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Abstract

In patients with high grade gliomas (HGGs), progression after treatment can
be difficult to diagnose due to treatment-related effects, which overlap in ap-
pearance with tumour progression on conventional magnetic resonance im-
aging (MRI) sequences. Specialised imaging methods have been studied for
this purpose, though most institutions currently use histopathology or clini-
coradiological follow-up for diagnosis. This publication aims to review the
evidence for perfusion MRI techniques. The databases of Pubmed, MEDLINE,
EMBASE and Scopus were searched using combinations of the subject head-
ings high grade glioma and MRI perfusion. 41 articles fulfilled the inclusion
criteria. Dynamic Susceptibility Contrast (DSC) MRI was the most extensively
studied, with several studies achieving high sensitivities and specificities.
Other techniques exhibiting potential include Dynamic Contrast Enhanced
(DCE) MR, Arterial Spin Labelling (ASL). However, these techniques are not
widely used or available for clinical practice. Composite measures combining
results from multiple techniques tended to achieve higher accuracies. Some
publications compared processing software used or looked at machine learn-
ing with relative success. An issue common to the literature is the lack of
standardisation in the reference standard and acquisition/processing methods.
Furthermore, many had small sample sizes, and further consideration needs
to be given with regards to timing of imaging, and treatment regimens re-
ceived in such studies.
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1. Introduction

High Grade Gliomas (HGGs), accounting for approximately 50% of all gliomas,
are a group of highly malignant primary brain tumours (WHO Grades III and
IV) known for their poor prognosis [1]. In patients with glioblastoma multi-
forme (GBM) particularly, overall median survival time is 14 - 18 months, and
progression occurs almost inevitably [2].

Currently, standard treatment for HGGs includes maximum safe tumour re-
section followed by concurrent chemotherapy and radiotherapy with adjuvant
temozolomide (TMZ) as outlined by Stupp et al [3]. However, with the addition
of TMZ to the treatment regime, it is now believed that up to 30% of patients
will show a new or enlarging area of enhancement on conventional magnetic
resonance imaging (MRI), of which up to 64% may be attributed to treat-
ment-related effects such as pseudo progression (PsP) or radiation necrosis (RN)
(4] [5] [6].

These treatment-related effects are clinically important for several reasons.
While true progression requires alteration of a patient’s treatment regime, PsP
may resolve spontaneously with continuation of the adjuvant TMZ, and is be-
lieved to carry a favourable prognosis [4] [5]. Furthermore, the validity of phase
IT clinical trials for salvage therapy in recurrent gliomas has been questioned due
to the false inclusion of patients with PsP who appear to respond well to the new
treatment, but are instead undergoing resolution of their treatment-induced
changes [7] [8] [9].

Histopathology is the current gold standard for diagnosis of progressive dis-
ease. However, it suffers drawbacks including sampling error, surgical contrain-
dications, and variable implementation of molecular classifications. Hence, a
single non-invasive, imaging-based technique would be of clinical value. An ear-
lier attempt to define treatment response known as the Macdonald Criteria did
not recognise the clinical entity of treatment-related effects [10]. A later revision
by the Response Assessment in Neuro-Oncology working group, known as the
RANO criteria, attempts to account for PsP by limiting the diagnosis of true
progression to times when an enhancing lesion occurs at least 12 weeks
post-radiotherapy, or if the lesion is outside the confines of the radiation field
[11]. However, this criterion is problematic since the enhancement almost al-
ways occurs within the radiation field, and it has been suggested that up to 30%
of patients with PsP develop MRI changes more than 12 weeks after finishing
radiotherapy [12].
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Numerous trials have since looked at the potential of advanced imaging tech-
niques for the distinction of these two clinical entities. Studies have examined
the diagnostic ability of CT, conventional MRI, as well as advanced MR tech-
niques including diffusion-weighted imaging (DWI) and MR spectroscopy, with
various degrees of success. The evidence surrounding the use of perfusion MRI
(pMRI) techniques to distinguish between true progression and treatment-related

changes including PsP and RN will be reviewed here.

2. Methods

A systematic search of the databases of Pubmed, MEDLINE, EMBASE and Sco-
pus was conducted with search terms: (high grade glioma OR Glioblastoma mul-
tiforme OR GBM) AND (MRI perfusion OR MR perfusion). The search was
conducted on 14 April 2017. The articles were then filtered to isolate only those
published in English (See Figure 1).

Eligibility determination and data extraction were performed independently
by two authors (JD and AA). If a publication fulfilled the inclusion criteria, or if
this could not be determined, the article was reviewed in full-text. In cases of
disagreement, consensus was achieved through discussion, or review by an adju-
dicator (SB). The inclusion criteria were as follows: 1) Primary clinical publica-
tion (not a review/editorial—assessed humans rather than cell or animal model)
(excluding individual case reports and unique conference abstracts), 2) Involved
patients with high-grade glioma (grade III and IV) that had been treated (not
surgery alone—e.g. including, but not limited to, chemotherapy or radiothera-
py), who received MR perfusion imaging, 3) Reported on the effectiveness (in-
cluding, but not limited to, sensitivity/specificity) of any parameter of MRI per-
fusion (either alone or as a part of a composite measure) to distinguish tumour
progression from differentials (such as radionecrosis or PsP), and 4) Available in
full text.

Data extraction was performed in duplicate using a standardized table by two
authors (JD and AA). Risk of bias was assessed using a combination of Cochrane
and QUADAS assessment tools. Glioma progression was considered as positive,

and relevant differentials as negative.

3. Results

A total of 1135 potential articles were identified in the initial search. 1089 of
these publications were written in English. After examining titles and abstracts,
328 publications were reviewed in full-text. A further 287 articles were excluded
at this stage based on the inclusion/exclusion criteria, and the remaining 41 arti-
cles are included in this review (see Figure 1).

The results of the critical analysis for bias and quality using the Cochrane and
QUADAS assessment tools is summarised in Table 1. The overall quality for
each of the publications was satisfactory for final inclusion. Most issues were as-

sociated with inherent limitations of retrospective analyses (such as lack of
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1135 Articles identified:
-514 PubMed

-27 Medline

-306 EMBASE

-288 Scopus

46 Articles excluded after being filtered for English language

1089 Titles/abstracts reviewed:

-493 PubMed

-26 Medline 761 Articles excluded after review of title/abstract:

~304 EMBASE -140 Criteria (1): Primary clinical publication

-266 Scopus -239 Criteria (2): Involved patients with HGG that had been treated, who

received pMRI

-8 Criteria (3): Reported on the effectiveness of any parameter of MRI perfusion

to distinguish tumour progression from differentials

-372 Duplicates + 1 withdrawn + 1 retracted

-5 not found, 1 withdrawn, 1 retracted

328 Full-text articles reviewed

287 Articles excluded after review of full-text:

-106 Criteria (1): Primary clinical publication

-77 Criteria (2): Involved patients with HGG that had been treated, who
received pMRI

-101 Criteria (3): Reported on the effectiveness of any parameter of MRI

perfusion to distinguish tumour progression from differentials

-3 Criteria (4): Not available in full text

41 articles included in review

Figure 1. Flowchart detailing results from the search strategy and application of inclusion and exclusion criteria.

standardisation of treatment and imaging follow-up received) or inconsistency
in the reference standard (e.g. histology vs clinicoradiological follow-up). Studies

adequately defined the exact MRI technique and parameters used, with one main
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Table 1. Summary of quality analysis and bias results according to QUADAS and Coch-
rane methods.

Risk of Bias Applicability Concerns

Study Patient Index Reference Flowand Patient Index Reference

Selection  Test  Standard Timing Selection Test Standard

Barajas et al. 2009

Blasel et al. 2016

-
-

Choi et al. 2013

Dandois et al 2010

Kim TH et al. 2017

~ 90000~

Ozsunar et al. 2010

Prager et al. 2015

Shin et al 2014

N0 2000

00 ~000000"~00>>0>0
O~ 0~ 000000~

Wang et al. 2016

Seeger et al. 2013

Heo et al 2015

Kim et al. 2014

NS 00000 0O

0000000 00O0D-~0000000

Park et al 2016

Sacconi et al. 2016

Hamilton et al. 2015

Kelm et al 2015

0000000 T0000-*"

Song et al. 2013

~ 0000000

0~ O~

Yoo et al. 2016

-

@ Low Risk, @@High Risk, 7 Unclear Risk.

exception, which referred only to “perfusion MRI” [13]. 26 of the included stud-
ies examined a parameter of Dynamic Susceptibility Contrast (DSC) MRI
[14]-[39]. 12 studies examined Dynamic Contrast Enhanced (DCE) MRI [34]
[35] [40]-[49]. Arterial Spin Labelling (ASL), a non-contrast perfusion tech-
nique, was studied in 3 studies [19] [31] [34]. 10 articles looked at compos-

ite/multiparametric measures using either multiple perfusion parameters or
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combinations of advanced MR techniques including MR spectroscopy or DWI
[19] [21] [27] [32] [33] [34] [38] [42] [43] [50]. A further 3 articles looked at as-
pects of information technology; including different software processing meth-
ods, and also machine learning [25] [51] [52]. At least 8 made comments on in-
ter-observer reliability [17] [20] [37] [41] [42] [43] [48] [52].

3.1. Dynamic Susceptibility Contrast (DSC) MRI

DSC-MRI involves the administration of a gadolinium-based contrast agent
(GBCA) followed by the rapid acquisition of gradient or spin echo images, dy-
namically capturing the transient decrease in signal intensity caused by the local
magnetic field distortion of the GBCA within and around blood vessels [53]. By
processing the attained signal intensity (SI)-time curve, various perfusion pa-
rameters including cerebral blood volume (CBV), cerebral blood flow (CBF) and
mean transit time (MTT) can be obtained. These values are generally normalised
to the contralateral, normal-appearing white matter (NAWM). Any contrast
leaving the vascular compartment will prevent signal from returning to baseline.
Of the studies examining DSC-MRI, 23 looked at CBV values [14]-[39], by far
the most common perfusion parameter studied in the literature. Three studies
used a histogram-based analysis [15] [26] [37]. Two publications looked at pa-
rameters from the SI-time curve including relative peak height (rPH) and per-
centage signal recovery (rPSR) [16] [39]. There were 3 studies that performed
qualitative analysis using maps obtained from DSC-MRI [19] [31] [36].
Although several methods exist, the relative CBV (rCBV) for a given region of
interest (ROI) is generally calculated by evaluating the negative enhancement
integral to estimate the area under the SI-curve during the first pass of contrast
agent (see Figure 2 for examples of these measurements) [53]. The rCBV is ex-
pected to be higher in progressive gliomas due to the extensive neovascularisa-
tion, increasing the intravascular compartment volume per voxel. In their article,
Alexiou et al. [14] reported a sensitivity and specificity of 100% for rCBV using a
cut-off value of 2.2 mL/100g in a cohort of 30 patients. These results have also
been obtained in two other studies, although with much smaller sample sizes of
9 and 10 respectively [24] [28]. Most other studies provided P values and
reached statistical significance for the use of rCBV to distinguish true progres-
sion and treatment-related effects with sensitivities ranging from 63% [38] to
100% [14] [18] [24] [28] [33] and specificities from 67.9% [19] to 100% [14] [18]
[20] [23] [24] [28] [39]. Among these studies however, optimum cut-off values
ranged extensively from 0.71 according to Hu et al [24], to as high as 5.01 in
Sacconi et al. [33]. Unfortunately, the issue of wide variability in cut-off values is
known to the literature because of a lack of standardisation in acquiring and
processing rCBV values, including different scanner technologies, varying algo-
rithms for processing, and at times, a lack of quantification. Other reasons for
this variability included the use of maximum (instead of mean) rCBV values [17]
[19] [27] [33] [38], or the choosing of specific ROIs with high CBV within a le-

sion, rather than looking at the entire enhancing area. One study by Prager et al
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Figure 2. Examples of rCBV calculation using DSC imaging in 2 patients with GBM. Pa-
tient 1—imaging done 2 weeks post-completion of initial therapy (surgery + CCRT). (a)
T1 post-contrast image shows an enhancing left anterior frontal mass; (b) DSC perfusion
map at same level with left frontal mean value CBV 69.5, and right posterior temporal
mean value CBV 97.5. rCBV = 0.71 (69.5/97.5), consistent with pseudo progression. PET
scan supportive. mass subsequently reduced in size and enhancement. Patient 2—imaging
done 3 months post-completion of initial therapy (surgery + CCRT); (c) T1 post-contrast
image shows enhancing mass in right temporal lobe; (d) DSC perfusion map with right
temporal mean value CBV 1041.3 and left temporal mean value CBV 510.9. rCBV = 2.0
(1041.3/510.9), consistent with recurrent tumour. Diagnosis proven with surgery.

[32] showed how a higher optimum cut-off (1.74) can be obtained when calcu-
lating the rCBV of chosen ROIs instead of the whole lesion (1.27). Despite the
existing evidence favouring the use of rCBV, 5 studies failed to reach statistical
significance in at least one of the parameters they examined [18] [28] [29] [33]
[37]. A summary of the most robust studies looking at CBV, including those
with a sample size greater than 20, low risk of bias, attempt to incorporate histo-
logical verification, and clear acquisition parameters, are summarised in Table 2.
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Kim et al. [26] performed a study looking at parameters derived from a nor-
malised rCBV histogram such as histogram width (HW), maximum frequency
(PHP) and maximum value (MV). These parameters gave 92.3%, 90.2% and
91.5% for sensitivity, and 70.5%, 91.1% and 72.5% for specificity respectively for
differentiating tumour progression from mixed and treatment-effect groups in a
cohort of 39 patients. In a similar study of 20 patients, Song et al. [37] looked at
the 95®, 90" and 75" percentile points of the histogram, as well as the PHP. They
were not able to replicate success and only one observer obtained statistical sig-
nificance (p = 0.015) for the 95" percentile cut-off. Baek et al [15] looked at
several parameters including maximum, mode, range, as well as percent change
in skewness and kurtosis from first to second follow up MR images. All parame-
ters reached statistical significance with a negative change in skew the best pre-
dictor, attaining a sensitivity and specificity of 85.7% and 89.2% respectively.

Relative PH (rPH) and relative PSR (rPSR) are two parameters determined
from the T2*-weighted SI curve. PH is the difference between the pre-contrast
and minimum signal intensity during first pass of the contrast agent, whilst PSR
refers to the amount of signal intensity recovered based on the difference be-
tween pre- and post-contrast signal intensity, and expressed as a percentage.
Barajas et al [16] obtained a sensitivity of 89.32% and specificity of 81.38% using
an rPH cut-off of 1.38 in 79 patients. rPSR did not perform as well. In another
article by Young et al [39], rPH > 1.7 was 100% sensitive and specific for pro-
gressive disease, while again, rPSR was inferior yet still highly specific with 63%
sensitivity and 100% specificity, albeit using a much smaller cohort of 20 pa-
tients.

Finally, qualitative analysis using rCBV maps was conducted as part of 3
studies. In Choi ef al [19], colour gradients within the ROI were compared to
other areas such as white matter, grey matter or blood vessels, to determine
whether there was definitely increased perfusion in the enhancing area. They
obtained 82.4% sensitivity and 67.9% specificity though they failed to reach sta-
tistical significance (p = 0.133). Ozsunar ef al. obtained similar sensitivity and
specificity of 86% and 70% respectively, though they did manage to reach sig-
nificance in their results (p < 0.01) [31]. A more recent publication by Snelling et
al. [36] in turn found a sensitivity of 60.8% and specificity of 87.8% using a
purely qualitative method.

3.2. Dynamic Contrast Enhanced (DCE) MRI

Like DSC imaging, DCE-MRI also involves administration of a GBCA. It de-
pends, however, on the T1-shortening effects of the contrast agent as it accumu-
lates within the tissue extracellular space at a rate defined by properties of the
blood brain barrier including perfusion, permeability and surface area [53].
After defining a vascular input function (VIF), complicated pharmacokinetic
modelling can be used to yield fully quantitative parameters such as extravascu-
lar, extracellular (V,) and plasma (V,) volumes, as well as a transfer constant

(K"*%), which is believed to reflect microvascular permeability, blood flow, and
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surface area [54]. Progressive tumours are expected to have higher V,, and K"
because of extensive angiogenesis and leaky vasculature. This approach was
taken in 6 of the included studies [34] [35] [41] [44] [47] [48]. A study by Ham-
ilton et al [41] gave an overall accuracy of 79% for four parameters. Mean and
max K™ as well as mean V, gave 80% sensitivity and 78% specificity while
mean V, gave 71% sensitivity and 89% specificity using cut-offs of 0.05, 0.2, 2
and 12 for each of these parameters respectively. Their study also revealed that a
VIF derived from the superior sagittal sinus (SSS) performs better than that
taken from the middle cerebral artery [41]. Two other studies achieved similar
results using K" [34] [48] though only Yoo et al. also reached significance us-
ing the mean V, with a cut-off of 0.873 [48]. Shin et al [35] normalised their
values to the contralateral NAWM and obtained a sensitivity of 61.1% and speci-
ficity of 80% using a cut-off of 2.1 for the mean K™, Significance was also ob-
tained in a study by Thomas et al [47], which obtained significance using the
normalised mean and 90" percentile points for V,. The latter performed best
with a 92% sensitivity and 85% specificity. There was one study that obtained
CBV values using a Patlak plot [55]. In this article, Larsen et al [44] achieved
100% sensitivity and specificity for detecting tumour progression. However, it
should be noted that this was using a small cohort of 14 patients, of which only 2
were diagnosed with treatment-related effects.

There were 8 studies which used semi-quantitative descriptive indices from
the raw signal intensity data as plotted on the SI-time curve; parameters which
are less physiologically specific, but still reflect the CBF, CBV and microvascular
permeability [35] [40] [41] [42] [43] [45] [46] [49]. Chung ef al [40] have sug-
gested that the initial area under the curve (IAUC) may be higher with the in-
creased tumour vascularity and surface area, while treatment-related effects
might show a higher final AUC (FAUC) due to greater retention of contrast in
the extracellular, extravascular space associated with cell loss and tissue damage.
In their study, they obtained statistical significance for several mean and 90™
percentile point parameters, with a best of 93.8% sensitivity and 88% specificity
for the mean AUC ratio of IAUC (0 - 30 s) to FAUC (320 - 350 s) using a cut-off
of 0.23 [40]. These results were replicated in a study by Suh et al [46] which
looked at the AUC ratio and found 90.1% sensitivity and 82.9% specificity with a
cut-off of 0.31. Several studies have demonstrated the validity of the 90™ percen-
tile point of IAUC [42] [49]. The 90™ percentile histogram is believed to be more
statistically reliable, yet almost equivalent to the maximum value [40]. Interest-
ingly, Heo et al [42] obtained their results in a cohort of patients for whom
DSC-MR images were uninterpretable. Others have validated the use of mean
TIAUC [35] [41] [45]. Hamilton et al. [41] used what they termed “delayed short
AUC” (the AUC between end of the initial wash-in phase the start of the early
washout phase) divided by the VIF to obtain 93% sensitivity and 78% specificity
with a cut-off ratio of 20%. Finally, Narang et al [45] examined two different
semi-quantitative parameters, the slope of the delayed equilibrium phase (SDEP)

and maximum slope of initial vascular phase (MSIVP). The latter obtained a
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sensitivity and specificity of 100% with a cut-off value of 9.5 in their cohort of 29
patients.

3.3. Arterial Spin Line Imaging (ASL)

Three publications reported on arterial spin labelling (ASL) for differentiating
HGG progression from differentials [19] [31] [34]. ASL measures perfusion us-
ing the patient’s own water molecules as tracers, and hence does not require the
administration of gadolinium contrast agents. A 3 point qualitative grading as-
sessment of ASL was found to have equal [19], or greater [31] diagnostic accu-
racy compared to quantitative assessment. These studies are summarised in Ta-
ble 3.

3.4. Composite/Multiparametric Measures

Of the 10 studies that used composite/multiparametric MRI, 6 used solely DSC
[21] [27] [32] [33] [38] [50], 1 used solely DCE [42], 1 used ASL + DSC [19], 1
used DSC + DCE [43], and 1 used ASL + DSC + DCE [34] adjunctive to other
non-perfusion based techniques. In general, the composite measures exhibited
greater diagnostic accuracy compared to single parameters, except for 3 studies
which found no statistically significant difference for certain measures [19] [32]
[33]. Further, studies utilising three or more parameters in a single measure had
greater diagnostic accuracy when more imaging modalities were utilised compo-
sitely (see Table 4) [21] [34] [50].

3.5. Software Processing/Machine Learning

Three studies reported on aspects related to computer software in improving
diagnostic accuracy. Two studies focused on differing software processing [51]
[52], and one looked into the use of machine learning via an automatic support
vector machine (SVM) in place of a human index test assessor [25].

Hu et al [51] and Kelm et al [52] utilised different software packages includ-
ing IB Neuro (IBN), Nordic ICE (NICE) and FuncTool to synthesise CBV im-
ages from DSC-MRI, and subsequently assess their ability to differentiate tu-
mour progression from treatment-related change and pseudo progression. IBN
and NICE employ the use of the Boxerman mathematical algorithm, whereas
FuncTool utilises pre-bolus and post-bolus linear interpolation in calculation
[52]. Hu et al. [51] obtained an optimal accuracy of 85% with a cut-off of 50%
fractional tumour burden through IBN correction of rCBV, compared to NICE
correction with gamma variate fitting (gvf) (67%) and without gvf (70%). This
was in a cohort of 52 patients, with significant variation in initial tumour histol-
ogy, and contrast materials. In contrast, Kelm et al [52] assessed accuracy and
variation in results between software with a number of different threshold val-
ues, 1.5T/3T imaging, and classification criteria (e.g. survival, treatment change
and combined). It was found that there was always one software package as out-
lier for each of the three-metrics compared to the other two, a different package

being outlier for each. This suggests considerable variability between software.
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However, use of survival and treatment change as the reference standard inher-
ently gives wide variability compared to histopathology. As such, the authors
could not recommend an optimal choice. Suggested/published cut-offs and
processing methods specific to each of the software packages should be adhered
to.

An automatic SVM to replace the index test assessor was utilised by Hu et al
[25] in 31 patients with GBM. An optimal nCBV and nCBF cut-off of 1.14 and
0.98 respectively garnered sensitivities of 89.1% and 84.4%, and specificities of
87.7% and 91.0%. This method has the clinical advantages of being fully auto-
matic (save for choosing a ROI in contralateral tissue), with decreased operator
dependence/time input, and respectable diagnostic accuracy. Larger trials are

required to confirm these results.

3.6. Interobserver Variability

Eight publications had two or more separate outcome assessors to assess in-
ter-observer variability. The majority of studies assessing DSC-MRI exhibited
satisfactory inter-reader correlation [20] [37] [43] [52], with one study showing
high correlation (r = 0.932 p < 0.001) for manual drawn ROIs [17]. DCE pa-
rameters similarly showed satisfactory inter-reader concordance in all 3 studies
in which it was assessed [41] [42] [43] [48]. Some studies showed how reliability
could differ among specific parameters within DSC and DCE [41] [43]. A sum-

mary of the inter-observer reliability can be found in Table 5.

4. Discussion

The lack of an appropriate diagnostic criteria that properly accommodates the
clinical entity of post-radiotherapy effects indicates that a non-invasive, imaging
based, diagnostic tool would be useful in their distinction from progressive
glioma. In this article, the evidence for various parameters of perfusion-based
MRI techniques including DSC, DCE, and ASL MRI, as well as composite meas-
ures with other advanced MRI techniques have been reviewed. In addition, the
review has encompassed the use of machine learning, various software packages,
as well as the inter-observer variability of these techniques.

One of the difficulties with perfusion-based MRI techniques is that of identi-
fying the dominant pathology in the setting of heterogeneous changes (for ex-
ample, combinations of HGG, LGG, necrosis, and inflammation in an individual
patient). Another issue is the lack of standardisation of acquisition parameters
and processing techniques. Problems related to acquisition include field
strength, gradient echo versus spin echo, flip angle, use of contrast agent, and
issues inherent to the specific perfusion technique. Firstly, the use of higher
magnet strengths Ze. 3T vs 1.5T gives several advantages, including a better spa-
tio-temporal resolution, and a higher signal-noise ratio [56] [57]. 3T over 1.5T
has been validated in one of the publications included in this study [52]. Unfor-

tunately, 3T systems are not available at all institutions. Although gradient-echo
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acquisition of DSC images is the most preferred, and widely used technique, it
has been suggested that spin-echo acquisition may offer a higher signal-noise ra-
tio, and reduced susceptibility artefact [51]. Spin-echo requires higher doses of
contrast, and there is insufficient evidence to suggest that spin-echo is superior
for diagnosing tumour progression in GBM patients [17] [51].

Furthermore, choice of contrast agent can also affect the results. For example,
gadobenate has exhibited twice the T1 relaxivity effects compared to gadodia-
mide, suggesting that the former would exhibit a larger T1 leakage effect [58].
This pertains particularly to DSC-MRI where a leaky BBB means that T1 leakage
and T2* residual effects must be corrected in order to achieve maximum accu-
racy. Administration of a preload dose of contrast before the main bolus can
saturate the interstitium, partially correcting for these effects, but the extent to
which it does so remains undefined [17]. Mathematical correction techniques
can also be employed. These include the use of a smaller flip angle (FA), mathe-
matical techniques such as gvf, baseline subtraction, or other software-based al-
gorithms. Unfortunately, low FA reduces the signal-noise ratio and can poten-
tially exacerbate T2*-weighted effects [59]. These techniques were variably im-
plemented in the reviewed studies, with the majority using pre-load contrast
dosing [17] [18] [20] [21] [23] [24] [31] [35] [38], or a small 35" FA [15] [16]
[19] [26]. Post-imaging techniques were also utilised in most studies including
gvf [15] [19] [26] [27] [32] [35] [37] [38], baseline subtraction [23], or software
based algorithms [14] [17] [18] [24] [27] [30] [31] [35] [37]. 7 studies did not
specify, or were unclear about what technique was used [22] [25] [29] [33] [34]
[36] [39]. A comparison between these techniques as it pertains to the diagnosis
of tumour progression, or at least some method of standardisation, is required.
The method for normalisation must also be standardised, since grey and white
matter have different microvasculature features. Gahramanov et al. [60] have
proposed the use of an iron-based agent, ferumoxytol, since it exhibits less ex-
travasation, and hence leakage correction is not an issue. Furthermore, feru-
moxytol is not renally cleared and so may have other advantages in patients with
renal failure or contrast allergies. Additionally, DSC-MRI has other inherent
limitations including high susceptibility to artefact, especially in areas around
the skull base, from blood products from surgery, or from metallic hardware.
Another primary inconsistency in the included studies is the choice of the ROL
Whilst some used a “hotspot” method, others used the entire enhancing lesion,
potentially reducing the rCBV in these areas. At present, there is no widely
available technique to accurately calculate CBV in ml/100g brain on MRI, as is
currently achievable on CT. Most centres therefore employ rCBV measure-
ments. Standardisation is required in the first instance, however ultimately, the
preferred option would be a validated, and widely accepted quantitative tech-
nique.

DCE-MRI has higher spatial resolution and is more resistant to degradation
from susceptibility artefact from bone, air and blood interfaces. However, its

processing is more complicated. Model-based pharmacokinetic processing, such
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as that outlined by Tofts ef al [54] presents several difficulties despite suppos-
edly giving greater and more specific physiological insight [61]. These difficulties
include parameter coupling, measuring of the vascular input function, water ex-
change, and model fit instability [19]. Among the included studies, Hamilton et
al. [41] suggested that use of the SSS for the VIF maximised accuracy for tumour
progression diagnosis; however, values can still vary largely if care is not taken.
Inconsistencies still exist in using the semi-quantitative parameters. For exam-
ple, the IAUC was determined using variable time points such as 0-30s or as
long as 120s.

Although ASL has its own advantages including reduced susceptibility arte-
facts, low cost and no need for GBCA, it is not yet widely accepted in its own
right and suffers from reduced signal-noise [19] [31] [62]. As for the use of
composite measures, acquisition times and costs need to be considered, as well
time taken for data processing, and difficulty in interpretation, even amongst
expert readers.

Another issue to be considered is the difference between PsP and radiation
necrosis. While PsP usually occurs early (within the first 3 months, though may
be longer), late radiation necrosis in particular may occur months or years fol-
lowing treatment. Some studies have suggested that the timing of MRI following
treatment should be taken into account when interpreting images since the two
might require different cut-off values [48]. Shin et al [35] suggested that PsP is
more difficult to distinguish from progression compared to radiation necrosis.
Likewise, methylation of the O%-methylguanine-DNA methyltransferase (MGMT)
promoter may need to be considered since it has been suggested in a recent
study that the MGMT protein may modulate angiogenesis, and hence, alter the
rCBV of a lesion [49] [63].

It has already been mentioned that there is a lack of standardisation in the
reference standard for assessment of treatment response. This inconsistency is
reflected as a weakness in many of the studies that used both histology and
clinicoradiological follow-up for diagnosis. Histology is the current gold stan-
dard; however, surgical access is not always feasible and it may carry morbidity
rates from 1% - 4.7%, as well as mortality rates from 0% - 2.3% [14] [16] [64]
[65]. Even when possible, biopsy may give false negatives due to a 10% tissue
sampling error [66]. There is considerable variability in co-registering regions of
histology with ROIs on MRI. Ideally, a simple grid pattern would be undertaken
through the resected lesion and co-registered to an identical grid on imaging.
However, this presents challenges given inherent variation in surgical tech-
niques, lesion morphology, lesion location and tissue distortion in vitro. Signifi-
cantly, in approximately one third of patients, histology shows a mixture of tu-
mour progression and radiation effects [67]. Some of the included authors have
acknowledged this issue, and attempted to correlate perfusion MRI with a
so-called “fractional tumour burden”. How this might impact clinical deci-

sion-making, such as when to alter treatment regimens, remains to be seen. As

DOI: 10.4236/0jmn.2018.83024

298 Open Journal of Modern Neurosurgery


https://doi.org/10.4236/ojmn.2018.83024

J. Dongas et al.

for follow-up, studies are limited by the length of the follow-up period. Indeed,
patients may develop treatment-related changes, and also progression concur-
rently. This may confound results depending on follow-up time and diagnostic
criteria used in particular publications.

Aside from the limitations that have already been discussed, many of the
studies had a small sample size, particularly in the treatment effect group. This
may call into question the validity of the specificities obtained in these studies.
Furthermore, some studies had other primary goals such as determining overall
survival, with differentiating progression and PsP/radio necrosis as a subsection.
This may give rise to selective reporting bias, without full exploration of their
results. Other potential issues include the heterogeneity of tumour types and
grades included, with some studies incorporating small numbers of low-grade
tumours in their cohorts. The use of additional treatments such as steroids or
bevacizumab in some studies may also affect perfusion parameters.

Future studies in this area should endeavour to use larger sample sizes, and
also seek to compare acquisition and processing techniques so that the best
methods can be obtained for standardising purposes. Vendor cooperation with
regards to standardisation of scanner technology and software would facilitate
this aim. High quality studies should use a robust and consistent criterion for the
reference standard; either histology or long-term follow-up. Details of the pa-
tient cohort and timing of MRI in relation to the chemoradiotherapy treatment
should be made clear. Physicians seeking to apply perfusion MRI into their
clinical practice should endeavour to adhere to the same pMRI technique, acqui-
sition parameters, and processing techniques as the authors of the relevant pub-
lication when applying cut-off values cited in an article.

It should be acknowledged that this review has several limitations, such as the
exclusion of studies not published in English. Furthermore, although inclusion
of conference abstracts is desirable to minimise the potential for publication
bias, these were excluded from the review since it was felt that details of the im-
age acquisition and processing are important considerations, and that insuffi-

cient detail would be available from conference abstracts.

5. Conclusion

Perfusion MRI is one of the imaging techniques with the potential to differenti-
ate tumour progression from treatment-related effects including pseudo pro-
gression and radiation necrosis. DSC-MRI is the most well-studied. Other po-
tential candidates include DCE-MRI and ASL techniques. Although each has
shown promise, no single technique has been shown to be reliable as of yet. Fu-
ture studies should aim to use larger patient cohorts with standardisation of
treatment regimes, as well as acquisition and processing methods. Refinement of
algorithms to combine multiple parameters is likely to achieve higher sensitivity
and specificity than single parameter assessment owing to the heterogeneity of

the pathology and imaging challenges.
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