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ARTICLE INFO ABSTRACT
Keywords: Background: Dynamic susceptibility contrast (DSC) perfusion weighted imaging (PWI) currently
Magnetic resonance imaging (MRI) remains the gold standard technique for measuring cerebral perfusion in glioma diagnosis and

Cerebral blood flow (CBF)

surveillance. Arterial spin labelling (ASL) PWI is a non-invasive alternative that does not require
Cerebral blood volume (CBV)

. e gadolinium contrast administration, although it is yet to be applied in widespread clinical
Dynamic susceptibility contrast (DSC) . . . i . . 3 s .
Perfusion weighted imaging (PWI) practice. This study aims to assess the utility of measuring signal intensity in ASL PWI in pre-
Arterial spin labelling (ASL) dicting glioma vascularity by measuring maximal tumour signal intensity in patients based on
Glioma pre-operative imaging and comparing this to maximal vessel density on histopathology.

Methods: Pseudocontinuous ASL (pCASL) and DSC images were acquired pre-operatively in 21
patients with high grade gliomas. The maximal signal intensity within the gliomas over a region
of interest of 100 mm? was measured and also normalised to the contralateral cerebral cortex
(nTBF-C), and cerebellum (nTBF-Cb). Maximal vessel density per 1 mm? was determined on
histopathology using CD31 and CD34 immunostaining on all participants.

Results: Using ASL, statistically significant correlation was observed between maximal signal in-
tensity (p < 0.05) and nTBF-C (p < 0.05) to maximal vessel density based on histopathology.
Although a positive trend was also observed nTBF-Cb, this did not reach statistical significance.
Using DSC, no statistically significant correlation was found between signal intensity, nTBF-C and
nTBF-Cb. There was no correlation between maximal signal intensity between ASL and DSC.
Average vessel density did not correlate with age, sex, previous treatment, or IDH status.
Conclusions: ASL PWI imaging is a reliable marker of evaluating the vascularity of high grade
gliomas and may be used as an adjunct to DSC PWI.

1. Introduction

High grade gliomas require a substantial blood supply to facilitate their rapid growth. Tumour vascularity is thus an important
predictor of tumour grade [1], and can be assessed preoperatively using perfusion weighted imaging (PWI). Dynamic susceptibility
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contrast (DSC) MRI is a well validated PWI technique for measuring tumour blood flow (TBF) [1,2], but necessitates the use of
gadolinium contrast. Although rare, gadolinium is associated with a small risk of nephrogenic systemic fibrosis, deposition in neural
structures such as the dentate nucleus and globus pallidus, local tissue reactions from contrast extravasation and hypersensitivity
reactions including anaphylaxis [3]. These risks can accumulate over the course of a patient’s treatment, which often involves frequent
radiological surveillance. Additionally, repeated line insertions to obtain contrast imaging can be cumbersome in the paediatric
population.

Arterial Spin Labelling (ASL) is an alternative perfusion weighted MR pulse sequence that does not require exogenous contrast. ASL
perfusion measurements have been validated in cerebrovascular diseases [4-6], neurodegenerative diseases [7,8] and temporal lobe
epilepsy [9,10]. Its application in neuro-oncology has been somewhat limited, but the results thus far in tumour diagnosis and
follow-up are promising.

ASL perfusion relies on obtaining images using the protons within water molecules in arterial blood as an endogenous tracer [11]. A
radiofrequency pulse is delivered to invert the magnetisation of these protons, typically at the level of the cervicomedullary junction.
An image is acquired down-stream at the level of the tissue of interest. After a short delay, a second control image is acquired with
unlabelled protons in the water molecules traversing the vasculature in the relaxed phase. The difference between the control and
labelled signals provides a perfusion-weighted image. From this, quantitative assessment of the cerebral blood flow can be determined.

The principle of ASL PWI was developed in the early 1990s but a major limitation was poor image quality. Hence, DSC PWI has been
used as a better radiological marker of tumour vascularity. Modern 3T MRI machines have improved pulse sequences and multichannel
receiver array coils, and higher signal to noise ratio. Additionally, more efficient labelling with pCASL compared to PASL and CASL and
more efficient imaging readouts. Has led to substantial improvements in ASL image quality leading to greater interest in this technique.
ASL PWI eliminates the risks and disadvantages associated with gadolinium, and therefore may represent a safer PWI alternative for
patients harbouring malignant gliomas.

The majority of studies thus far on ASL PWI in gliomas have correlated CBF to tumour grade. Although this is the most definitive
means of assessing the relationship between the two, ASL is a relatively new perfusion sequence that is not readily available in many
institutions. Even so, depending on the MRI scanner and software, it can be difficult and time consuming to obtain absolute CBF values.
Although measuring signal intensity is a more simple technique of evaluating perfusion, it is easy to perform on a day to day basis,
particularly for Neurosurgeons who do not have the access or skills to navigate the MRI software. In this study, our objective was to
assess the accuracy of visual inspection of signal intensity and correlate it with vascularity on histopathology.

The aim of this study is to assess glioma perfusion by evaluating the relationship of signal intensity as measured by ASL compared to
vessel density demonstrated on histopathology. We also performed a similar analysis using DSC and compared this to ASL. A discussion
and comparison to DSC PWI will then follow to evaluate the clinical utility of ASL PWI in predicting glioma vascularity.

2. Materials and methods

A prospective single centre study was conducted at Monash Medical Centre, Melbourne under institutional ethics approval (HREC
59825). Patients admitted with a suspected high grade glioma were enrolled with informed consent. Inclusion criteria included: 1)
adult patients aged 18 years and above; 2) intrinsic brain tumour with imaging characteristics of a glioma; 3) confirmed diagnosis of
grade 4 astrocytoma or glioblastoma on histopathology. All patients underwent diagnostic and stereotactic MRI prior to surgery, as
well as ASL PWI. All patients then proceeded to undergo either a stereotactic biopsy or tumour resection (either subtotal or total). See
Fig. 7 for a summary of the workflow process.

2.1. Imaging protocol

All structural and perfusion sequences were obtained using a 3T MRI, Siemens Magneton Vida-XQ. Imaging sequences included
ASL, DSC, T1-weight imaging, T2-weighted imaging, fluid-attenuated inversion recovery images (FLAIR) and contrast-enhanced (CE)
T1-weighted imaging. The contrast agent used was 5.586g of gadoteric acid in 20 mL (Dotarem, Guerbet, Villepinte, France).

Three dimensional (3D) ASL imaging was acquired using pseudo-continuous ASL (pCASL) labelling, with a labelling duration of
1800 ms and post labelling delay of 1800 ms. This was the standard MRI protocol set by the radiology department at our institution.
Additionally, these settings were based off the recommendations from Alsop et al. who suggested using 1800 ms for healthy patients
less than 70 years old [12]. The mean age in our cohort was 60.6 years, with only 2 patients above the age of 70. None of our patients
were comorbid from a vasculopathy point of view, so we did not expect significantly prolonged arterial transit times. A total of 14 axial
sections were acquired with a 1.5 mm intersection gap. A single shot gradient echo EPI technique was used (TR/TE = 2500/11 ms,
FOV = 240 x 240 mm, voxel size = 1.9 x 1.9 x 4.0 mm, bandwidth = 2232 Hz/Px, phase oversampling = 10%, number of averages =
1). The inversion and saturation times were 700 ms and 1600 ms, respectively.

DSC imaging was performed during the first pass of the contrast agent at a flow rate of 5.0 mL/s, using a single shot-shot gradient-
recalled echo-planar imaging (EPI). Paramaters included a TR/TE = 1560/30 ms, flip angle of 60°, FOV 220 x 220 mm, voxel size =
1.7 x 1.7 x 5.0 mm, and matrix of 128 x 128, and signal bandwidth 1,446 Hz/Px. A total of 18 axial perfusion slices were recon-
structed. Post-imaging analysis was performed using syngo.MR Neuro Perfusion Engine (Siemens Healthineers, Erlangen, Germany).
The arterial input function (AIF) was automatically computed, and the corresponding attenuation time curves that demonstrated a
rapid increase in attenuation with sharp peaks were used for analysis. The relative cerebral blood volume (rCBV) maps were generated
using voxel-wise division of the area under the concentration-time curve by the area under the AIF.
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2.2. Measurement of tumour vascularity on MRI

On ASL PWI, a 100 mm? region of interest (ROI) was defined within the primary brain lesion that demonstrated the area of greatest
signal intensity on visual inspection (Fig. 1a). The ASL perfusion images were merged with the T1 post contrast volumetric scans and
used for stereotaxy. This area was the target for all stereotactic biopsies. For tumour resections, stealth navigation was used to take
tumour samples from the region of highest signal intensity, alongside standard specimens for histological assessment.

The signal intensity was then compared to that within 1) the contralateral temporo-parietal cortex (Fig. 1b); and 2) contralateral
cerebellar hemisphere (Fig. 1c). The ratio of greatest signal intensity of the tumour to these contralateral controls produced normalised
measures of relative tumour blood flow (nTBF) to the contralateral hemisphere (nTBF-C) and cerebellum (nTBF-Cb). In a similar
fashion, the same ROI within the tumour was evaluated on the DSC perfusion maps and compared to the contralateral temporal grey
matter and cerebellar hemisphere (Fig. 2).

Normalised values were tested to account for age related changes in the cerebral vasculature, which are frequently observed [13,
14]. These parameters were similarly used in previous studies investigating the role of ASL PWI in predicting glioma grade. Maximal
areas of cerebral perfusion were used in ROI assessments as this was thought to represent a more reliable indicator of overall glioma
vascularity, based on the findings of wolf et al. [15]. Co-registration was not performed. The measurements were carefully determined
by two independent authors (GC and TD).

2.3. Histopathology evaluations

The gold-standard measure of tumour vascularity was determined on histology with immunostaining for CD-31 and CD-34
(vascular endothelial cell markers). Samples from the region of maximal signal intensity on ASL were taken with the aid of stealth
neuronavigation and were examined for vascularity. Inmunostained slides were then examined field by field by a single pathologist at
a magnification of x200 to identify the area with the highest vessel lumina. The magnification was then changed to x400 to determine
the number of vessels per square millimeter within this region. Isolated endothelial cells, with or without a lumen that was clearly
separated from other microvessels, were considered individual vessels. In this way, maximal vessel density was determined.

2.4. Statistical methods

Statistical analysis was performed using Prism (Graphpad, California). Normality has determined using the D’ Agostino-Pearson K2
test. A Spearman correlation coefficient was used to analyse the relationship between maximal tumour signal intensity, nTBF-C and
nTBF-Cb to vessel density on histology. The Mann-Whitney U test was used to compare vessel density and signal intensity across
demographics. Multiple linear regression was then used to determine factors influencing vessel density on histology.

3. Results

A total of 21 patients were enrolled (Table 1). Mean age was 60.6 (+SD 13.1) and there was a male predominance (15/21, 73.9%).
There were two cases of recurrent tumours (9.5%), while most were treatment naive. The majority (90.5%) of cases were IDH wild type
glioblastoma, while there were two (9.5%) IDH mutant Grade 4 Astrocytoma.

Average vessel density was 98.2 + 68.5 per mm?. There was no difference in mean vessel density between male (113.7 + 75.2) and
female (59.2 + 20.5) patients (p = 0.06); nor between treatment naive (98.8 & 70.7) and recurrent (92.0 + 62.2) tumours (p = 0.95).
Average vessel density did not differ between IDH wild type (100.8 + 71.3) and IDH mutant tumours (73.0 £+ 31.1) (p = 0.86).

Fig. 1. A) ASL sequence measuring signal intensity over an area of 100 mm? in a patient with a right parietal GBM; B) ASL sequence measuring
signal intensity over 100 mm? in the contralateral temporal grey matter cortex in the same patient; C) ASL sequence measuring signal intensity over
an area of 100 mm? in the contralateral cerebellar hemisphere in the same patient.
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Fig. 2. A) DSC sequence measuring signal intensity over an area of 100 mm? in a patient with a right parietal GBM; B) DSC sequence measuring
signal intensity over 100 mm? in the contralateral temporal grey matter cortex in the same patient; G) DSC sequence measuring signal intensity over
an area of 100 mm? in the contralateral cerebellar hemisphere in the same patient.

Table 1
Patient demographics and histology.
Participants N (%)
Sex
Male 15 (71.4)
Female 6 (28.6)
Age Mean 60.6 (SD 13.1) (Range 30-81)
Previous surgery
First presentation 19 (90.5)
Recurrence 2 (9.5)
Histology
IDH Wild type Glioblastoma 19 (90.5)
IDH Mutant Grade 4 Astrocytoma 2(9.5)

Maximal signal intensity using ASL ranged from 100.9 to 1535.0. Maximal signal intensity was greater in male patients (726.8 +
357.5vs 375.6 + 177.4, p = 0.02), but did not differ between treatment naive (663.1 &+ 345.1) and recurrent (278.4 4+ 251.0) tumours
(p = 0.15). Maximal signal intensity did not differ between IDH wild type (642.3 + 366.6) and IDH mutant tumours (475.8 + 73.5) (p
= 0.47).

Maximal signal intensity using DSC ranged from 60.98 to 706.93. Maximal signal intensity did not differ between males (287.4 +
115.5) and females (279.8 + 242.8) (p = 0.52), nor did it differ between treatment naive (300.7 + 153.1) and recurrent (138.2 +
109.2) tumours (p = 0.19). Maximal signal intensity did not differ between IDH wild type (425.1 £ 398.6) and IDH mutant tumours
(270.5 £ 124.7) (p = 0.77).

Using ASL, tumour blood flow (nTBF) normalised to contralateral hemisphere blood flow ranged from 0.35 to 7.23 fold (mean
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Fig. 3. Scatter plot values of maximal average signal intensity using ASL PWI compared to vessel density on histopathology. Linear regression
analysis also revealed a statistically significant positive correlation (r = 0.52, p = 0.02).
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2.1x), while nTBF normalised to contralateral cerebellum blood flow ranged from 0.53 to 13.54 fold (mean 3.74x). In all patients, the
nTBF-Cb was greater than nTBF-C.

Using DSC, tumour blood flow (nTBF) normalised to contralateral hemisphere blood flow ranged from 0.81 to 14.74 fold (mean
2.5x), while nTBF normalised to contralateral cerebellum blood flow ranged from 1.23 to 26.38 fold (mean 3.9x). In all patients, the
nTBF-Cb was greater than nTBF-C.

Maximal tumour signal intensity on ASL was directly associated with average vessel density on histopathology (r = 0.52, p = 0.02)
(Fig. 3). Similarly, nTBF-C was also directly associated with average vessel density on histopathology (r = 0.44, p = 0.04) (Fig. 4).
Although positively correlated, nTBF-Cb failed to reach a significant correlation with average vessel density (r = 0.40, p = 0.07).

On DSC, maximal tumour signal intensity was not associated with average vessel density on histopathology (r = —0.31, p = 0.17)
(Fig. 5). Using DSC, both nTBF-C (r = —0.19, p = 0.39 and nTBF-Cb (r = —0.35. p = 0.11) failed to reach a significant correlation with
average vessel density. Maximal tumour signal intensity on ASL and DSC did not correlate (r = 0.30, p = 0.17) (Fig. 6).

Multiple linear regression demonstrated that average vessel density on histopathology correlated with maximal tumour signal
intensity on ASL (p = 0.04) but not age (p = 0.81), sex (p = 0.68), previous treatment (p = 0.53), or IDH status (p = 0.96).

Using DSC, multiple linear regression demonstrated that average vessel density on histopathology was correlated with sex (p =
0.02) but not maximal tumour signal intensity (p = 0.07), age (p = 0.10), previous treatment (p = 0.51), or IDH status (p = 0.09).

4. Discussion

Preoperative radiological measures of tumour vascularity are critical for accurate diagnosis and surgical planning. ASL PWI has
demonstrated discriminative capacity between low and high grade gliomas [13,16-18], and oligodendroglioma and astrocytoma
within low grade glioma cohorts [19]. ASL is also comparable to DSC in differentiating glioma progression from radiation necrosis [17,
20-22]. However, our study is the first to investigate the relationship between signal intensity on ASL PWI to the histological
gold-standard of tumour vascularity. Together, these findings highlight that ASL PWI can reliably predict glioma vascularity and
tumour grade pre-operatively.

Maximal signal intensity on ASL PWI predicted tumour vascularity in this cohort of high grade gliomas. This relationship was
maintained when signal intensity was normalised to the contralateral hemisphere and was independent on patient sex, age, treatment
history, and tumour IDH status. We also sought to compare the accuracy of ASL to DSC PWI. Interestingly, maximal signal intensity on
ASL did not correlate to that of DSC PWI. Furthermore, using DSC PWI, maximal signal intensity, nTBF-C and nTBF-Cb also did not
correlate with vessel density. This is in contrast to others who have demonstrated high concordance between the two imaging tech-
niques [23,24,25]. There are several potential factors contributing this. Firstly, most of these studies measured absolute values of
cerebral blood volume (CBV) instead of signal intensity, and therefore is it unclear whether the latter is a validated method of assessing
perfusion. Secondly, the ROI for maximal signal intensity within the tumour corresponded to the same regions for both ASL and DSC.
Although on visual inspection the regional of maximal signal intensity within the tumour correlated to the same area for both, there
may be slight differences between the two images. In our study we used signal intensity as a marker of vascularity on radiology as this
can easily be assessed by Neurosurgeons and Oncologists on a day-to-day basis, without requiring the complex processing softwares
available to radiologists. From a workflow perspective, this method was not particularly time consuming.

ASL PWI differs from DSC PWI in a number of ways. ASL PWI inherently has a low signal to noise ratio due to the small proportion
of labelled protons in arterial water molecules compared to the entire magnetised field. Thus, longer acquisitions are required to
generate a signal with sufficient intensity to interpret [26]. A further technicality is that ASL PWI primarily measures blood flow, and
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Fig. 4. Scatter plot values of nTBF-C using ASL PWI compared to vessel density on histopathology. Linear regression analysis also revealed a
statistically significant positive correlation (r = 0.44, p = 0.04).
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Fig. 5. Scatter plot values of average maximal signal intensity using DSC PWI compared to vessel density on histopathology. Linear regression
analysis did not demonstrate a correlation (r = 0.31, p = 0.17).
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Fig. 6. Average maximal signal intensity on ASL PWI compared to DSC PWI. Linear regression analysis did not demonstrate a correlation (r = 0.30,
p =0.17).

measures of cerebral blood volume and mean transit time require additional processing and time [27-29]. Blood products or gado-
linium extravasation in regions of high blood brain barrier permeability can result in susceptibility artefact in DSC PWI, leading to
underestimation of CBV [30]. Water is freely diffusible across the capillary wall, and therefore changes in the blood-brain barrier
permeability between tumours will not significantly impact the signal acquisition and measurements obtained using ASL PWI [13]; an
important consideration in high grade glioma imaging. Thus, ASL may be more helpful than DSC in post-operative examinations where
there has been significant disruption to the blood-brain barrier.

The main benefit of ASL PWI over DSC PWI is that it obviates the risks associated with line insertion and gadolinium contrast
administration. The risk of adverse events related to gadolinium contrast administration, including mild reactions such as urticaria and
nausea to more severe such as anaphylaxis and bronchospasm, is low, ranging between 0.1 and 4% [31]. Likewise, contrast admin-
istration is associated with a small risk of gadolinium deposition in tissue such as the dentate nucleus and globus pallidus, and an
exceedingly rare risk of nephrogenic systemic fibrosis at less than 0.5% [32-34]. These risks are becoming less common with the
introduction of chelating agents binding to gadolinium based contrasts, and the significance of gadolinium deposition in neural
structures is unclear given that the majority of these patients remain asymptomatic. ASL PWI is an alternative in patients who have
significant renal impairment, or have a gadolinium-based contrast allergy. Another advantage of ASL PWI is that absolute measure-
ments of cerebral blood flow (ml/min/100g) can be obtained. Although possible using DSC perfusion techniques, it requires more time
and post-image processing. Furthermore, blood brain barrier disruption and contrast leakage should be taken into account and adds
additional complexity to this assessmeny. ASL PWI can be performed an infinite number of times, whilst with DSC PWI the number of
repeated attempts is limited by the maximum contrast dose. This is more relevant for patients who have motion degraded imaging and
require repeat PWI sequences. The major disadvantages of ASL PWI is that it requires more time for imaging acquisition, and the spatial
resolution of the images are inferior to DSC PWL
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Fig. 7. Flow chart summarising workflow process for ASL and DSC analysis and comparison.

Despite the potential advantages of ASL PWI, DSC PWI should still remain the mandatory choice of perfusion weighted imaging in
glioma diagnosis and follow-up. DSC is effective in differentiating between tumour progression, pseudoprogression and radiation
necrosis [35-37]. ASL PWI has only been able to differentiate this in small studies. ASL PWI and DSC PWI share similar diagnostic yield
in differentiating between glioma grades. A recent meta-analysis found that ASL PWI and DSC PWI have a similar pooled sensitivity
(0.88 vs 0.92) and specificity (0.91 vs 0.81), respectively, in differentiating between glioma grades [38]. Despite this, gadolinium
contrast administration is vital in demonstrating areas of blood-brain barrier breakdown, and therefore areas of tumour contrast
enhancement. This is important overall in predicting tumour pathology, morphology and grade pre-operatively. Therefore,
gadolinium-based contrast administration and DSC PWI should remain standard protocol in current MRI imaging for glioma diagnosis
and surveillance. ASL PWI may be added as an adjunct until it’s role and validity is clarified further.

Our study has several limitations. Small sample size limited subgroup analysis. Although maximal signal intensity and vessel
density was determined carefully by visual inspection from 2 authors independently, without coregistration, this may introduce
observer bias. Our cohort was uniformly comprised of high grade gliomas, and thus the utility of ASL PWI cannot necessarily be
generalised to low grade glioma or non-glioma pathologies. We did not calculate CBF and CBV to correlate with histopathology as this
was not possible using the imaging acquisition techniques in our study. Nevertheless, in this study, our focus was to determine the
accuracy of using signal intensity as a surrogate marker of cerebral blood flow in predicting the vascularity of high grade gliomas.
Using a simple grey scale approach is inherently less reliable than absolute CBF measurements. It depends on labelling efficiency,
which varies from measurement to measurement due to local susceptibility and the angle of the labelling plane relative to the feeding
vessel. This can lead to signal intensity differences in the left and right hemisphere. This is similarly influenced if the feeding vessels are
diseased (e.g. atherosclerotic), which can render the contralateral reference inaccurate. Furthermore, grey scale depends on the
arterial transit time, which could potentially change during treatment. However, the pCASL settings can be adjusted to account for this.
Despite these limitations, on a practical day-to-day basis, this is a simple means of assessing perfusion by the surgical and medical
teams, and the objective of this study was to assess the accuracy of this method compared to the histological gold standard.

5. Conclusions

ASL PWI discriminates vessel density in high grade gliomas, without the need for gadolinium. Maximal signal intensity did not
correlate between ASL and DSC PWI, and likewise, maximal signal intensity, nTBF-C and nTBF-Cb using DSC did not correlated with
vessel density on histopathology. Measuring signal intensity on a grey scale has limitations and is less reliable than using CBF. =
Further studies are required to validate its utility in differentiating between low and high grade gliomas, and non-glioma brain tu-
mours. As we endeavour toward a new era of contrast-free glioma imaging, ASL PWI will become integral to diagnostic workup and
surveillance of glioma.
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