in the literature [34,35]. Our ASL nTBF and DSC nTBF values
normalised to WM are, however, higher than those in the previous studies in the comparison
(Table 2). WM perfusion measurements with ASL may have disadvantages. Normal
contralateral WM in brain tumour patients often has significantly higher water content than do
healthy individuals [36]. In addition, normal-appearing WM in brain tumour patients may be
affected by demyelination and mild structural degradation of axonal fibres after radiotherapy
[37]. In WM, we obtained absolute ASL CBF values of 14.9+ 6.21 ml/min/100 g (Table 3).
For comparison, a large PET study in normal volunteers showed an average CBF of 22 ml/
min/100 g in WM [38]. ASL often underestimates WM CBF due to long transit times and
perfusion values in the lower range of measurable flow [9,39]. These findings make WM a
questionable reference region. However, before any definitive conclusions are made regarding
appropriate reference regions, it is important to remember that different studies use different
data acquisition, different approach to measure tumour perfusion (hot spot, mean value in
whole tumour etc.), different cohort (treated vs. non-treated patients) and different post-
processing’s programs and techniques, factors hampering comparisons between different
studies [40].

Perfusion MRI can provide useful information on meningioma vascularity which is not
available from conventional MRI [41]. Meningiomas have a high vascularity, and in our study,
this tumour type showed the highest median ASL nTBF (Fig. 7). This finding is in agreement
with a study in which the highest mean ASL nTBF (Q2TiPS: normalised to contralateral normal
brain tissue) was found in meningiomas and the lowest mean ASL nTBF was found in CNS
lymphomas [42], as was the case in our study. High-grade gliomas are also known to have a
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high vascularity. We got a mean ASL nTBF of 2.24+1.60 and a mean DSC nTBF of 3.39+2.03
in gliomas (Table 1). Absolute ASL TBF values in gliomas were 61.5+32.3 ml/min/100 g and
for non-gliomas 90.2+65.5 ml/min/100 g (Table 1). One study has reported absolute ASL CBF
values of 94.4+71.7 ml/min/100 g in high-grade gliomas in untreated patients [43]. Our
perfusion values were lower which may be due to the fact that 15 out of the 19 patients with
gliomas had ongoing treatment at the time of the MR scan. The high CBF values seen amongst
non-gliomas may be explained by highly vascularised meningiomas and metastases.

A maximum signal enhancement ROI approach was used in this study when values for ASL
and DSC-MRI were evaluated clinically. The same experienced operator performed all ROI
measurements, minimising user dependency. Another approach, first introduced by Ludemann
etal. [44], is histogram analyses of perfusion. Although the ROl approach is operator dependent
and may be limited due to partial volume effects [45], there is one study showing that it is
superior to histogram analyses in the grading of glial neoplasms [46], whereas other studies
favour histogram analysis because of higher interobserver agreement, sensitivity and negative
predictive value and equal specificity [24]. The ROl approach is easy to use in clinical settings,
but histogram-based analyses are preferable if the operator is inexperienced.

Most previous MRI studies have used DSC rCBV for the evaluation of brain tumour perfusion
[3,4]. This study, in which DSC nTBF values correlated (r=0.70) with the corresponding DSC
nTBV values (Fig. 10), confirms that DSC rCBF may be as good as DSC rCBYV for the
assessment of brain tumour perfusion. In clinical practice, a relative or normalised perfusion
value usually is a sufficient estimate of brain tumour perfusion. DSC rCBF and ASL CBF
values, normalised to cerebellum, may be equally good predictors of tumour angiogenesis with
a correlation coefficient of 0.82 (Fig. 8) and a coefficient of repeatability of 1.91. On the other
hand, only ASL allows for reproducible absolute quantification in a feasible way, enabling
comparison between patients or comparison of values in individual patients. A more frequent
use of ASL would be desirable for the monitoring and follow-up of brain tumour treatment to
avoid repeated contrast injections. This requires that morphological details can be adequately
assessed without T1-weighted images after contrast injection and that has not yet been
demonstrated. The visual evaluation is facilitated on ASL images, due to less extensive
susceptibility artefacts. Nevertheless, 3D PC ASL is presently not suitable for imaging of acute
stroke patients in whom a short scan time is essential and CBV and mean transit time maps
may play an important role in treatment decisions.

Implications of the findings for future research and for clinical practice

The ASL technique has not been established in clinical practice because of a limited coverage
of the brain and long acquisition times that not only increased the session time for the patient
but could also produce severe motion artefacts in the images. Previously, shorter scan times
could only be achieved with ASL using a poor resolution and fewer slices. Today, with a more
extensive use of 3-T scanners and new improved ASL sequences like 3D PC ASL, much of
the previous resistance towards the ASL technique will disappear. The non-invasive 3D PC
ASL perfusion sequence without ionising radiation has full coverage of the brain and could,
with the use of high-field scanners, be introduced in everyday clinical practice for a wide range
of clinical applications. The absolute quantification of CBF can also be useful for repeated
perfusion measurements in physiological research and clinical examinations.

Conclusion

This study has shown that 3D FSE PC ASL could be used as an alternative to DSC-MRI for
the evaluation of perfusion in brain tumours. The perfusion images obtained with the ASL
technique have fewer susceptibility artefacts than perfusion maps obtained using DSC-MRI,
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and the ASL method can, with advantage, be used in patients with renal failure since no contrast
injection is needed.
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Fig. 1.

Combined labelling and background suppression preparation sequence: The preparation begins
with repeated selective saturation and a single, selective adiabatic inversion pulse for
background suppression. Thereafter, labelling is applied for 1.5 s. After the labelling, four
inversion pulses are applied for optimal background suppression. In between these inversions,
pulses are inferior saturation pulses to minimise signal from inflowing blood arriving after the
end of labelling
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Fig. 2.

Forty-nine-year-old woman with a glioblastoma in the frontal lobes. The region within the
tumour with pronounced signal enhancement is marked with circle on ASL CBF, DSC rCBF
(colour-coded) and DSC rCBYV (grey scale)
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Fig. 3.
ROIs (approximately 2.5 cm? each) placed in the central parts of the bilateral cerebellar
hemispheres
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Fig. 4.

Visual score for signal enhancement in tumour region with ASL CBF and DSC-MRI maps
(rCBF and rCBV). 0 no signal enhancement compared with white matter, 1 slightly higher
signal enhancement than white matter, 2 moderate signal enhancement, i.e. slightly lower
signal enhancement than cortical grey matter/basal ganglia, 3 pronounced signal enhancement
with equal or higher signal intensity than in cortical grey matter/basal ganglia
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Fig. 5.

Visual score for susceptibility artefacts for ASL CBF and DSC-MRI maps (rCBF and rCBV).
0 no susceptibility artefacts, 1 small/moderate (maximum diameter<2 cm) susceptibility
artefacts, not affecting tumour evaluation, 2 extensive susceptibility artefacts (maximum
diameter>2 cm), deteriorating tumour evaluation
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Fig. 6.
A 54-year-old woman with an olfactory groove meningioma. Susceptibility artefacts are
prominent on DSC-MRI maps (rCBF and rCBV) but not on ASL CBF
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Boxplot showing tumour blood flow and tumour blood volume normalised to cerebellum
measured with ASL (ASL nTBF) and DSC-MRI (DSC nTBF and DSC nTBV) in different
tumour types (*PNET primitive neuroectodermal tumour); box the inter-quartile range (i.e. 25—
75%), whiskers extreme values, black bar median, black dots outliers, n number of patients in
the group
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Scatterplot showing tumour blood flow normalised to cerebellum measured with ASL (ASL
nTBF) and DSC-MRI (DSC nTBF) in all 28 brain tumour patients. The line represents linear
regression between ASL nTBF and DSC nTBF. Pearson correlation coefficient r=0.82
(R?=0.67)
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Fig. 9.

Bland and Altman plot of tumour blood flow normalised to cerebellum measured with ASL
(ASL nTBF) and adjusted DSC-MRI (0.67xDSC nTBF). Dashed lines corresponds to 95%
limits of agreement
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Scatterplot showing tumour blood flow and tumour blood volume normalised to cerebellum
measured with DSC-MRI (DSC nTBF and DSC nTBV). The line represents linear regression
between DSC nTBF and DSC nTBV. Pearson correlation coefficient r=0.70 (R2=0.49)

Neuroradiology. Author manuscript; available in PMC 2011 April 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Jarnum et al.

Table 1

Page 22

Tumour blood flow and tumour blood volume normalised to cerebellum measured with ASL (ASL nTBF) and
DSC-MRI (DSC nTBF and DSC nTBV).

Variable All tumours (n=28) Gliomas (n=19) Non-gliomas (n=9)
Mean+SD Mean+SD Mean+SD

ASL nTBF 2.46+1.67 2.24+1.60 2.94+1.81

ASL TBF (70.7+46.3) (61.5£32.3) (90.2+65.5)

DSC nTBF 3.60+2.24 3.39+2.03 4.04+2.70

DSC nTBV 3.87£2.10 3.53+1.46 4.56+3.05

Age 58+15 54.5£15 65.2+13

Gender 11m, 17 f 10m,9f 1m,8f
18 15 3

Treated patients&, n

Absolute ASL TBF values (ml/min/100 g) within parenthesis

n number of patients, m male, f female

aSurgery, chemotherapy and/or radiotherapy
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Normalised CBF values in high-grade gliomas: results of previous MRI perfusion studies compared with the

present study.

Authors N  ASL nTBF (mean+SD) DSC nTBF (mean+SD) Reference region
Present study 19 2.24+1.60 3.39+2.03 Cerebellum
1.39+0.87 2.24+1.37 Contralateral GM
4.86+3.84 7.14+4.20 Contralateral WM
Appignani etal. [26] 20 152 Contralateral GM
Ulmer [31] 1 - 2.03 Contralateral GM
Wolf and Detre [8] 19 9441782 - Global mean
Warmuth et al. [11] 17 19740710 1.07+0.45 Contralateral hemisphere
Chawla et al. [32] 22 1.90+0.752 - Contralateral WM
Shinetal. [7] 1 - 4.82+2.64 Contralateral WM
Senturk et al. [33] 1 - 4.59+1.61 Contralateral WM
Hakyemez et al. [6] 22 - 3.32+1.87 Contralateral WM

N number of patients, GM grey matter, WM white matter

aContinuous ASL

bPulsed ASL(Q2TIPS)
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Table 3

Absolute ASL CBF values (millilitres per minute per 100 g) in ROIs from cerebellum and normal appearing WM
and GM in all patients (n=28).

Regions of interest ASL CBF (mean+SD)
Cerebellum 30.5+8.86
GM 44.4+8.44
WM 14.9+6.21

GM grey matter, WM white matter
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