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Abstract

Perfusion-weighted magnetic resonance imaging (MRI) is a widely
used technique to study the blood perfusion to brain tumours. It provides
information on tissue hemodynamic changes and increases the accuracy of
anatomical MRI in the diagnosis of brain tumours. Numerous perfusion MRI
techniques have been devised to measure various perfusion-related
parameters in the last 30 years. There are two primary perfusion MRI
approaches those with exogenous contrast agent including dynamic
susceptibility contrast MRI (DSC-MRI) and dynamic contrast enhanced
MRI (DCE-MRI); and those without exogenous contrast agent, including
arterial spin labelling (ASL). Despite the substantial development of
perfusion MRI, the technique still encounters significant challenges. Many
limitations and drawbacks have been already pointed out in the literature, yet
more work remains to be done to address these limitations. A major issue
with these techniques is the lack of technical standardisation in acquisition
and post-processing methods. Furthermore, high-quality images cannot be
achieved without attention to quality control. This thesis focuses on
perfusion MRI in brain tumours with a great deal of attention to
reproducibility, quality control and standardisation
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Overview and Aims

This thesis focuses on perfusion measurements of brain tumours with Magnetic
Resonance Imaging (MRI). More specifically, it focuses on the major issues that limited
the use of quantitative perfusion MRI in clinical practice such as, quality, reproducibility
and optimisation. It includes eight chapters and five studies.
1.! Chapter 1: Introduction.
This chapter is an introduction and a literature review with the main focus on perfusion
MRI in brain tumours. With the increasing use of perfusion imaging in neuro-oncology
as well as in clinical trials, it is important to have a firm understanding of different
imaging options in neuro-oncology in general and perfusion imaging and their clinical
applications in particular.
2.! Chapter 2: General Methods of MRI perfusion.
The methodologies of perfusion techniques used in this thesis are discussed in this chapter
with highlights on basic principles, physics and theories. As well as the post-processing
methods.
3.! Chapter 3, Study I: Inter- and Intra-Observer Agreement of rCBV measurements
in Glial Tumours Using Different Proprietary Software Analysis Tool.
Acquisition of DSC-MRI differs across imaging centres and different MRI manufacturers
leading to variability in the measurements. Further sources of inconsistency lie in the use
of different post-processing software packages that have different approaches to quantify
perfusion and are susceptible to operator dependency. Variable methods of definition of
arterial input function and deconvolution can result in significant differences in the
measurements. Therefore, there is a need for standardisation of image protocols and postprocessing methods across different institutions. In this chapter, I examine the
reproducibility of relative cerebral blood volume (rCBV) measurements in biopsy proven
gliomas derived from DSC-MRI using three different software packages.
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4.! Chapter 4, Study II: Quality Control Scoring for Arterial Spin Labelling Perfusion
Maps
ASL has become recently commercially available on most MRI scanners. However, there
are fewer ASL studies of brain neoplasms compared to DSC and DCE, owing to its low
signal to noise ratio (SNR), marked sensitivity to motion in particular, and other kinds of
artefacts. This developing technique is increasingly used in neuroimaging and its noninvasive nature makes it an attractive tool in clinical trials. Indeed, the idea of this chapter
was inspired by the growing usage of ASL imaging in clinical trials and aimed to provide
researchers with a dedicated quality scoring system to evaluate ASL maps. Such a scoring
system could also highlight certain quality problems, which could be subsequently
addressed. Finally, this scoring system could be eventually used as a teaching tool for
radiologists to allow them to differentiate between artefacts and perfusion abnormality.
5.! Chapter 6, Study III: Triple Perfusion MR Imaging in Brain Tumour
Perfusion MRI techniques are sensitive to microvasculature, thus, can be a robust tool to
study brain tumours where the neovascularisation is a hallmark of malignancy. In this
study, I compared three methods to find out whether the derived parameters can be used
interchangeably or complementary and whether ASL can replace DSC in a clinical
setting.
6.! Chapter 7, DSC-MRI perfusion measurements in Brain Tumours: Internal
Reference Region Can be a Source of Variability
One of DSC-MRI’s limitations is that absolute measurements are difficult. Because, the
derived parameters are dependent on the methods, such as acquisition technique and postpossessing methods. To overcome this limitation, Tumours’ perfusion measurements in
a region of interest (ROI) mostly are normalised to measurements of an internal reference
typically normal-appearing white matter (NAWM). This method is robust. However, it is
operator dependent and the most optimal method of ROI placement is not known. In this
chapter, I tested the variability of perfusion measurements originated from different
reference ROIs.
7.! Chapter 8, Study V: The effect of the Scan length of DCE-MRI on the derived
parameters.
Optimising DCE-MRI acquisition time is challenging since short scanning time increases
the uncertainty of the parameters and long scanning time (> 5 minutes) increases the
5

probability of significant patient motion that may severely compromise the
pharmacokinetic analysis. No standard technique is available. The routine scanning time
in this department is 7 minutes. In this chapter, I tested the effect of variations in the total
scanning time by truncation of the tail of the dynamic time-series to have five different
lengths, 3, 4, 5, 6 and 7 minutes.
8.! Chapter 8: Conclusion, Outlook & Future Plans.
In this final section, I provide a summary and discuss the prospects for perfusion imaging.
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Hypothesis

Quantitative perfusion imaging has a great potential in clinical practice for imaging
brain neoplasm if the different sources of variability in the measurements are minimised
and the technique is optimised to address the pathophysiological changes in tumours.
The steps taken to test the hypothesis
Reproducibility of perfusion measurements was assessed by testing:
•! The inter-observer agreement.
•! The intra-observer agreement.
•! The intra-software variability.
•! The variability originating from the deferent analysis approaches, such as the choice
of the reference region of interest.
The quality was assessed by:
•! Developing a scoring system to assess ASL maps, because the quality is a major
issue in ASL imaging.
Methodological optimisations were implemented by:
•! Comparing all three perfusion methods, to determine the relationship between the
parameters and which one has better correlation with the pathology.
•! The optimal location for the internal reference region was tested by investigating the
diagnostic performance of three regions, two in the white matter and one in the head
of the caudate nucleolus.
•! The optimal scan duration for DCE-MRI was assessed by varying the length of the
dynamic series.
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Chapter 1 Introduction

Chapter 1!
Introduction
The human Brain is surprisingly complex in its anatomy, physiology and pathology.
It is a distinctive organ whose complexity is worthy of investigation. In the Brain, water
can freely diffuse through membranes but nutrients have to be supplied by the blood
stream. The steady state delivery of oxygen and nutrients via blood to brain tissue, at the
level of the capillaries, is called cerebral perfusion1. Measuring of cerebral blood
perfusion is relevant in many clinical conditions, such as brain tumours, stroke and
dementia. This introductory chapter focuses on magnetic resonance perfusion MRI in
brain tumours starting with a historical overview followed by relevant anatomy,
physiology and pathology, finishing with imaging in neuro-oncology focusing on
perfusion imaging.

1.1. Brilliant minds
One hundred and twenty years ago it was impossible to explore the brain during
life. Imaging of the brain has tremendously progressed over the last century, evolving
from imaging anatomy, through physiology to possibly imaging emotions. In the
acknowledgement of all those scientists who made it possible, I express my gratitude in
this section.
Imaging in Neuroradiology began with a skull radiograph soon after the discovery
of X-rays by Wilhelm Conrad Röntgen on November 8, 18952. This great discovery was
followed by several publications describing the usefulness of skull X-rays in brain
tumours, of which probably the most comprehensive one was: Röentgen-diagnostik der
Erkrankungen des Kopfes (Radiology of Diseases of the Head) in 1912 by Dr Schüller.
Schüller was the first to describe pineal calcification displacement by cerebral tumours3,
as well as the first to use the term neuroradiology. For that reason, Schüller is considered
the father of neuroradiology4. Dr Walter Dandy, a neurosurgeon, was the first to introduce
ventriculography in 19185. He followed that innovation with his report on the first use of
9
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pneumoencephalography5. Angiography was introduced by a Portuguese neurologist,
Egas Moniz, in 19276.
The development of cross-sectional imaging was a paradigm shift in neuroimaging.
The idea of computed tomography (CT) was born as a result of the frustration of the
invasiveness and morbidity associated with pneumoencephalography and angiography.
In 1961, American neurologist William Oldendorf built a prototype that transmitted a
beam of x-rays through the head but he was unable to obtain funding for further
development7. A decade later, in England, electrical engineer Godfrey Hounsfield,
developed the back-projection technique, which could reconstruct internal structures of a
body from a number of x-ray transmission measurements8,9. Hounsfield and colleague
built a prototype scanner at Electric and Musical Industries (EMI) Central Research
Laboratories in Hayes, West London, the scanner was limited to the head. On 1st October
1971, Jamie Ambrose, a consultant radiologist, and Hounsfield made history by
performing the first clinical CT scan at Atkinson Morley's Hospital, in London, England9
using EMI’s CT scanner. The patient, who was a lady with frontal lobe tumour,
underwent surgery, a comment was made in the surgery report that "it looks exactly like
the picture". The first whole body CT scanner was installed in the United States in 1973.
CT scan -or as it was known before as CAT scan, an acronym of Computerized Axial
Tomography- became widely available by about 1980 and since then neuroradiology has
changed forever.
Many scientists have contributed to the development of nuclear magnetic resonance
(NMR) over a half century (1930-1983), leading to the construction of reliable magnetic
resonance imaging (MRI) scanners for clinical practice10. The underlying basis NMR was
developed in 1946 and initially utilised in analytic chemistry. The first successful
experiment with NMR precision measurements was done independently by Felix Bloch
and Edward Mills Purcell11,12. The first NMR study of a living animal was published in
1968 by Jasper Jackson13. Three years later Raymond Damadian used T1 and T2
relaxation times to demonstrate differences between tumorous and normal tissues in
mice14. In 1973, Paul Lauterbur published the first 2D NMR images by applying backprojection to the data15. In 1975 selective excitation methods for spatial localisation of
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the data were described by Kumar et al.16. The first MRI images of live humans were
published in 197717,18, and research on brain imaging began to be published in 198019,20.
In 1893 G.N. Stewart had attempted to develop a method to measure cardiac output
and circulation time in animal organs21,22. He had the idea of injecting sodium chloride
(indicator) into a dog, estimating the circulation time by taking samples of blood before
and after such injection. Stewart’s work had opened the way for thousands of future
studies measuring perfusion by an indicator method. In 1944, Seymour Kety and Carl
Schmidt conducted the first study to measure blood flow in the human brain23. They used
a mixture of 15% nitrous oxide and 85% oxygen inhaler, sampling arterial and venous
blood several times. Nitrous oxide, being physiologically inert, can diffuse across the
blood-brain barrier, and it is quantifiable in blood. Finally, they applied the Fick
principle24 to calculate cerebral blood. In the early 1960s, cerebral blood flow
measurements could be made by the injection of radioactive indicators. In 1965, D.H.
Ingvar et al. injected Xenon133 into the internal carotid artery, the emitted gamma rays
measured externally by a scintillation detector in four regions of the brain. This was the
first study to measure regional cerebral blood flow in humans with nuclear medicine25. In
early 1960 David Kuhl and colleagues developed image reconstruction techniques from
single emission photon tomography (SPET), enabling them to quantify cerebral blood
flow by displaying indicator concentration levels26. The first attempt to measure cerebral
blood flow by CT scan was performed by Gunther Ladurner et al. in 197627. Leon Axel
presented a well-formulated theory for CT cerebral blood perfusion in 198028.
The pioneering efforts in image perfusion with MRI were by Le Bihan et al. in
198629 and Turner 30, they used the dephasing of randomly perfusing water protons by
magnetic field gradient as an index of tissue perfusion. However, their work was thwarted
by their inadequate hardware, which was unable to image sufficient dynamic data for
meaningful perfusion quantification. Papers on ischemic stroke, however, pre-date this;
in 1981 Jens Astrup is accredited with introducing the term "penumbra", he borrowed the
name from the solar eclipse. In his paper, he encouraged the repeated non-invasive 3dimensional imaging of residual blood flow in the ischemic brain. In 1988, Arno
Villringer and his colleagues were able, for the first time, to describe a technique that
estimated the cerebral blood flow and volume. The technique involves an injection of a
11
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bolus of contrast agent followed by rapid measurement of the T2 weighted image signal
loss, caused by spin dephasing, during the first passage of the bolus through the tissue.
This technique is called dynamic susceptibility contrast or DSC-MRT31. The first work
on arterial spin labelling (ASL) was pioneered by Donald Williams and John Detre in
1992, using continuously inverted water spins in the inflowing blood as a freely diffusible
tracer to measure the cerebral blood flow32.
Eugene Renkin studied the leakage of a blood-borne tracer into the interstitium and
he was the first to define the extraction ratio in 195933,34. Four years later Christian Crone
could quantify a tracer permeability using a single capillary model, that model was known
as Crone-Renkin model35. The tissue homogeneity permeability model was first
introduced by Johnson and Wilson36. Patlak and colleagues developed a simplified
matrix-based model, which was mathematically similar to the Crone-Renkin model37. In
1991 Tofts and Kermode revised and compiled the existing permeability models into a
compartmental model that is known today as the standard model38.
Perfusion and permeability imaging have tremendously developed since the abovementioned pioneering works, paralleled by the advancement in sequence and hardware
development. Countless names are to be mentioned here, all of whom contributed to the
development of Neuroimaging in general, and perfusion imaging in particular. What I
have presented here is only the tip of the iceberg. Table 40 in appendix contains a list of
scientists that contributed to the development of perfusion imaging in MRI.
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1.2. Something About the Brain
The human brain is a complex, magnificent organ that defines us as a self. It
distinguishes us by its ability to perform higher-order cognitive functions, allowing
humans to think creatively, make complex decisions, store memories, feel emotions and
make dreams. To understand the complexity of various neurological conditions, it is
important to appreciate the anatomy of the brain and the interrelation between structure
and function. By understanding this relationship, one can begin to comprehend the myriad
actions of the disease processes that interfere with normal physiology.

1.2.1. Anatomical background
Anatomically, the brain is composed of the two cerebral hemispheres, cerebellum,
brainstem, and other structures such as blood vessels and meninges. The outermost part
of the brain is formed of a thin layer of grey matter, which is arranged into areas of
convolutions (gyri) separated by deep fissures (sulci). The basal ganglia are a group of
nuclei in the cerebral hemispheres that are interconnected with the cerebral cortex,
thalami and brainstem. Neuronal cell bodies, the functional units of the nervous system,
are located in the grey matter and basal ganglia. The white matter, which lies beneath the
grey matter, contains the cytoplasmic extensions of neurones (axons). The axons form
networks that interconnect the central nervous system (brain and spinal cord) and the
peripheral nervous system all over the body. The brain also contains a system of spaces
called ventricles; these spaces are filled with cerebrospinal fluid (CSF)39,40
The blood supply to the brain depends on two sets of branches from the dorsal aorta.
The vertebral arteries arise from the subclavian arteries, and the internal carotid arteries
are branches of the common carotid arteries. The two primary sources of cerebral vessels
form a polygon anastomotic system of arteries at the base of the brain called the circle of
Willis. This communicating pathway permits equalisation of blood flow between the two
cerebral hemispheres and allows anastomotic circulation if one of the major arteries is
occluded. The interface between the walls of capillaries and the brain tissue is unique.
Unlike most organs, it has a highly selective permeability that separates the blood in the
circulation from the brain extracellular fluid. This interface is called the blood-brain
barrier (BBB). The BBB is composed of (1) capillary endothelial cells, which are
13
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connected by tight junctions, (2) thick basement membrane (pericytes) and (3) astrocytic
endfeet42. This barrier selectively allows the passage of water, some gases, and lipid
soluble molecules by passive diffusion, it also permits the transport of glucose and amino
acids which are necessary for neural function.

1.2.2. Physiology of Cerebral perfusion
The human brain is a highly metabolically active organ. In adults, it receives up to
15% (750ml/min) of cardiac output and accounts for 20% of the total energy consumption
at rest, but contributes to only 1-2% (1400g) of total body weight44,45. Tissue perfusion is
a physiological process in which the blood flows through arteries and capillaries to deliver
nutrients and oxygen to cells and to wash away cellular waste products. Normal perfusion
requires sufficient cardiac output and healthy blood vessels1.

Cerebral Blood Flow
The amount of blood supplied to the brain at a given time is called the cerebral
blood flow (CBF). This amount is expressed in millilitres of blood flowing through 100
grammes of brain tissue per minute (ml/100g/min)44,45. It is important to recognise the
difference between perfusion, which is the blood flow at the capillary bed level1 and bulk
blood flow, which occurs along major arteries and veins. The bulk blood flow is measured
by unit mass or volume per unit time, e.g. mL/s46.
The CBF is determined mainly by two factors; the cerebral perfusion pressure
(CPP); and cerebral vascular resistance (CVR)61.
CBF = %CPP/CVR

Equ 1

CPP is the driving force of cerebral perfusion; it is the pressure gradient between the mean
arterial pressure (MAP) and intracranial pressure (ICP):
CPP= MAP – ICP

Equ 2

CVR is an accumulative effect of the resistance of the cerebrovasculature, from the
large cervical arteries up to the smallest cerebral arterioles. CVR is inversely related to
the vessel diameter.
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CPP varies, physiologically or pathologically, with the MAP. However, the CBF is
tightly maintained over a broad range of MAP (60 - 170 mm Hg). Several factors regulate
the maintenance of CBF within narrow limits, the main two mechanisms of which are
autoregulation and the blood level of Carbon dioxide (CO2) and oxygen (O2).
Autoregulation is a complex hemodynamic reflex, which alters the CVR within the
brain to compensate for the changes in the CPP. For instance, the blood vessels dilate,
thus the CVR decreases, in response to a low CPP. This process leads to maintaining the
CBF (equation 1), (Figure 1). Several factors control autoregulation. Firstly, the arterial
smooth muscles that respond directly to changes in blood pressure by vasodilatation or
constriction thus alter the diameter of the vascular lumen; Secondly, local concentrations
of metabolites that have a direct effect on vascular tone; lastly, autonomic neural impulses
in response to local or remote factors may also control vascular tone47.

Figure 1: Limits of Autoregulation
The graph demonstrates the relationship between cerebral blood flow and cerebral perfusion pressure.
Autoregulation maintains the CBF constant in a range of CPP of ≈ 60-160mmHg

Cerebral Blood Volume
Cerebral blood volume (CBV) is the amount of blood present in the tissue. In MRI
regional CBV is defined as the volume of blood in a brain voxel divided by the mass of
the voxel, expressed in millilitres per 100 grammes of tissue (ml/100gm)48. CBV is
related to the CBF by the central volume theorem.
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CBV = %CBF% ∙ %MTT

Equ 3

Where MTT is the mean transit time, which is the average time in which the tracer
substance passes through the vascular bed of the tissue of interest49. CBV can be divided
into arterial, capillary and venous blood volume compartments. Arterial volume is the
blood in the precapillary vessels including arteries and arterioles while venous volume is
the blood in the post-capillary vessels including veins and venules50. CBV changes are
important for regulation of CBF under a normal and pathological condition such as in
cerebrovascular disease. When CBF reduces, blood vessels dilate, subsequently
increasing CBV and maintaining cerebral perfusion. Table 1 includes normal reference
values of CBF, CBV and MTT.

Table 1: Normal Perfusion Values
CBV, CBF and MTT literature reference values for grey and white matter by PET.
CBV (ml/100ml)

CBF (ml/100ml/min)

MTT (sec)

Grey matter

5-7

45-60

4-5

White matter

2.5-3

19-22

≈ 4-6

1.2.3. Brain tumours overview
Brain tumours are unique in several ways if compared with systemic cancers. For
instance, the intracranial space is limited by the skull and dura, allowing very little - if
any - increase in the volume of the content. Therefore, tumour cells adapt to grow more
in an infiltrative than an expansive pattern51,52. The BBB limits the spread of tumour cells
to the systemic circulation. However, tumour cells may hide behind the BBB and migrate
with minimal structural and physiological disruption of the brain making imaging
detection more challenging53.
The aetiology of central nervous system tumours is still ambiguous, but
environmental factors are thought to play a role54. Association between brain tumours
and exposure to electromagnetic fields is reported55. Others reported an association with
exposure to ionising radiation56. Genetic predisposition is found in patients with familial
cancer syndromes57 and head injury may also be a risk factor58 and the association with
an oncogenic virus remains controversial59. The median survival of patients with gliomas
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vary from 1 year for glioblastoma, to 2–3 years for grade III and 5–10 years for a grade
II glioma60-62.
The classification of brain tumours has extended from a broad range of different
histopathological criteria to a combination of genetic and molecular characteristics63,64.
Brain neoplasms are typically divided into primary and metastatic tumours, with each
group accounting for about half of all brain tumours65. Primary central nervous system
(CNS) neoplasms represent 3% of all new cancers diagnosed in the United Kingdom
(UK) in 2011 as well as 3% of total cancer deaths according to the latest UK Cancer
Research. CNS neoplasm is considered the 7th most common cause of cancer death in
the UK in 201266. Gliomas are the most common primary brain neoplasms, representing
more than 45% of all brain tumours58.
The World Health Organisation (WHO) classification of brain neoplasms is the
most widely accepted classification, with the most recent edition (4th edition) published
in 200763. CNS neoplasms are divided into primary and metastatic tumours, each
accounting for about half of all brain tumours. Primary CNS neoplasms are divided into
six major categories. The largest of which are the neuroepithelial tumours, (Table 2). The
neuroepithelium contains several subtypes of glial cells: astrocytes, oligodendrocytes,
ependymal cells, and modified ependymal cells that form the choroid plexus. It was
thought in the past that each subtype gave rise to a particular type of ‘glioma’. Therefore,
astrocytes were considered the source of astrocytomas. However after the recent
paradigm shift in the understanding of neoplasm origin, it is thought that they arise from
undifferentiated pluripotential neural stem cells. Tumour stem cells are inherently
resistant to toxins and drugs, which may account for the failure of conventional nontargeted therapies.
Gliomas can be either slow or fast growing67. They are categorised into four grades
according to the WHO classification: grade I (pilocytic astrocytoma), grade II (diffuse
astrocytoma), grade III (anaplastic astrocytoma), and grade IV (glioblastoma (GBM)).
Grade I and II are considered low-grade and grade III and IV are high-grade. The WHO
classification considers the mitotic activity, nuclear changes, endothelial proliferation,
and necrosis63. GBM is the most common malignant primary brain tumour and the most
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Table 2: WHO Grading of Tumours of the Central Nervous System.
The table demonstrates the 4th edition, 2007 of WHO tumour histological grading63.
Astrocytic tumours
Subependymal giant cell
astrocytoma
Pilocytic astrocytoma
Pilomyxoid astrocytoma
Diffuse astrocytoma
Pleomorphic
xanthoastrocytoma
Anaplastic astrocytoma

I

II

III

IV

•
•
•

Paraganglioma of the spinal cord

•

•

Glioblastoma

•

Giant cell glioblastoma

•

Gliosarcoma

•
Oligodendroglial tumours

Oligodendroglioma
Anaplastic
oligodendroglioma
Oligoastrocytic tumours
Oligoastrocytoma

•
•
•

Anaplastic oligoastrocytoma

•

Ependymal tumours
Subependymoma
Myxopapillary ependymoma
Ependymoma
Anaplastic ependymoma

•
•
•
•

Choroid plexus tumours
Choroid plexus papilloma
Atypical choroid plexus
papilloma
Choroid plexus carcinoma

•
•

Other neuroepithelial tumours
Angiocentric glioma
•
Chordoid glioma of the third
•
ventricle
Neuronal and mixed neuronal-glial tumours
Gangliocytoma
•
Ganglioglioma
•

Desmoplastic infantile
astrocytoma and
ganglioglioma

•
•

II

III

IV

•
•
•
•
•

Papillary glioneuronal tumour
•
Rosette-forming glioneuronal
•
tumour of the fourth ventricle
Pineal tumours
Pineocytoma
•
Pineal parenchymal tumour of
•
•
intermediate differentiation
Pineoblastoma
Papillary tumour of the pineal
•
•
region
Embryonal tumours
Medulloblastoma
CNS primitive neuroectodermal
tumour (PNET)
Atypical teratoid / rhabdoid
tumour
Tumours of the cranial and paraspinal nerves
Schwannoma
•
Neurofibroma
•
Perineurioma
•
•
•
Malignant peripheral nerve sheath
•
•
tumour (MPNST)
Meningeal tumours
Meningioma

•

Anaplastic ganglioglioma

I
Dysembryoplastic neuroepithelial
tumour
Central neurocytoma
Extraventricular neurocytoma
Cerebellar liponeurocytoma

•

•

•
•
•

•

•

Atypical meningioma
Anaplastic / malignant
meningioma
Haemangiopericytoma

•
•
•

Anaplastic haemangiopericytoma

•

Haemangioblastoma
•
Tumours of the sellar region
Craniopharyngioma
•
Granular cell tumour of the
•
neurohypophysis
Pituicytoma

•
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fatal, accounting for 50% of all glial tumours and up to 20% of all primary intracranial
tumours.
The current classifications are strictly based on histologic criteria. However, they
are gradually transitioning to include genetic and molecular characteristics. The
molecular profiles of tumours can contribute to their proliferation, angiogenesis, invasion
and anaplastic transformation. Thus, identification of the molecular signature of a
neoplasm can help in disease stratification and treatment guidance, nevertheless, can
provide important prognostic and predictive factors68. Research is now more directed
toward a personalised approach to the management of patients with primary brain
neoplasm, taking into a consideration patient-specific biological information69. For
instance, diffuse low-grade WHO II gliomas (LGGs) are relatively slow growing but have
a very heterogeneous clinical behaviour. Many patients remain stable for years whereas
others may have dramatic evolution with subsequent anaplastic transformation70.
Likewise, survival in GBM varies amongst patients71 and has variable responses to
standard combined chemo-radiotherapy with temozolomide72. The diversity in the course
of glioma has been attributed to the molecular pathways involved in gliomagenesis70,73,74.
Chromosomes 1p and 19q co-deletions, ATRX1, IDH12 and TP533 mutations
represent the main genetic alterations described in LGGs75,76. MGMT4 promoter, IDH,
EGFR5, VEGF6, TP53, PTEN7 mutations are described in GBN as well as deletions on
several chromosomal arms including 1p, 9p, 10p, 10q, 13q, 17p, 19q, and 22q68,77,78,
(Table 3). The genetic profile of a certain histological type can stratify glioma into several
molecular subtypes, such as the example given in Table 4.
IDH1 mutations have been proven to be an independent prognostic biomarker in
patients with glioma, low-grade glioma with the IDH1 mutation have a 5-year survival
rate of 93%79,80. MGMT promoter methylation status is claimed to be the strongest

1

ATP-dependent X-linked helicase

2

isocitrate dehydrogenase

3

Tumor protein p53

4

O6-methlyguanine-DNA-methyltransferase

5

epidermal growth factor receptor

6

vascular endothelial growth factor

7

phosphatase and tensin homolog
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prognostic factor for outcome in patients with newly diagnosed GBM; it has been used
as a powerful biomarker to predict response to alkylating chemotherapy81,82. Patients with
both IDH1 mutation and MGMT-promoter methylation are shown to have the best
response temozolomide83. 1p and19q loss of heterozygosity is found in up to 90% of
oligodendrogliomas WHO grades II and III. 1p and19q co-deletions are linked to
favourable response to chemotherapy, radiotherapy and longer survival84,85. ATRX gene
mutations, which is mutually exclusive with 1p and19q co-deletions, are more present in
low-grade astrocytoma and have less favourable prognosis86.
Vascular endothelial proliferation is an important criterion for glioma grading. It is
believed that all solid tumours rely upon angiogenesis to survive87. This complex process,
which is regulated by multiple stimulatory and inhibitory factors, is a hallmark of
neoplasms88. In response to hypoxia, blood vessels grow under the stimulation of vascular
endothelial growth factor (VEGF) which is a pro-angiogenic peptide secreted by the
tumour to stimulate proliferation, migration, and organisation of endothelial cells into
capillaries, resulting in neovascularization89. Tumour vessels are typically dilated,
tortuous and leaky vessels. They also tend to be fragile and incompletely formed90.

Table 3: Common genetic alteration in glioma
The table illustrates the common genes that involved in glioma and their form that favour the prognosis.
Gene

Location

Comment

Favourable status

IDH1

2q32

IDH is a catalytic enzyme that involved in signal
transduction, lipid synthesis, oxidative stress, and
oxidative respiration

IDH mutations

TP53

17p13

TP53 gene encodes the tumour suppressor protein,

Intact

EGFR

7P11

EGFR is a transmembrane tyrosine kinase receptor

Expressed

1p/19q

1p &19q

1p/19q co-deletions is the unbalanced translocation in
which one copy of the short arm of chromosome 1
(1p) and one copy of the long arm of chromosome 19
(19q) remain

Loss of
Heterozygosity

ATRX

xq21.1

ATRX is important for chromatin remodelling and
thus regulates the activity of other genes

Intact

VEGF

6q12

VEGF is the driving factor in angiogenesis

VEGF expression

MGMT

10q26

MGMT is a DNA repair protein that removes the
alkyl groups from the O6 position of guanine

MGMT promoter
methylation status

PTEN

10q23.3

PTEN enzyme acts as a tumour suppressor

Intact
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Table 4: Integrated Diagnoses of Glioma
The table shows an example of integrated diagnoses for WHO grade II adult diffuse gliomas.
Diffuse astrocytoma

Oligodendroglioma

“Oligoastrocytoma” or
ambiguous histology

IDH-mut, 1p/19qnondel, ATRX loss

Diffuse astrocytoma,
ATRX loss of
expression

Diffuse glioma*
(oligodendroglioma
phenotype), 1p/19q
non-deleted, ATRX
loss of expression

Diffuse astrocytoma,
ATRX loss of expression

IDH-mut, 1p/19qcodel, ATRX intact

Diffuse glioma
(astrocytoma
phenotype), 1p/19qcodeleted

Oligodendroglioma,
1p/19q-codeleted

Oligodendroglioma,
1p/19q- codeleted

IDH wild type

Diffuse astrocytoma,
IDH wild type*

Diffuse glioma*
(oligodendroglioma
phenotype), IDH wild
type*

Diffuse astrocytoma,
IDH wild type*

Accurate glioma grading is crucial for patient management and outcome. The
current standard method of grading is histological assessment, but this has limitations.
Firstly, it is restricted due to the invasive nature of the procedure. Secondly, gliomas are
inherently heterogeneous (more than one grade can occur in the same tumour) and
sampling only one region leads to errors and underestimation of glioma grade in 30% of
cases91. Thirdly, besides the spatial heterogeneity of gliomas, angiogenesis demonstrates
a considerable temporal heterogeneity and, therefore, tumour angiogenesis and grade may
significantly change with time, rendering sampling at one-time point potentially
ineffective. Finally, for reliable assessment of the tumoural changes in glioma, it is
inconvenient to repeat an invasive procedure frequently to assess a process that differs in
time and space, especially in the setting of anti-angiogenic therapies. These limitations
have encouraged the development of imaging-based grading methods and the assessment
of angiogenesis that can be measured and quantified by PWI plays a pivotal role in
this92,93.
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1.3. Imaging in Neuro-oncology
Neuroimaging of brain tumours has evolved from strictly anatomical imaging to
incorporate techniques that provide physiological information not available from
conventional imaging. The goals of imaging in neuro-oncology are: 1) to make an early
diagnosis, 2) to guide surgical and medical therapy, 3) to monitor tumour progression and
complications and 4) to evaluate treatment response and complications, as well as to
distinguish them from residual and recurrent disease.
The gold standard for tumour imaging is MRI. However, CT scan is often the initial
diagnosis tool in emergency settings when a patient presents with acute clinical symptoms
such as seizure or focal neurologic deficit. There is no evidence that the combination of
both CT scan and MRI improve patients outcome53.

1.3.1. Anatomy-based imaging
1.3.1.1. Computed Tomography
CT scan imaging is widely available. It is fast, easy to perform and well tolerated.
It is very sensitive in detecting calcifications, acute haemorrhage, hydrocephalus, and
herniation94,95 Spiral and multi-slice CT imaging is a faster acquisition technique that
substantially improves 2D and 3D spatial resolution. An unenhanced CT scan of the brain
is considered the first line of imaging, used to evaluate patients with suspected brain
tumours presenting with acute symptoms53,95. Typically, a brain tumour appears as a lowdensity area96. Areas of high density may represent calcification, haemorrhage, or cellular
tumours with the high nuclear-to-cytoplasmic ratio, including meningiomas, lymphoma,
or germinoma. Calcification in a tumour may have diagnostic significance, such as in
meningiomas and oligodendrogliomas. CT scan is ten times more sensitive than T1- or
T2-weighted MR imaging for detecting calcium96. A contrast-enhanced CT can detect
areas of BBB damage and can increase the sensitivity of CT for detection of tumours97.
CT angiography is a non-invasive tool that evaluates the relationship between the tumour
and the vessels. Physiological imaging with CT is also possible. CT perfusion imaging
provides accurate measurements of CBV and CBF values in a variety of clinical
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conditions including tumours98. Perfusion CT has several advantages over perfusion
MRI; it is simpler regarding quantification, widely available and more reproducible99.
CT is superior to conventional MRI in detecting calcification, haemorrhage, and in
evaluating bone changes related to a tumour. However, susceptibility weighted imaging
(SWI), a relatively new MRI sequence has been proven to be better than CT scan
regarding detection of calcification and haemorrhage100. Patients with pacemakers or
metallic devices as well as the critically ill, or restless patients represent some of the
specific cases where CT is the diagnostic modality of choice101. Despite its advantages as
a tool for initial screening to exclude a potentially life-threatening intracranial process,
CT suffers from several limitations in the context of brain tumour imaging. Firstly, CT
has an inherent low tissue contrast and is inferior to MRI in terms of soft tissue resolution
rendering assessment of non-enhancing or infiltrative tumours as well as subtle changes.
Secondly, CT is largely anatomic imaging, even with the administration of intravenous
contrast agent, and has very limited physiology-based applications. Finally, CT has the
hazard of the ionising radiation and potential serious allergic reaction from iodinated
contrast60,102.

1.3.1.2. Magnetic Resonance Imaging
MRI is the imaging modality of choice for patients with brain tumour whether
before or after therapy. MRI provides multiplanar imaging with exquisite anatomical
details and does not involve ionising radiation. In clinical practice, MRI protocols for
imaging brain tumours vary tremendously. The most widely accepted standard anatomic
imaging protocol includes the following sequences: T1- weighted images (T1WI) before
and after administration of intravenous gadolinium-based (Gd) contrast agent, T2weighted (T2WI) / fluid-attenuated inversion recovery (FLAIR), diffusion-weighted
imaging (DWI) and susceptibility weighted imaging SWI103.
Contrast enhancement in T1WI highlights the regions of BBB breakdown, which
are more commonly associated with aggressive neoplasms, such as high-grade glioma.
However, it is not synonymous with malignancy, as for instance pilocytic astrocytomas,
which are WHO grade I, often demonstrate contrast enhancement. The standard dose of
Gad contrast agent is 0.1 mmol/kg. However, it has been proven that administration of
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higher doses can significantly improve the enhancement of most intracranial
tumours96,104.
T2WI/FLAIR can be used to characterise the fluid content of the tumour and the
surrounding oedema. However, FLAIR, due to its suppressed CSF signals, is superior to
T2WI in evaluation periventricular or cortical tumours105. Furthermore, FLAIR is very
sensitive to subtle differences in soft tissue contrast and has high contrast resolution
between tumour and normal brain. Therefore, it is superior to enhanced T1WI for
depicting the full extent of tumour related changes. FLAIR has been shown to be the best
conventional sequence to detect the subtle leptomeningeal spread of the tumour, as well
as non-enhancing lesions and subarachnoid haemorrhage105,106. SWI is useful to identify
areas of haemorrhage or calcification inside the tumour107 it may also help in tumour
grading108.
The majority of brain tumours have prolonged T1 and T2 relaxation times in
comparison to a healthy brain. Fat, haemorrhage, necrosis, and calcification are
responsible for the heterogeneous appearance of some tumours109.
Despite the superb soft tissue contrast of the anatomical MRI, multiplanar
capability, and non-invasive nature, it cannot accurately ascertain the full infiltration of
the tumour into the surrounding tissue. It also suffers from non-specificity as different
disease processes can appear similar, and in turn, the same disease entity may have varied
imaging findings110. Furthermore, it cannot adequately demonstrate the underlying
metabolic and functional activity of the brain. Finally, anatomical MRI does not
adequately differentiate recurrent glioblastoma from treatment-related change111.
Advanced neuroimaging techniques or so-called physiological imaging can give better
insight into tumour behaviours and response to treatment.

1.3.2. Physiology- based imaging
Advanced MRI methods can provide information far beyond tumour volume and
contrast enhancement. These multiparametric techniques can assess the extent of normal
tissue disruption, tumour hypoxia and cellularity as well as changes in vascular density
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and permeability. The most commonly used methods are diffusion, perfusion and
spectroscopic imaging111.

1.3.2.1. Diffusion-weighted MRI (DWI)
DWI relies on the random motion of water molecules that produces intravoxel
dephasing and a loss of signal intensity. DWI is optimised by a large gradient strength
and/or duration to generate considerable signal loss from diffusion112. The apparent
diffusion coefficient (ADC) represents the rate of diffusional motion in millimetres
squared per second. High ADC indicates relatively free water motion. Low ADC implies
restricted diffusional motion113. Diffusion tensor MRI (DTI) and fibre tractography are
variations of DWI methods that can assess the orientation and integrity of white matter
tracts114.
DWI is extremely sensitive in detecting early cerebral ischemia, cerebral abscess,
epidermoid cysts, traumatic shearing injury, immediate postoperative brain injury and
toxic or infectious encephalitis. The exact mechanism of the restricted diffusion in these
entities is not yet fully understood. In the context of neuroimaging DWI can be extremely
helpful in making the diagnosis. For instance, it can differentiate a cerebral abscess from
cystic brain tumour115. Decreased ADC value has been found to correlate with tumour
cellularity and tumour grade116. Overlap in ADC values in high- and low- grade tumours,
however, is a recognised feature. However, diffusion metrics can be helpful in
differentiating oedema associated with solitary metastasis from peritumoral infiltration of
a glioma117. It has been reported that ADC values can predict treatment response of
malignant glioma to bevacizumab118. This is particularly helpful in treatment with
antiangiogenic agents, since contrast enhancement commonly reduces, even when the
tumour is progressing119. Also, ADC values can differentiate between tumour recurrence
and radiation necrosis as a tumour restricts diffusion owing to higher cellularity, more
than necrotic tissue or oedema120. However, in a comparative study, perfusion weighted
imaging (PWI) and spectroscopy outperforms DWI for distinguishing glioma recurrence
from post-treatment changes121 and in another PWI outperforms both122.
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1.3.2.2. Magnetic resonance spectroscopy.
Magnetic resonance spectroscopy (MRS) is an MRI technique that produces spectra
for freely mobile metabolites. The major brain metabolites detected by MRS are N-acetyl
aspartate (NAA), choline, creatine, myoinositol, lipid, lactate, and glutamine, and
glutamate. These metabolites work as biochemical signatures in health and disease. NAA
is a marker of neuronal integrity; choline, of membrane turnover; creatine, an energetic
marker; myoinositol, an astrocytic marker; lipid, a tissue destruction or necrosis marker;
lactate, a hypoxia marker; and glutamine and glutamate, excitatory markers. The
predominant water signals must be suppressed adequately to detect other metabolites that
are obscured by proton water signal109,123.
MRS has a broad range of applications in neuro-oncology. Tumours have a high
choline, from cell membrane turnover, whereas NAA peaks are low, because of neuronal
damage124. MRS can be used in image-guided brain biopsy, and can help in glioma
grading125. MRS measurements can be more accurate than PWI in grading
oligodendroglial tumour126.

1.3.2.3 Nuclear medicine (PET imaging)
Malignant tissues tend to consume higher glucose than normal brain tissue127. This
feature has been utilised by positron emission tomography (PET). [18F] Fluorodeoxyglucose (FDG) is radiopharmaceutical tracer that can be transported into cells by a
glucose transporter. Due to increased rate of glycolysis in cancer cells FDG accumulates
to levels that can be reliably detected by PET imaging 128. FDG-PET had been reported
in 1982 as the most sensitive imaging grade and diagnose129. However, it has a limited
use currently due to its high false-negative rate owing to the background activity130. FDGPET still can be used as problem-solving to differentiate tumour treatments effects versus
recurrence131. However, its sensitivity and specificity are questionable132.
Amino acid analogues are newer PET radiopharmaceuticals including 11Cmethionine (MET) and 18F-fluoroethyl-L-tyrosine (FET)131. These tracers have a higher
tumour to normal tissue contrast due to a high uptake in tumour tissue and low uptake in
the normal brain. Amino acid PET tracers are more sensitive than 18F-FDG in depicting
brain tumours, thus have potential value in imaging recurrent tumours and treatment26
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related changes133. Other PET tracers include 18F-choline, 11C- choline and 18FFluoromisonidazole131.

1.3.2.4. Functional MR imaging
Functional MRI (fMRI), can measure brain activities by using blood oxygen level
dependent (BOLD) sequences132. BOLD can measure increased blood volume and brain
activation resulting from changes in blood susceptibility. Thus, fMRI can be used to
detect the functional activity to localise motor and language cortex134. Preoperative fMRI
together with DTI can be used to plan the surgical approach by locating eloquent cortices
such as motor, language or fibre tracts such as visual fibers135-137. fMRI can be also used
for intraoperative cortical mapping138,139.

27

Chapter 1 Introduction

1.4. Perfusion MRI imaging in Neuro-oncology
There are many methods to assess perfusion, including a CT scan with dynamic
bolus techniques140, stable141 and radioactive142 xenon, rapid digital subtraction
angiography143, PET144, single photon emission computed tomography (SPECT)145, and
perfusion MRI techniques146,147.
MRI-based perfusion measurements are minimally invasive and do not involve
ionising radiation or radioisotopes. The three principal methods are: dynamic
susceptibility contrast MRI (DSC-MRI), arterial spin labelling (ASL) and dynamic
contrast enhanced MRI (DCE-MRI). Accurate grading of glial tumours is critical to
optimise the treatment strategy and to predict the outcome. As well as monitoring the
evolution of the disease and treatment responses are also important. Glioma grading in
histopathology has several limitations as discussed earlier. Differentiation of high-grade
from low-grade gliomas can also be challenging on conventional MRI alone. Cerebral
perfusion parameters derived from DSC, DCE or ASL, have been used to study brain
tumour haemodynamic and have shown a great potential in neuro-oncology.

1.4.1. Dynamic susceptibility contrast MRI
DSC-MRI involves a bolus injection of a paramagnetic contrast agent coupled with
rapid measurement of T2/T2* signal changes during the first passage of the bolus through
the cerebral circulation31,148. The theory and the technique of DSC-MRI are described in
more depth in chapter 2. DSC is the MRI perfusion method that is currently the most
often used. It has shown great potential in brain tumours imaging. The derived parameters
are relative CBV, CBF and MTT (rCBV, rCBF and rMTT). rCBV, in particular, is the
most reliable parameter for characterisation of brain tumours, MTT is the least149.
Primary diagnosis and grading: Gliomas can have marked histologic
heterogeneity. Therefore, the overlap of rCBV measurements between different glioma
grades is an important issue to recognise. The rCBV maps of gliomas should not be
interpreted without conventional MR images, as these can provide other valuable
information150. The maximum rCBV value correlates with the tumour’s mitotic activity
and vascularity, as initially observed by Aronen et al151. Low-grade astrocytomas tend to
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demonstrate little to no rCBV elevation compared to the contralateral normal appearing
brain176. Among high-grade gliomas, anaplastic astrocytomas tend to demonstrate lower
relative CBV measurements in comparison to GBM152. Grading of non-enhancing
astrocytomas can be challenging with conventional contrast-enhanced MRI as 20% of
low-grade gliomas enhance and approximately one-third of non-enhancing gliomas are
malignant153,154. Measurements of rCBV increase the accuracy of grading of nonenhancing astrocytomas155.

Table 5: Perfusion Values of glioma from the literature
The table lists values o rCBV and rCBF for high- and low-grade gliomas, HGG and LGG respectively. N,
the number of cases; A, GBM only; B, anaplastic astrocytoma only; C, oligoastrocytoma; D,
oligodendroglioma; E, non-enhancing astrocytomas.
Authors

N

Aronen et al

151

Sugahara et al.

156

HGG range (mean) or Mean±SD

LGG range (mean) or Mean±SD

rCBV

rCBV

rCBF

19

0.8–5.4 (3.6)

1.1–1.2 (1.1)

30

4.0–16.2 (7.3)A

0.6–2.01 (1.3)

rCBF

0.98–7.9 (4.6)B
Knop et al.

181

Shin et al.157
Law et al.

158

Hakyemez el al.

159

Bai et al160
Law et al

161

29

1.7–13.7 (5.07)

0.92–2.19 (1.44)

17

0.9–7.9 (4.9)

160

0.96–19.8 (5.18)

33

2.4-18.6 (6.5)

33

5.71±1.63

1.67±0.43

73

6.05±2.22A

1.75±0.85

1.3–11.2 (4.8)

0.72–5.1 (2)

0.82–3.4 (1.8)

0.77–9.8 (2.1)
1.4-8.7 (3.3)

0.97-2.88 (1.7)

0.8-2.2 (1.16)

3.79±1.48B
Cho et al162

29

3.02-16.7 (9.3)

1.30-5.07 (3.64)

163

22

4.90±1.01A

1.75±1.51

Lee et al

3.97±0.56B
Saito et al

189

24

2.01±0.68
4.60±1.05C
6.17±0.867D

Cha et al

152

25

0.48-1.3(0.2)
1.3-9.2 (3.7)D

Arvinda et al

164

Castanzo et al165
Morita et al

155

51

2.8–12.9 (3.3)

0.29–3.14 (1.2)

36

4.3±1.2

2.0±1.5

17

1.11 ± 0.13E

0.66 ± 0.17
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Table 5 lists the results of previous PWI for glial tumours. It is observed from the
table that low and high-grade tumours have entirely different ranges of the mean rCBV.
High-grade gliomas range between 3.64 and 9.33, while all low-grade gliomas, excluding
oligodendroglial tumours, vary from 1.11 to 3.64. Many rCBV cut-off ratios have been
proposed to differentiate between high and low-grade gliomas in the literature, with 1.75
rCBV ratios, probably, the most accepted one158. It has 95% sensitivity, 57.5%
specificity, 87% positive predictive value (PPV), and 79.3% negative predictive value
(NPV). This cutoff point can also be used to predict patient outcome independent from
histopathology166. Table 6 lists some of the rCBV and rCBF threshold from previous
studies.

Table 6: rCBV and rCBF thresholds for glioma
The table shows a list of rCBV and rCBF thresholds for distinguishing low- from high-grade gliomas. N,
number of cases A, non-enhancing astrocytoma; B, GBM vs CNS lymphoma; C, GBM vs metastasis; D,
GBM vs grade 3 glioma; E, GBM vs grade 2 glioma; F, grade 3 vs grade 2 glioma.
Shin et al157

N
17

Law et al.158
Lev et al.167
Hakyemez159

160
32
33

Arvind et al164
Young et al.168
Morita et al.155
Antonio et al.169
Weber170

51
92
17
97

rCBV
rCBF
rCBV
rCBV
rCBV
rCBF
rCBV
rCBV
rCBV
rCBV
rCBF

A
A
B
C
D
E
F

Cut-off value
2.93
3.57
1.75
1.5
2
1.3
2.91
2.15
0.94
1.2
0.5
1.4
1.6
1

Sensitivity
90.9
72.7
95
100
100

Specificity
83.3
100
57.5
69
90.9

PPV

NPV

87

79.3

94.7
95.1
90.9
80
97
100
97
94
92

93.75
80.65
100
100
80
71
50
78
33

90

96.3

94
94
84
94
65

89
100
86
78
75

The increase of rCBV measurements over time can also detect malignant
transformation of low-grade gliomas, which may occur up to 12 months before contrast
enhancement becomes apparent on an enhanced T1 weighted imaging171. Grading of
gliomas should be ideally obtained by histologic examination of the most malignant
region in the specimen. A biopsy is usually guided by enhanced T1 weighted MRI or CT
scans172. These demonstrate the areas of disrupted BBB, which are not necessarily the
most biologically aggressive regions. CBV maps, in contrast, can display regions of high
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vascular densities which can be targeted for stereotactic biopsy and thus reduce the
sampling error169.
Besides tumour grade prediction and biopsy guiding, CBV measurements can be
helpful in the differential diagnosis of brain tumours. For instance, it is hard to
differentiate between lymphoma and high-grade glioma on conventional imaging;
however in PWI lymphomas have usually significantly lower rCBV values than
malignant glial tumours173. Furthermore, peritumoral infiltration, which is a distinct
feature of gliomas can be predicted by peritumoral measurements of rCBV174. Thus, can
differentiate glioma from several conditions such as solitary metastases which may have
elevated rCBV values resembling high-grade gliomas. However due to perilesional
oedema and lack of peritumoral infiltration, solitary metastases demonstrate low rCBV
values in the surrounding white matter175. Similarly, TB can present with high lesional
rCBV value and low peri-lesional value for the same reason176. Weber et al.170 could
differentiate between GBM and CNS lymphoma as GBM has a greater blood flow, they
applied a threshold value of 1.2 of DSC derived CBF, which provided 97% sensitivity;
80% specificity; 94% PPV, and 89% NPV. They also could differentiate between GBM
and metastasis by CBF measurement in peritumoral regions, which were found to be
significantly higher in GBM (infiltrative) compared with metastases, a threshold value of
0.5 had 100% sensitivity; 71% specificity; 94% PPV; and 100% NPV170.
Increased

vascularization

does

not

necessarily

indicate

malignancy150.

Oligodendroglioma, which is histologically characterised as a low-grade glioma, is an
example of a hypervascular tumour with high rCBV independent of tumour grade152,177.
The increased rCBV measurements in oligodendroglioma are due to the increase in the
expression of morphologically delicate microvasculature203. Saiato et al204 conducted a
study on grade II and III astrocytic and oligodendroglial tumours, they have shown that
rCBV values in oligodendroglial tumours are significantly higher than those in astrocytic
tumours of a similar histological grade. The highest rCBV was found in
oligodendroglioma followed by oligoastrocytoma then astrocytoma. They also optimised
a cut-off value of 3.0 that allowed differentiation between the oligodendroglial and
astrocytic groups at 100% sensitivity and 87.5% specificity205. Whitemore et al178 have
indicated that rCBV measurements can predict oligodendroglial tumour subtype and
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grade. They found that grade II oligodendroglial tumour with the loss of heterozygosity
(LOH) of chromosomes 1p or 1p and 19q had significantly higher rCBV than tumours
without LOH. LOH revealed no significant rCBV differences in grade III tumours.
Another low-grade tumour that demonstrates elevated rCBV is the nidus of a
hemangioblastoma, a feature that helps it to differentiate it from pilocytic astrocytomas,
which can appear similar on conventional images162.
Tumefactive demyelinating lesions can cause a diagnostic dilemma by mimicking
high-grade glial neoplasms on conventional MR sequences. Differentiating between these
two conditions is important since demyelinating lesions require no aggressive
intervention such as surgery or even biopsy179. CBV measurements show the hypoperfused nature of demyelinating lesions in contrast to high-grade neoplasms180.
Management Planning and Monitoring: Due to glioma heterogeneity, areas of
higher rCBV within a tumour may respond better to chemotherapy compared to areas
with low rCBV, because poor circulation diminishes exposure to the drug181. Bisdas et
al.182 had demonstrated that rCBV values in gliomas - excluding tumours with
oligodendroglial components- are reliable predictors of recurrence and 1-year survival
may be more accurate than histopathologic grading182. Furthermore, the rCBV ratio can
help to identify low-grade gliomas that may progress rapidly to malignant
transformation183. A study conducted by Law et al.184 concluded that patients with highand low-grade gliomas with an rCBV above 1.75 had a significantly more rapid time to
progression than patients who had gliomas with an rCBV less than 1.75184. rCBV
measurements not only correlated well with time to progression but also with time to
death185. Those observations have an impact on management plan; low-grade gliomas
with high rCBV values should be treated more aggressively while gliomas with low rCBV
values could be treated more conservatively and might be monitored over time186. Thus,
rCBV can act as a biomarker to examine the lesions’ malignant potential and can
influence treatment decisions and prognosis166. It has also been suggested that pretreatment rCBV measurements may be used as a prognostic biomarker for
oligodendrogliomas187. One study validated an rCBV threshold value of 2.2 as a
prognostic factor, for three-year survival in patients with oligodendrogliomas, with 89%
and 59% sensitivity and specificity respectively188.
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Tumour response versus treatment-related conditions: Glucocorticoids are often
used in patients with cerebral mass to treat symptoms associated with raised intracranial
pressure. Dramatic improvement in symptoms has been observed up to few minutes after
administration, which is believed to reflect the decrease in intracranial pressure and not
related to changes in the tumour cell density189,190. The mechanisms by which
glucocorticoids work are not entirely understood. However it has been hypothesised that
the decrease in oedema and intracranial pressure are caused by; tightening of the blood
tumour barrier; changes in the water homoeostasis in the brain; or as a result of a decrease
in rCBV191,192. Decreased tumoural contrast enhancement is a known feature in
conventional imaging after steroid therapy193. Quantitative permeability parameters are
also decreased193 except for meningioma. Perfusion measurements before and after
steroid treatment are variable in studies in the literature from unchanged to significant
increased or decreased perfusion. However the common trend is; decreased rCBV and
rMTT, rCBF is increased or unchanged191,192,194-197. Improved CBF in the peritumoral
oedematous brain had been observed and was explained by reducing peritumoral
oedema192.
The current widely used treatment strategy for glioblastoma is maximal safe
tumour resection followed by radiotherapy and temozolomide72. Up to 30% of treated
patient show increased contrast enhancement in conventional imaging within the first few
months, which subsequently subsides without any additional therapy. This condition is
coined as pseudoprogression, as it could be mistaken with tumour growth198.
Pseudoprogression results from transient increased permeability of the tumour vessels
from radiation, which might be enhanced by temozolomide, it is often associated with
oedema199,200. A similar effect could be seen after diminishing of steroid dose201. rCBV
measurements can be helpful as real tumour progression has significant higher rCBV
values than pseudoprogression202-205.
Conventional chemotherapy targets mitotic activity of the tumour. It has poor
performance in treating recurrent gliomas206,207. Several antiangiogenic drugs have been
used in clinical trials as a new regimen for recurrent glioma. These drugs suppress
angiogenesis by inhibiting VEGF208,209. Both DSC and DCE can be used to assess the
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effectiveness of therapy. Furthermore, serial rCBV measurements correlate well with
patients’ clinical status181,210-215.
However early after bevacizumab treatment, a commonly used antiangiogenic
agent, decreased contrast enhancement is found due to normalisation of the leaky dilated
blood vessels in the tumour216. Normalisation of blood vessels includes tightening of the
blood tumour barrier and a decrease in vessel diameter leading to improving CBF but
reducing CBV217. Decreased CBV values and vessels diameters were observed as early
as one day after treatment and persisted for 28 days218. Early increased in CBF is also
shown by ASL imaging219. These apparent early responses to antiangiogenic therapy are
often related to vascular normalisation rather than treatment response from anti-tumour
effect. For that reason, it is called pseudoresponse and can be mistaken with treatment
response216. Vascular normalisation was found to be reversible in patients underwent a
drug holiday218. It is unclear how perfusion can differentiate pseudoresponse from the
actual response at this stage. It is noteworthy that the normalising effect of the
antiangiogenic agents antagonises the effects of the traditional chemotherapy by limiting
the chemo-distribution to tumour cells220.
Differentiation between radiation necrosis and recurrent or growing tumour can be
difficult with conventional imaging. Both disease processes can cause diffuse white
matter abnormalities either due to tumour infiltration or the demyelination process of
radiation necrosis. Both also involve a degree of BBB disruption resulting, in contrast,
enhancement on conventional imaging249. It is important to differentiate between
radiation necrosis and recurrent tumour. As recurrent tumours can be managed by
surgery, adjuvant chemotherapy or targeted high dose radiation therapy, while radiation
necrosis may be treated conservatively with steroids150. rCBV measurements tend to be
elevated in tumour recurrence due to increased vascularity, whereas in radiation necrosis
they are usually lower than normal221-223.

1.4.3. Dynamic contrast-enhanced MRI (DCE)
DCE-MRI is a technique, which uses serial T1, weighted images beyond the first
pass of gadolinium bolus to assess the integrity of the BBB253. The technique is discussed
in detail in chapter 2. A number of parameters can be derived from this technique, the
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forward volume transfer constant (Ktrans) is the most frequently used to assess the leakage
rate of gadolinium from the vasculature into the extravascular extracellular space. DCEMRI can quantify leakage of gadolinium; an advantage over conventional enhanced T1
weighted images, which depends on the amount of the contrast agent given and the
precision of the injection. Thus, it can vary from scan to scan.
It is well known that high-grade gliomas enhance more than low-grade due to higher
vascular permeability, it is therefore not surprising that Ktrans correlates with glioma
grade224,225. Ktrans is also significantly correlated with mitotic indices224.
DCE can be helpful in differentiating meningiomas from high-grade gliomas since
the degree of capillary permeability in meningioma is higher than in primary high-grade
gliomas. Ktrans was found to be significantly higher in meningiomas than high-grade
glioma226. However differentiating the two on conventional MRI is not challenging.
Oligodendrogliomas frequently exhibit high perfusion even if the grade is low and
several studies found no significant differences in rCBV values between low-grade and
anaplastic oligodendroglioma257. However in a recent study by Jia et al.227 could
distinguish between the two entities using DCE-MRI as the values for Ktrans and the
extravascular

extracellular

oligodendrogliomas

were

volume

of

significantly

contrast
lower

agent
than

(Ve)
those

in

low-grade

in

anaplastic

oligodendrogliomas.
Dhermain et al.228 demonstrated that leakage and contrast enhancement in lowgrade gliomas are associated with poor progression-free survival compared with those
without. Another study conducted by Mills et al153 revealed an unexpected relationship
between Ktrans and survival in high-grade gliomas since patients with higher values of
Ktrans showed improved survival153.
DCE imaging has been proposed to solve the diagnostic problem of distinguishing
pseudoprogression from tumour progression201. DSC derived rCBV has been suggested
before to differentiate pseudoprogression from early tumour progression203,229. However
DSC-MRI is prone to susceptibility artefacts, especially in treated patients, which may
have haemorrhage, calcification and surgical clips. Semi-quantitative DCE-MRI has
shown potential to solve the problem230. Semi-quantitative DCE parameter such as washin/out slopes, the area under the curve (AUC) and peak enhancement reflect both
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permeability and perfusion. Thus, increased permeability and/or neoangiogenesis will
likely increase the wash-in slope, AUC, and peak enhancement and decrease the time to
peak. Despite the lack of specificity semi-quantitative methods have been used to assess
treatment responses in clinical230-234.
As mentioned before, radiation necrosis can be indistinguishable from recurrent
tumours when using only conventional MRI. Both Ktrans and CBV derived by DCE-MRI
can help differentiation235,236.
Finally, DCE imaging has been introduced as a method to assess treatment response
to anti-angiogenic therapies. It has been shown that changes in Ktrans measurements could
predict treatment response as early as one day after anti-VEGF in patients with recurrent
glioblastoma237. It has been also claimed that DCE-MRI is the technique of choice to
measure angiogenesis and monitor treatment response in trials of new antiangiogenic and
antivascular agents238.

1.4.2. Arterial spin labelling
ASL imaging is the least invasive perfusion technique since it does not involve
contrast agent injection. This feature has made it attractive for research, renal failure and
paediatric imaging239. Measurement of CBF-derived from ASL correlates well with
rCBV measurements of DSC, with a similar ability to detect regions of hyper and
hypoperfusion in tumours240-243.
ASL has shown promise in glioma grading. Warmuth et al244 were the first to report
that ASL can distinguish between high and low-grade gliomas similar to DSC-MRI.
Several studies subsequently emphasised that ASL can be a reliable method of grading
glioma244-246.
ASL imaging can also be used to differentiate the nature of solitary intra-cerebral
enhancing lesions, and help with distinguishing high-grade glioma from lymphoma or
metastasis. In one study CBF measurements could distinguish between GBM and CNS
lymphoma as GBM has a significantly higher blood flow. No significant CBF tumoural
differences between GBM, meningioma or metastasis could be found in the same study.
However, differences in CBF were found in the peritumoral regions, which were
significantly higher in GBM (infiltrative) compared to meningioma metastasis and
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lymphoma170. Moreover, ASL-CBF was found to be substantially higher in
hemangioblastomas than metastatic brain tumours allowing a reliable differentiation
between the two entities by ASL as both of them can present with avidly enhancing
multiple lesions in conventional imaging247. Yeom et al.248 could use ASL-CBF to
characteristic perfusion patterns in diverse pathologic types of brain tumours in children.
Finally, ASL could be also used to evaluate response to treatment. Fellah et al.219 showed
in a case report that ASL was able to detect treatment failure better than conventional
MRI. It can also assess treatment responses to radiotherapy249 or antiangiogenic
therapy219

1.5. Neuro-oncology-imaging challenges: The Past, current and future.
The Macdonald’s criteria250, published in 1990, were used to evaluate tumour
treatment response in clinical trials. The criteria are based on major changes in tumour
size on an enhanced CT or MRI. Macdonald’s criteria have several limitations such as
measurements of irregular or cystic lesion, dealing with non-enhancing or multifocal
disease and inter-observer variability251,252. Thus, it has been replaced by the Response
Assessment in Neuro-Oncology (RANO) Group criteria. RANO criteria are now largely
used as a standard to evaluate tumour responses in clinical trials201. The current RANO’s
imaging-recommendation for patients with primary brain tumours is a minimum of; precontrast T1WI; post-contrast T1WI, with two orthogonal planes (or a volume
acquisition); and a T2/FLAIR sequence. The recommended slice thickness is ≤5 mm with
no gap. Post-operative evaluation should be performed within 48 hours, no later than 72
hours. Additional imaging that might be helpful such as DWI, ADC and PWI as a baseline
for patient follow up253. Occasionally some groups used MRS or PET254,255. The RANO
criteria specify that an increased enhancement of a tumour within 12 weeks of treatment
with radiotherapy and temozolomide should not be diagnosed as tumour progression, as
this may result from transient increased permeability of the tumour vasculature
(pseudoprogression). Neuroimaging, in particular, perfusion MRI, plays an increasing
role in addressing the challenges of the post-treatment changes that cannot be clearly
defined as tumour progression, pseudoprogression or pseudoresponse. As well as to
address the issues related to tumour recurrence. However, no PWI study has enough
validation to reach a level of a reference standard in neuro-oncology256.
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Anatomical and quantitative evaluations of brain tumour are tightly bound to MRI
acquisition and post- processing methods. Thus, the heterogeneity of MRI scanners and
parameters are a major difficulty in multicentre trials. Furthermore, a small variation in
the methods such as sequence timing parameters can lead to significant change in image
contrast, thus, can confound the interpretation of the post treatment changes254. Despite
the tremendous progress in neuroimaging, there remain unresolved issues to be addressed
in the future related to standardisation of imaging techniques to reduce measurements
variability and increase accuracy. Indeed, future progress in neuroimaging will lead to
the integration of advanced imaging into clinical trials; in return clinical trials can help to
validate MRI quantitative parameters as imaging biomarkers.
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Chapter 2!
Methodology
This chapter outlines the materials and discusses the methodology. Methods
discussed in this chapter are general for perfusion MRI techniques, with the essential
physics, theory behind each technique, imaging protocol and post-processing methods
described. Technical considerations, pitfalls and limitations are also discussed. Specific
methods for each study will be described individually later within each study.

2.1. Materials
2.1.1. Facilities
The studies of this thesis are based on MRI examinations using the following:
•! Siemens 3T MR imaging unit (Siemens Magnetom Skyra Zynga MR D13 and TIM Trio
Siemens, Erlangen, Germany)
•! Philips 3T MR imaging unit (Achieva 3T; Philips Healthcare, Best, the Netherlands).
•! Siemens Avanto 1.5T MR imaging unit (Siemens Healthcare, Erlangen, Germany)

2.1.2. Subjects:
All studies in this dissertation were acquired with ethics approval. The multiple
sclerosis patient study was approved by the Central London Research Ethics Committee.
The HIV patient study by the NHS Research Ethics Committee (REC)257. QUASAR data
were acquired as part of the multi-centre QUASAR reproducibility study258 and had been
done under specific approved for that study, QUASAR data used in this study after
obtaining the permission of the authors.
The study in total included 207 subjects; 60, healthy volunteers; 49, patients with
brain tumours; 48, multiple sclerosis patients; 41, stroke patients; and 9 AIDS patients.
Table 7 lists all the subjects included.
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Table 7: List of Subjects.
GBM, glioblastoma; AA, anaplastic astrocytoma; LGA, low grade astrocytoma LGOA, low-grade
oligoastrocytoma; LGO, oligodendroglioma; HGOA, high oligoastrocytoma; HGO, oligodendroglioma;
HV, healthy volunteers, RTN, radiation necrosis; MTs metastasis; MS multiple sclerosis; HMB,
haemangioblastoma; DSC, dynamic susceptibility contrast; DCE, dynamic contrast enhancement; ASL
arterial spin labelling.
Study

I

II

III

IV

V

Chapter

3

4

5

6

7

Subjects N

17

158

23

31

27

Age

43.8 ± 12.8

47+17.6

44.2 ± 15.8

45±16

45 ±15.4

M:F

6:11

81:77

13:10

17:12

15:12

Description

A comparison
of DSC-MRI
postprocessing
software
packages

ASL quality
assurance
study

Triple
perfusion:
comparison of
the three
techniques.

Variability of
relative
cerebral blood
volume
normalisation

DCE-MRI, the
effect of
acquisition
timing.

Histopathol
ogy /
Diagnosis

7 GBM

48 MS

3 AA

6AA

3AA

2 AA

9 AIDS

6 LGA

6LGA

6LGA

4 LGA

41 stroke

3HGO

4HGO

4HGO

1 HGOA

60 HV

2HGOA

2HGOA

2HGOA

1 LGOA

4 LGO

5LGO

5LGO

2 LGO

2 LGOA

4LGOA

4LGOA

1 MTs

4GBM

3GBM

1 HMB
1 RTN
Perfusion
techniques

DSC

ASL

DSC, DCE,
ASL

DSC

DCE

MR
scanner

Siemens 3T

Philips 3T

Siemens 3T

Siemens 3T

Siemens 3T

Siemens 1.5T
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2.2. Statistical Methodology.
Statistical analyses in this thesis were performed using the following software:
-MedCalc Statistical Software version 14.10.2 (MedCalc Software bvba, Ostend,
Belgium; http://www.medcalc.org; 2014).
-SPSS (IBM SPSS, version 21).
-STATA, (version 11, Stata, College Station, Texas).
The following statistical test were performed:
1.! Summary statistics: were used to summarise the main features of the results.
That includes: mean, median, standard deviation (SD), maximum value, minimum value
and range
2.! Intraclass correlation coefficient (ICC): ICC is the measure of agreement between
quantitative measurements that are organised into groups259. It is used in this thesis to
assess the absolute inter- and intra-observer agreement. The ICC was derived from a
two-way mixed analysis of variance in which subjects were treated as a random, and
observers as a fixed effect260. ICC values were interpreted as follows; 0-0.2, poor
agreement; 0.3-0.4, fair agreement; 0.5-0.6, moderate agreement; 0.7-0.8, strong
agreement; and >0.8, almost perfect agreement.
3.! Bland and Altman plots: were used to compare graphically between two different sets
of measurements for a sample and to identify the 95% limits of agreement between the
two measurments261.
4.! Wilcoxon sign-rank test: a non-parametric test for paired measurements (equivalent to
paired T-test). It is used to test the difference in the median between two related or
repeated measurements for the same item.
5.! Friedman tests: a non-parametric test that was used to detect differences in medians
across multiple sets of measurements (equivalent to repeated measure ANOVA).
6.! Paired t-tests: a parametric test was used to study the difference between the two
related variables.
7.! Two ways ANOVA (analysis of variance): a parametric test analyses the differences
between group means and their associated procedures to study differences between the
tumour subtypes.
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8.! Repeated measure ANOVA: was used to compare the differences between the
parameters resulting from the different scan time.
9.! Bonferroni correction: was used to adjust for multiple comparisons.
10.!Spearman's correlation coefficient: a non-parametric test, was used to study the
relationship between two independent discrete variables.
11.!Pearson’s correlation coefficient: a parametric test, was used to explore the
relationship between two independent continuous variables.
12.!Receiver operating characteristic (ROC) analysis: ROC curve is a graphical plot of a
range of different threshold that examines the diagnostic performance of a binary
classifier test. It is used to determine a cutoff (threshold) value for a test. The optimal
threshold is the one with the maximum area under the ROC curve (AUC)262. The AUCs
were interpreted according to a traditional academic point system: excellent = 0.9–1;
good = 0.8–0.90; fair = 0.7–0.80; poor = 0.6–0.70; fail = 0.5–0.60262. The sensitivity,
specificity, positive (PPV) and negative predictive values (NPV) were also calculated
for each cutoff value.
13.!The coefficient of variation (CV) of repeated measures: is used to determine the
reproducibility of the duplicate measurements made on a number of different subjects as
an alternative to making a large number of observations on a single subject or material
to calculate the SD and CV directly.
The probability value 0.05 was considered being statistically significant.
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2.3. MRI - The Basics:
MRI imaging hinges on the hydrogen nuclei, which exhibit random orientation and
precess at varying rates in their native state, (Figure 2a). When placing a body in a
magnetic field (B0), the nuclei align themselves parallel or antiparallel to the field and
precess at a resonance frequency called Larmor frequency that is determined by the
magnetic field strength, (Figure 2b). The parallel and antiparallel nuclei sum up to give
a small parallel net magnetisation called the longitudinal magnetisation. The
longitudinal magnetisation is described by a vector M and aligned to the longitudinal or
Z-axis, which is along the direction of B0. The plane oriented perpendicular to the zaxis is designated the transverse or x and y-axis. Since it is impossible to measure the
small longitudinal magnetisation along the Z-axis, a radio frequency (RF) pulse is used
to perturb systematically the longitudinal magnetisation. The RF pulse has two effects:
1) It flips the vector M toward the transverse plane by a particular angle called the flip
angle. 2) It makes the nuclei precess together at the same frequency and in the same
direction 'in phase'. The signal created from the new vector M1%can be detected by the
scanner and is called the free induction decay (FID), (Figure 3). To speed up the
acquisition spin or gradient echoes are produced by rephrasing the nuclei, (Figure 4).
After the RF pulse is switched off, the transverse magnetisation starts to decay and the
longitudinal magnetisation begins to recover. Recovery of the longitudinal
magnetisation is determined by T1 and decay of transverse magnetisation by T2, (Table
8). A gradient, which is a small magnetic field that steadily increases in strength, is
applied to localise a signal origin within the body. Typically, three different gradients
are applied along x, y, and z-axis, known as the frequency encoding, phase encoding,
and slice selection gradients respectively. The fundamental parameters of MRI, which
also determine tissue contrast, are T1, T2, and proton density. Tissue contrast also
depends on other parameters, (Table 8). By changing the MRI parameters, different
tissue contrasts can be obtained.
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Figure 2: The effect of the magnetic
field on spins.
(a) the hydrogen nuclei are pointing
in random directions naturally, but
(b) aligned in the direction of an
external magnetic field.

Figure 3: T2* and T2 Decay
The graph shows T2* and T2. In the
absence of the 180° pulse the
magnitude of the transverse
magnetisation decreases quickly due to
T2* effects (red curve), however if an
180° refocusing pulse applied at ½ TE
a temporary gain in signal intensity
will occur at time TE. If a sequence of
180° pulses is applied, each subsequent
echo will be of lower intensity due to
T2 effects (blue curve).

Figure 4: Spin Echo and Gradient Echo
The graph shows a schematic illustration of simple spin echo (SE) (a) and gradient echo (GE) (b) sequences. In each,
the sequence starts with an RF excitation pulse, 90° in SE and smaller angles (α) in GE.
(a) SE pulse sequence, spins are initially in phase (1), spins dephase naturally (2), a180° pulse is applied (3), spin
phases are reversed and start to rephase (4), an echo is formed (5), spins dephase again (6).
(b) GE sequence, spins are initially in phase (1), spins are rapidly dephased (faster than FID) by a negative gradient (2),
the gradient is switched to positive (3), spins start to rephase to form an echo (4), If the gradient remains on (5) the
spins will dephase again.
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Table 8: MRI Nomenclatures
The table lists some important MRI nomenclatures.
Name

Definition

B0

The main magnetic field, measured in Tesla (T). The majority of clinical MRI
systems are between 1.5T and 3T.

T1
(Longitudinal
relaxation
time):

The time needed for the protons within a tissue to return to their original state of
magnetisation after excitation with an RF pulse. After one T1, 63% of the signal
will recover. After two T1 times, 86% and after three T1 times 95% recovery is
reached. Spins are considered completely relaxed after 3-5 T1 times

T2 (Transversal
relaxation time)

The time required for the excited protons precess in phase to lose their coherence.
The drop in transversal magnetisation is 37%, 5%, and 1% after one T2, three T2
and five T2 respectively. For a given tissue T2 is always shorter than T1.

T2*

An exponential decrease of the transversal magnetisation following the initial
excitation pulse as a function of time constant T2*. T2* is based on T2, however
much faster, due to the effect of main magnetic field inhomogeneities, tissue
susceptibility, and diffusion of the protons.

TR (Repetition
time)

The time between successive applications of radiofrequency pulse sequences.
Usually time between two 90° RF pulses

TE (Echo time)

The delay between the 90° RF pulse and MR signal sampling. It is measured in
milliseconds. The amount of T2 relaxation is controlled by TE.

(FA) Flip angle

The angle by which the net magnetisation rotates after application of an RF pulse. It
can be measured in degrees (°) or radians (R).

R1 (The
longitudinal
relaxation rate)

The longitudinal relaxation rate (R1) is the inverse of the longitudinal relaxation
time (T1). R1=1/T1

R2 (The
transversal
relaxation rate)

The transversal relaxation rate (R2) is the inverse of the transversal relaxation time
(T2). R2=1/T2, R2*=1/T2*

T1 weighted
image

An image where tissue-contrast comes from the differences in T1 relaxation times.
In a spin echo sequence created by using short TE and TR times or FA >50° in a
gradient echo sequence

T2 weighted
image

An image where tissue contrast comes from the differences in T2 relaxation times,
in In a spin echo sequence it can be created by using longer TE and TR times or in a
gradient echo sequence using FA <40°

Voxel

A three-dimensional image element.

Matrix

An array of numbers in rows and columns, which determined the resolution of the
MRI scan

FOV (field of
view)

The size of the two or three-dimensional spatial encoding area of the image. Usually
defined in units of mm². The FOV is the square image area that contains the object
of interest to be measured.

Resolution

The function of slice thickness, the field of view and matrix size.
The smaller the FOV, the smaller the voxel size and the higher the resolution but,
the lower the measured signal.
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2.4. Perfusion Imaging:
The methods of magnetic resonance perfusion imaging (PWI) benefit from signal
changes that accompany the passage of an indicator through the cerebrovascular system.
There are two groups of MR-PWI depending on the indicator used, exogenous indicator
(gadopentetate dimeglumine) or endogenous (arterial water)150. In each case, the method
is based on the indicator dilution theory initially developed to measure blood flow and
volume by radioisotopes264. The first group includes dynamic susceptibility contrast
(DSC) MRI and dynamic contrast enhancement (DCE) MRI, the second group includes
arterial spin labelling (ASL).

2.5. Dynamic susceptibility contrast
DSC-MRI relies on a bolus injection of a paramagnetic contrast agent coupled with
rapid measurement of T2/T2* signal changes during the first passage of the bolus through
the cerebral circulation31,148. DSC-MRI quantification is based on the theory of tracer
kinetics for intravascular non-diffusible tracers296. The dynamic DSC-MRI signal
intensity has arbitrary units and reflects the haemodynamics of the contrast agent within
a voxel. In DSC-MRI series of images are acquired before, during, and after contrast
agent injection. The changes in MR signal intensity over time are divided into three
stages: the baseline, the first passage of the bolus, and the recirculation period265, (Figure
5). Firstly, the baseline is the period where images are acquired before the arrival of the
contrast agent bolus, the signal intensity is, therefore, assumed to be constant. Secondly,
the contrast agent injection is followed by a period of a transient rapid signal drop called
the first passage of the bolus, the maximum signal drop corresponds to the time of
maximum contrast concentration. After reaching the minimum signal, signal intensity
starts to return to the baseline value. The first passage is often partially overlapped with
the recirculation period, which causes a smaller and slower secondary signal drop. The
recirculation period results from re-entering of the contrast agent. Finally signals
theoretically recover to the baseline.
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Figure 5: Signal Intensity-Time Curve
The graph demonstrates the changes in signal intensity over time after a bolus of contrast agent injection.

The quantification of DSC-MRI is based on several assumptions:
1- It assumes that the dominant contrast is T2 weighted and T1 effect is negligible.
2- The contrast agent remains intravascular during its first passage through the brain, that is
the BBB is intact and there is no recirculation effect. If this assumption has not been
accounted for, systematic miscalculation of the haemodynamic parameters is
introduced265,266.
3- Tissue contrast concentration is assumed to be linearly proportional to the change in the
transversal relaxation rates (R2/R2*)148,267.
4- Absolute CBF measurements require the knowledge of the proportionality constant k,
which is defined by several parameters including the brain tissue density, and the
haematocrit268 value, DSC quantification assumes a uniform value for the capillary
haematocrit146,269.
5- Absolute CBF measurements require the knowledge of the arterial input function (AIF),
which is typically estimated from a major cerebral artery, with the assumption that this
AIF represents the input to the tissue of interest270.

2.5.1. DSC-MRI quantification.
DSC-MRI quantification can be summarised as the following:
1- Acquisition of DSC-MRI images
2- Conversion of signal intensity to concentration
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3- Measurement of the AIF
4- Deconvolution analysis
5- Scaling to absolute units
2.5.1.1. Acquisition of DSC-MRI images
The contrast agent produces a local magnetic field inhomogeneity that induces a
transient drop in signal intensity most marked on T2* (gradient echo) or T2 (spin echo)weighted sequences. For the rest of this chapter gradient echo T2*-weighted sequence will
be used. The drop in the signal is proportional to the tissue vascularity and the contrast
agent concentration. The data is acquired as time dependent signal intensity data, or S(t).

2.5.1.2. Conversion of signal intensity to concentration
The signal change S(t) is converted into ΔR2* curves, ΔR2*, which is the
transversal relaxation rate, is assumed to be linearly proportional to contrast
concentration, equation (6):
.2∗ =

1

Equ 4
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R2* and T2* are the transversal relaxation rate and time, r2* are the transverse
relaxivity constant, it depend on the contrast agent, pulse sequence, field strength, blood
volume and vascular morphology267,271(k= 1/ r2*), C(t) is the contrast concentration at
time t, S(t) and S0 are the signal intensity at time t and the baseline respectively, TE is
the echo time of the MR sequence. Therefore, if we assume negligible T1 effects during
the first bolus passage, C(t) can be calculated from the signal intensity changes with
respect to its baseline value, from the equations 6 and 7:
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By applying traditional tracer kinetic models for intravascular agents, CBV can be
obtained by integrating the area under concentration-time curve C(t).
CBV = %

IJ %
K

%
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LQ%(M)NM
P

Equ 9

Where R is the tissue brain density, H is the haematocrit level and Hf = (1-Hartery)/(1Hcapillary ). Ct(t) and Ca(t) represents the concentration of the contrast in the tissue and a
large artery at time t, Ca(t) is referred to as the arterial input function (AIF), dt is the time
interval.
2.5.1.3. Measurement of arterial input function
AIF is defined as the concentration of the contrast agent passing through an artery
feeding the brain or the tissue of interest. AIF is used to calibrate the perfusion
measurements by defining the shape of the actual bolus before entering the cerebral
microvasculature272. The AIF is typically measured inside, or near an artery. As more
linear relationship between the relaxivity and contrast concentration is found in a voxel
adjacent but completely outside the artery273.
By applying the indicator dilution theory, the tissue concentration, Ct(t), can be
modelled as the mathematical convolution between Ca(t) and the fraction of the bolus of
contrast agent remaining in the tissue at time t following the arrival of an ideal
instantaneous bolus, known as the tissue residue function, R(t):
Ct t = %S ∙ :TU ∙ :V 5 ⊗ . 5 = :TU ∙

F
:V%(X).(5
G

− X)YX

Equ 10

Where S is the proportionality constant (α%=%ρ%/H] ), the symbol represents convolution,
R(t-τ) is the tissue residue function at time t, following the ideal bolus injection at time
τ265.
Quantification of CBF involves a mathematical process to obtain the scaled residue
function or the impulse response function (IRF), IRF = CBF%∙%R(t)265, see also
deconvolution analysis. In this process deconvolution of the AIF (Ca(t)) and tissue
concentration, Ct(t) is needed.
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S ∙ :TU ∙ . 5 = :F (5)%⨂<1 %:_% (5)

Equ 11

Where%⨂<1 %represents the deconvolution operator.
Mean transit time MTT, which represents the average time for a molecule of
contrast agent to pass through the tissue vasculature following an ideal bolus injection,
can be calculated using the central volume theorem as307.
MTT = %

M
t%h%
G

τ dτ = %

Lcd
Lce

Equ 12

Where h(τ) is the transport function at time τ, which is defined as the IRF for
particles exiting the tissue 276.
The scaling factor of the residue function is equal to CBF while CBV is the area
under the residue function and MTT is calculated as the ratio of CBV/CBF275. The
abbreviations rCBV, rCBF, and rMTT refer to "regional" or "relative" CBV, CBF, and
MTT, the later indicating relative and not absolute measurements of these parameters277.
rCBV is defined as the volume of blood in a brain voxel divided by the mass of the voxel
and given in millilitres per 100 gramme of tissue (ml/100g)48.
rCBV = volume of blood in a voxel / mass of the voxel.
rCBF represents the net blood flow through the voxel divided by the mass of the voxel.
It is expressed in millilitres per 100 gramme of tissue per minute (ml/100g/min)278.
rCBF = Net blood flow through the voxel / Mass of the voxel.
The rMTT describes the average amount of time taken for the blood or contrast agent to
cross the voxel vasculature and is measured in seconds278.
Absolute calculation of perfusion parameters CBV, CBF, and MTT with the
methodology described above requires measurement of arterial and tissue concentrations
in identical units. This is difficult because of several reasons. Firstly, the tissue densities
and the haematocrit values in macro- and microvasculature are different and vary from
subject to subject. An approximation is made by assuming uniform haematocrit values in
micro and macrovasculatur (H-artery = 0.45, H-capillary = 0.25), assuming the same
proportionality constant for tissue and the arteries146. Secondly, the constant k, which
relates relaxivity to contrast concentration is not identical in tumours and normal brain,
for instance in one study performed in rats, relaxivity in glioma found to be nearly half
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that of normal brain leading to underestimation of rCBV measurements in glioma (ΔR2*=
r2* . C(t))279. Thirdly, the orientation of the major vessels in relation to the external
magnetic field can affect the susceptibility effect. Fourthly, Equation (8) assumes that T1
during the DSC-MRI acquisition is unchanged and that there is a linear relationship
between the relaxation rate and contrast concentration. However this may not be true for
all ranges of contrast agent concentrations271 as well as the T1 effect may not be negligible
under certain conditions, see technical considerations. Finally, absolute measurements
require accurate selection of AIF which is often challenging, see technical considerations.
2.5.1.4. Deconvolution analysis
The deconvolution is a mathematical step by which the contribution of the AIF is
removed from the tissue to estimate the residue function. The residue function (R) is the
fraction of tracer still present in the tissue after the ideal instantaneous bolus injection
into the tissue-feeding vessel at the entrance of the capillary network at time 0. CBF
quantification requires deconvolution of the AIF (Ca(t)) and the measured contrast agent
concentration-time curve Ct(t), as shown in equation (11). One a solution for CBF. R(t)
is found CBF can be obtained from its initial (maximum) value at time 0 where R(t0) = 1.
Thus CBF. R(t0) = CBF265. There are several deconvolution methods. The most
commonly used method is the singular value decomposition (SVD) 280. In SVD equation
(11) can be written as a matrix:
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Where the matrices from left to right represent values at time t0- tN for, tissue
concentration, arterial input function and residue function.
2.5.1.5. Calibration by scaling to absolute units.
Due to the difficulty of absolute measurements posthoc calibration may be applied
to the CBF to scale it to absolute units, within expected normal values281. The absolute
measurement is usually given in ml/100g/min. Different approaches have been proposed,
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however when the BBB is not intact; quantification is more complicated. The main three
methods for CBF scaling are:
1- Using an internal standard: Normal white matter has been suggested as an internal
standard to convert the MR measurement to absolute units since the initial CBF
measurements using PET have suggested a relatively age- independent and uniform white
matter value of 22 ml/100g/min in normal adults280.
2- Using proportionality constants: if the values of the constants in the equations above
are known, the deconvolution method will lead to absolute measurements269.
3- Use of a conversion factor drive from a cross-calibration study to a gold standard
technique314.

2.5.2. DSC-MRI Sequences and Protocol.
DSC-MRI Sequence: DSC-MRI is based on a fast multi-slice imaging sequence,
with two-dimensional (2D) or three-dimensional (3D) dynamic acquisition, to catch the
transient MR signal drop which last approximately for 10 seconds, with sufficient
temporal resolution146,282-284. Echo planar imaging (EPI) is the imaging technique of
choice with either T2*-weighted gradient-echo (GE) or T2-weighted spin-echo (SE)
pulse sequences. EPI techniques provide whole-brain coverage with reasonable signalto-noise ratios (SNRs)285. GE-EPI is often used clinically, because it is faster, thus it gives
better coverage of the brain with the same given repetition time because it has shorter TE
than SE-EPI. Moreover, it is more sensitive to magnetic susceptibility effects since it
does not involve the use of a refocusing pulse, typically the contrast dose used is only
half of that used for SE-EPI, and also, it exhibits higher SNR. GE-EPI images are
sensitive to a broad range of vessel sizes with greater sensitivity to macrovasculature. SEEPI has the inherent sensitivity to perfusion at microvascular level, with vessel size less
than 8 µm267,286. Therefore, the GE shows a better ability to quantify the contrast
concentration accurately, thus, providing better results than SE-EPI when assessing
glioma grade.
Adequate acquisition durations are necessary for more accurate quantification.
Short acquisition time could lead to CBF and CBV errors of up to 50% especially in the
context of cerebral ischemia since the bolus is commonly delayed and dispersed287. The
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whole acquisition time is usually less than 2 minutes (90–120s). It is essential to start at
least 10s before the injection of contrast to achieve a steady state in the baseline images.
Contrast Agents: Gadolinium-based contrasts are used off-label for brain PWI as
they do not have specific U.S. Food and Drug Administration (FDA) approval for this
purpose288. This contrast agent can cause shortening of T1 and T2 relaxation time. If the
assumption of intact BBB is preserved, the T1 effect (positive enhancement) only remains
intravascular and it is negligible

289

in comparison to T2 or T2* susceptibility effect

(negative enhancement). Several studies have used gadolinium chelates at different doses
and of different manufacturers290,291. A dose of 0.1mmol/kg body weight of gadobutrol
or gadobenate dimeglumine is adequate. The contrast agent is administered intravenously
at a high rate (5ml/s) to avoid bolus dispersion. A power injector is typically used291,292.
Slow injection rate (2.5 ml/s) can create bolus dispersion and underestimation of the AIF.
However, fast rate (up to 10 ml/s) does not substantially add benefit with regards to the
bolus shape293. Moreover, injection rates higher than 5 ml/s using a small gauge access
can cause significant errors329. To optimise the injection technique, it is recommended to
inject in the right arm then flush with at least 25 mL saline at the same administered rate
as the contrast agent to push the bolus toward the heart. This will assure bolus coherence,
and also, reduce the risk of substantial backflow into the jugular vein294.

Table 9 highlights DSC-MRI parameters, optimised for a 1.5T magnetic field.

2.5.4. Post-processing Methods
There are two different methods for post-processing of DSC-MRI data:
1- Curve fitting based, also known as semi-quantitative methods
2- Deconvolutional based methods, also known as quantitative methods, which require
AIF.
Both methods share the same initial steps; obtaining curves of signal change over
time; estimating the baseline signal from the initial time-points before contrast injection
–t is important to exclude the first two volumes since the steady state signal might not be
reached; calculation of the ΔR2* curve and subsequently the concentration-time curve.
To obtain the quantitative parameters, further tracer kinetic modelling is needed.
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Table 9: DSC-MRI parameters table
The table lists DSC-MRI parameters.
Sequence

GE-EPI (2D multislice)

Image acquisition time

For a typical TR of 1500 msec, this corresponds to 40–120
time points

Postprocessing time

< 1 min using modern commercially available software

Flip angle

60-70°

TR/temporal resolution

1500 msec (range 1000–1500 msec)

TE

35–45 msec at 1.5T and 25–30 msec at 3T

FOV

20 x 20 cm (range 20 x 20 to 24 x 24 cm)

Matrix

128 x 128 (range 64 x 64 to 256 x 256)

Slice thickness

5 mm (range 3-5 mm)

Number of slices

11 (range 5–20)

Interslice gap

1 mm or interleaved (range 0 to 10 mm)

Number of repeated images at each
slice (number of volumes)

40–120 total time points

Volume coverage

Whole brain

Time of injection

30–50 time points after imaging begins

Amount of GBCA

0.1 mmol/kg

GBCA injection rate

Generally 5 ml/s, consider 2.5 ml/s for gadobutrol

Amount of saline flush

25 cc (range 20 – 30 cc) at same rate of GBCA

IV catheter gauge

20 gauge (range 22 to 14 gauge)

Semi-quantitative Methods: these methods rely on the tissue concentration, which
depends on the local shape of the AIF and the so-called summary parameters can be
calculated from the concentration-time curve, (Figure 6). The bolus arrival time (BAT)
mainly reflects collateral circulation. The time to peak (TTP), can reflect tissue transit
time, collateral circulation and cardiac ejection fraction, full width at half maximum
(FWHM) depending on tissue MTT295. The area under the peak (AUP) is proportional to
rCBV and (Peak) is the maximum concentration. Summary parameters are easy to
calculate. However, they only depend on the local shape of the AIF in a scan and do not
account for the inter-individual differences in macrovascular structure such as arterial
status and cardiac output, as well as injection technique and contrast agent leakage296,297.
To improve the summary parameters, data fitting most commonly with a γ-variate
function and baseline subtraction methods can be applied to ΔR2* curve to correct for
recirculation and contrast leakage effects148,150. rCBV can be estimated from the area
55

Chapter 2 Methodology

under the fitted curve, and less accurately rCBF and MTT could also be estimated.
However it is essential to realise that accurate physiological parameters theoretically
should be calculated from the first pass bolus after instantaneous injection at the tissue of
interest feeding artery. Therefore, when the semi-qualitative analysis is concerned, it is
better to use summary parameters rather than the use of physiological names.

Figure 6: Concentration-Time Curve
A diagram of a concentration-time curve showing the summary parameters including bolus arrival time (BAT), time
to peak (TTP), full-width at half-maximum concentration (FWHM), maximum peak concentration (Peak), and area
under the peak (AUP).

2.5.5. Image Analysis
Hotspot Analysis Methods: Regional calculation of perfusion parameters in tumours is
commonly performed by a manual placement of region of interests (ROIs) around a
portion or the entire lesion298 Care should be taken to avoid large extra- and
intratumoural vessels when placing ROIs299. The most acceptable method is to draw
several ROIs in the hot spots then to choose the ROI of the highest mean300. The
parameters from the tumoural ROI are typically normalised to a reference ROI in the
normal appearing white matter.
Histogram analysis: less commonly used in clinical practice. Histograms are generated
from regions of interests drown around the whole lesion. The area under the histogram
curve is usually normalised to the value of one and classified into a predefined number
of bins. Values from the ROI are plotted against the relative frequency. The following
56

Chapter 2 Methodology

histogram parameters can be obtained: mean value; standard deviation; peak value or
position; and peak height. Histograms can give a global estimate when considering the
heterogeneity of the tissue of interest; however, this can lead to loss of the spatial
specificity301.Histogram methods have been proven to have greater interobserver
agreement compared with the localised hotspot, and similar diagnostic accuracy302,303.
Several studies have demonstrated the diagnostic values of histogram indices of
perfusion parameters in brain tumour imaging168,233,304-306.

Figure 7: Histogram Analysis
The figure illustrates the histogram parameters that are used in DSC-MRI.

2.5.6. Technical considerations
Arterial input function: Correct measurement of AIF, which can be challenging, is
crucial for perfusion quantification to eliminate the effect of cardiac output and injection
technique. Measurement of the AIF is subject to partial volume effect due to relatively
low spatial resolution. The AIF is typically measured inside or in the immediate vicinity
of a vessel; it is preferred to be perpendicular to the main magmatic field, usually the
middle cerebral artery. Several studies have shown that measuring AIF near but
completely outside the middle cerebral artery gives a good estimate of the shape273,307.
The most common problems are a flow-related artefact and partial volume effects. A
perfect AIF is characterised by the early time of arrival, high amplitude and small full
width at half maximum275. An incorrect AIF leads to a systematic error in the
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quantification, and the wrong shape causes an erroneous result of the deconvolution273.
Several automatic methods have been developed to estimate the AIF308-310, which are less
operator-dependant and more reproducible.
Arterial delay and dispersion: One AIF is used as an input function for the whole
brain to quantify perfusion. Any changes in the AIF, e.g. vascular occlusion or narrowing,
before the microvascularity, will be included in the residue function and will be translated
into microvascular dispersion leading to underestimation of perfusion measurements292.
In healthy vessels, dispersion of the AIF in macrovascular is negligible compared to the
dispersion at microvarsular level. The only way to differentiate between macro and
microvascularity is to measure the AIF locally near the input of the microvascularity. The
main reservation of the local AIF is that the vessels are smaller and there is, therefore, a
higher chance of partial volume effect311.
T1 effects and Blood-brain barrier (BBB) leakage: gadolinium contrast agent not
only affects transverse relaxation rate but also affects the longitudinal relaxation rate,
leading to T1 shortening. DSC-MRI quantification models are normally based on the
assumption that contrast agent remains within the vessels. In the presence of a normal
BBB, the recorded signal is largely T2* weighted and the influence of T1 effects is
negligible312. When the BBB is damaged, contrast leaks into the extracellular space,
leading to a reduction in the T2* relaxation and a shortening of T1 in the extravascular
tissue. These two effects can significantly reduce the signal loss caused by susceptibility
effects, and lead to quantification errors in CBF and CBV344. The T1 effect could be
minimised by using a flip angle significantly smaller than the Ernst-angle or by using
dual or multiple echo sequences. Many authors have presented algorithms to correct for
the leakage266,313,314. These algorithms require tracer kinetic modelling and an appropriate
pulse sequence. Another approach to minimise T1 leakage effect is to give a preload
consisting of a small amount of the contrast agent315. This preload will reduce the
concentration gradients between the vessels and the tissue that drive the leakage and
lower T1 of the extravascular compartment. It also assumes that the T1 relaxation is
almost saturated and no further shortening of T1 will occur. When the T1 effect is
removed, it is quite often found that the measured ΔR2* is over-estimated leading to a
situation called T2* effect or T2* leakage, (Figure 8). Therefore, if this effect were left
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uncorrected, CBV would be overestimated. Several post-processing methods have been
proposed to correct for T1- and T2*-dominated leakage effects316,317. Paulson and
Schmainda suggested in their study, performed on 22 high-grade glioma, that a dual-echo
sequence or a preload of contrast, combined with a post-processing correction of T2*/T2
effects, may provide the most accurate approach for measuring CBV in tumours318.
Generally, T1 leakage correction can be classified into three schemes illustrated in Table
10319. A note should be made here, that, despite the substantial errors in uncorrected CBV
caused by BBB leakage, errors from uncorrected CBF are much less severe320.

Figure 8: The Effect of the Blood Brain Barrier Break Down
Illustration of the effect of BBB leakage on the signal-intensity time curves (SI). A: In case of intact
BBB and T1 effect is largely negligible. B: in cases of BBB breakdown, the T1 effect dominates, leading
to a lesser signal drop and an overshoot after the bolus passes. C: Time curve with BBB leakage, the T2*
effect dominates (e.g., when a double-echo sequence is used). In B and C quantification errors will occur
if the distortions to the time curves are not accounted for in the DSC-MRI model.

Limitations: DSC-PWI is a susceptibility weighted technique that is sensitive to
strong magnetic field inhomogeneity, which can be caused by calcium, blood products,
melanin, metal or at the brain-bone-air interface. Macroscopic susceptibility could be
reduced by increasing the spatial resolution, but this would be a trade-off at the expense
of the coverage area and signal-to-noise ratio. Another disadvantage of the technique is
the requirement for injection of Gadolinium, which can be limited by concerns related to
toxicity321,322. There are also limitations in the CBV calculation in the context of damaged
BBB unless appropriate measures are taken. Finally, a major limitation of DSC-MRI is
the lack of technical standardisation in acquisition and post-processing methods.
Perfusion measurements tend to be relative, because their quantification is dependent on
the methods, such as the AIF selection, deconvolution methods, and the interplay of T1
and T2* effects adds more complexity to the measurements285.
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Table 10: T1 leakage Correction Methods
The table demonstrates the techniques for T1 leakage correction
Category

Technique

Mechanism

References

Image acquisition

long TE, small
flip angle, doubleecho T2*weighted

Minimise T1 effect and increase T2
weighting.

Knopp et al354
Cha et al150
Vonken et al313,
Uematsu et al323

Contrast agent

Preload doses

The original tissue T1 is decreased
with the preload, leading to
minimisation of the changes in T1,
which might occur during the first-pass
of the subsequent contrast dose.

Donahue et al324,
Schmainda et al325
Simonsen et al326
Boxerman et al319

Intravascular
agents (e.g.,
ferumoxytol)

Ferumoxytol has large size of the iron
nanoparticles; it acts as a blood pool
agent, which does not cross the
disrupted BBB in the short term

Gahramanov et
al327

Linear fit +
leakage model

MTT-sensitive: assumes that MTT is
the same in normal and abnormal
tissues. The algorithm based on the
linear fit of uncorrected R2*(t) to
constant functions derived from nonenhancing brain tissues.
May give errors in tumours with
marked leakage as MTT is usually
prolonged.

Weisskoff et al,
Schmainda et al325
Boxerman et al266

MTT-insensitive: accounts for
differences in tissue MTT by
estimating contrast leakage from the
tissue residue function.

Quarles et al320
Bjornerud et al316

γ-Variate fit

A non-linear gamma-variate function is
fitted to the signal intensity-time. It
approximates the curve shape that
would have been obtained without
leakage or recirculation.

Rosen et
al148Benner at
al328Lee el al163
Law et al161

Limited
integration

Use only the integration from the
beginning of the bolus to the peak
ΔR2* before T1 effects become more
evident.

Wong et al329

Baseline
subtraction

The baseline values are calculated from
a line between the beginning and end
of the first pass then subtracted from
the measurements obtained during the
passage of the bolus through the tissue.

Cha et al180
Wetzel et al300.

Post-processing
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2.6. Dynamic contrast-enhanced MRI
In the presence of a normal BBB, a bolus of gadolinium passes through the capillary
bed of the brain and will be confined within the vascular space. In cerebral tumours with
a defective BBB, gadolinium extravasates into the interstitial space and leads to
shortening of the T1 relaxation time and positive enhancement on T1-weighted images330.
The contrast leakage rate to interstitial space depends on several factors; the surface area
of the damaged BBB; the degree of endothelial permeability; the molecular size of the
intravascular contrast agent; and the concentration gradient of the contrast across the
vascular wall.
The fundamental concept of DCE imaging is to carry out a dynamic T1 weighted
imaging after a bolus injection of gadolinium-based contrast agent to calculate contrast
concentration in the tissue and subsequent modelling to obtain numerical parameters that
describe tissue vasculature and permeability331. Beside permeability assessment, DCEMRI enables measurement of perfusion as well (CBF and CBV)332. Perfusion imaging
requires high temporal resolution to track the bolus during its first pass whereas capillary
permeability imaging requires a lower temporal resolution and longer acquisition time to
characterise the slow contrast leakage after the first pass. Both perfusion and permeability
imaging can be combined in DCE-MRI by using high temporal resolution and a
sufficiently long acquisition time367.
DCE data analysis relies on the models selected to explain indicator behaviour in a
physiological system that can be traced through the changes of MRI signals, which in
return gives information about the system. There are several methods to analyse the signal
enhancement curves obtained in DCE-MRI studies. These range from simple visual
inspection to complex quantification using pharmacokinetic models on a voxel-by-voxel
basis.

2.6.1. DCE-MRI quantification.
The first step toward quantitative DCE-MRI data analysis is to convert MR signal
intensity into contrast agent concentration. The next step is to produce the quantitative
parameters by modelling the tissue concentration (residue function) in relation to the AIF
using a pharmacokinetic model333.
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2.6.1.1 Conversion of signal intensity to contrast concentration
The change of signal intensity over time S(t) after contrast injection is converted to
R1(t) data and subsequently to C(t), contrast concentration change, which is linearly
correlated with R1(t), must be calculated to quantify DCE-MRI. To estimate R1(t), R1(0)
– longitudinal relaxation rate before contrast injection- should be calculated from the T1
map334.
R1=1/T1

Equ 14

R1(t)=R1(0)+r1C(t)

Equ 15

Where r1 is the relaxivity of the contrast agent. The precise relationship between R1
and the MR signal (S) depends on the chosen MR sequence. In a 3D T1-weighted spoiled
gradient recalled echo (SPGR) sequence, if T2* weighting is negligible and TE << T2*,
S(t) can be calculated as the following335:
S t =

lG(1<mnop∙pq(O) ) rst u
1<vwr u.mnop∙pq(O)

Equ 16

Where R1 is the longitudinal relaxation rate; TR, repetition time; α, flip angle; and M0,
the equilibrium magnetisation.
2.6.1.2. The Quantitative Models (The Pharmacokinetic Analysis of DCE-MRI)
There are many pharmacokinetic models for quantitative analysis of DCE-MRI
data, which are based on different assumptions.

However, all share principal

assumptions330,333:
1.! R1 must be linearly related to contrast concentration – assumption is true in the range 05 mM, which is the concentration usually reached in a standard DCE-MRI measurement.
2.! A human tissue could be represented by one or more "compartments”, in which the
contrast agent can dynamically flow from the inlet to the outlet. A compartment is defined
as a well-mixed space, where the concentration is spatially uniform within the volume
3.! The tracer (contrast agent) must represent a carrier fluid and does not affect the biologic
tissue of interest.
4.! The tissue being studied must be in a steady state, thus, the kinetic parameters of the
compartments must be constant during the acquisition.
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5.! The tracer transport between compartments must be linear and controlled

by

concentration difference.
The general tracer-kinetic theory of linear and stationary systems forms the
fundamental concept of the pharmacokinetic modelling of DCE data. Several parameters
can be produced, such as the forward volume transfer constant (Ktrans), which is the
transfer rate constant of contrast agent from the vascular to the interstitial compartment
per tissue volume and arterial contrast agent concentration in blood plasma. The reverse
vascular transfer constant (Kep) which is the transfer rate constant from the interstitial
compartment to the vascular compartment. The fractional volume of the extravascular
space (ve)

and the fractional plasma volume (vp). The plasma flow (F) and the

permeability-surface area product (PS), which is the rate at which contrast agent particles
leak out into the interstitial compartment per unit tissue volume and plasma concentration.
PS and Ktrans are occasionally used interchangeably in the literature since both represent
the flux of contrast agent from the plasma into the interstitial compartment. However, PS
is normalised to the tissue plasma concentration (in capillaries) and tissue volume, while
Ktrans is normalised to the arterial plasma concentration. Therefore, Ktrans depends on the
plasma flow F. The parameters F and vp are used as perfusion parameters, while PS and
ve are known as permeability parameters336.
The conventional Tofts model337:
The Tofts model is a two- parameters (Ktrans and ve), a one-compartment model for
weakly vascularised tissues, in which the plasma compartment is assumed to have
negligible volume (vp ≈ 0). It is characterised by equation (17). This model was originally
developed for applications in multiple sclerosis lesions, which are weakly vascularised.
C t = y MzQtr

F
C
G {

X %exp% −

OÄÅÇÉ (F<Ñ)
Öm

YX

Equ 17

Since, per definition:
Üá{ = y Fà_âä /ãá

Equ 18

The equation can be also written as:
C t = y MzQtr

F
C
G {

X %exp −K mç (5 − X) % YX

Equ 19

Where C(t) is contrast concentration change and Cp is the plasma concentration in a
feeding artery (i.e. the AIF), Ktrans is the forward contrast agent transfer constant and ve is
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the contrast agent volume fraction in the extravascular extracellular (EES), τ is the
integration constant.
Extended Tofts model (ETM)338:
A third parameter vp could be estimated when Tofts et al extended their model to
include blood plasma as a second compartment. The extended Tofts model was
introduced to overcome the limitation of the original one, which works for weakly
vascularised tissue but introduced errors in tumours where intravascular tracer could not
be neglected. The following equation represents the extended Tofts model by Tofts and
Kety:
C t = ã{ :{ 5 + y MzQtr

OÄÅÇÉ (F<Ñ)

F
C
G {

X %exp% −

YX

Equ 20

F
C
G {

X %exp −K mç (5 − X) % YX

Equ 21

Öm

Or
C t = ã{ :{ 5 + y MzQtr

Ktrans is a function of tissue perfusion and vp is fractional tissue plasma volume
The ETM model fits the data well if vp is non-negligible and the tissue is highly perfused
(F = ∞), then the system is permeability- limited and Ktrans = PS.

Figure 9: Tofts Models
A) Standard Tofts model, the contrast agent is transported from an external vascular space into a wellmixed compartment (the tissue). B) Extended Tofts model, the blood plasma volume (vp) is added.
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Patlak model37:
The Patlak model also describes two highly perfused compartments, but assumes
the contrast leakage to be unidirectional from the blood plasma into the interstitial
compartment.
:5 5 = ã{ :{ 5 + Ü59VDé :{ X YX

Equ 22

While neglecting Kep, the Patlak analysis simplifies the data fitting by linearizing the
relationship between Ct(t) and Cp(t). The Patlak model cannot estimate ve.

Adiabatic approximation to the tissue homogeneity (the Lawrence and Lee) model339
The adiabatic approximation to the tissue homogeneity (AATH) model was
introduced by St Lawrence and Lee. The AATH model assumes that the changes in tissue
contrast concentration over time is slow compared to that in blood vessels. Therefore, it
could be assumed constant during a small interval. AATH accounts for a finite capillary
transit time (Tc) – unlike the other models above which assume Tc is negligible.
Additionally, AATH can estimate F, PS and the contrast extraction fraction (E).

Figure 10: Lawrence and Lee model
A diagram of the adiabatic approximation to the tissue homogeneity model. It conceders the capillary bed
as a plug flow system with all particles showing the same velocity.

2.6.2. Acquisition Sequences and Protocol.
DCE-MRI Sequence: A 2D or 3D T1WI sequence with dynamic acquisition can be
used. 3D T1WI spoiled gradient recalled echo (SPGR) is the most widely used
sequence336. The sequence parameters should be optimised with attention to DCE-MRI,
TR is minimised (<0.5s) to optimise the temporal resolution. TE (1-2 ms) is better to be
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chosen near its lower range to minimise T2*-weighting340. Insufficient temporal
resolution can lead to underestimation of Kep and Ktrans and overestimation of vp. The
data of DCE-MRI is collected by repeated T1WI in a dynamic fashion. Sampling of the
DCE-MRI sequence should be fast enough to sample the rapid signal change of the AIF
and long enough to sample the washout phase. Several images (volumes) prior to contrast
injection should be acquired, at least, five (ideally ten), to estimate the baseline signal
intensity. Imaging duration is usually last for 3-10 min341. However 5 minutes, at least, is
recommended - even if Ktrans could be estimated in 2-3 min - because short overall
acquisition time can lead to increased uncertainty of the pharmacokinetic parameters,
KTrans, ve and Kep342,343.
T1 Mapping: precontrast injection T1 tissue mapping is required for DCE-MRI
quantification. Different methods can be used to perform T1 mapping, such as the
variable flip angle (VFA) method with SPGR, 2D T1WI inversion recovery scans at
various inversion times344,345, or the Look-Locker method 346.
Contrast agent injection: In principle, any gadolinium-based contrast agent can be
used for DCE-MRI. However, larger molecules have lower permeability and may thus
influence K value. Contrast agent volume and concentration, as well as injection rate, can
also influence the accuracy of DCE-MRI indices. The recommended dose of contrast for
clinical brain tumour imaging is 0.1 mmol/kg347 at an injection rate of at least 3 ml/s, with
a 20-40 ml chasing saline bolus. The injection can be performed manually or by a power
injection pump348.

2.6.3. Post-processing Methods
Software packages dedicated to the analysis of DCE-imaging sequences are
becoming available to perform these analyses. These software packages are either
included in manufacturers' workstations or developed in research laboratories. The
continuous improvement of these computer programmes offers a simpler and more rapid
and robust analysis of the microcirculation46. DCE-MRI data can be analysed by three
different methods: qualitative, semi-quantitative and quantitative methods. All types can
be performed by ROIs means or voxel by voxel-based analysis.
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Table 11: DCE-MRI Parameters
Table lists DCE-MRI parameters
Sequence

3D fast spoiled GE

Image acquisition time

At least 5 minutes

Flip angle

25-35°

TR/temporal resolution

3-5 msec , ideal < 3msec

TE

1.5-2 msec, ideal < 1.5

FOV

As needed to meet temporal resolution requirements

Matrix

256X160 range (96 X to 320 X 384)

Slice thickness

5mm

Number of slices

≥ 10, as many as the temporal resolution allows

Interslice gap

1 mm or interleaved (range 0 to 10 mm)

Volume coverage

Whole brain

Time of injection

At least after acquisition of 5 phases

Amount of GBCA

0.1 mmol/kg

GBCA injection rate

Generally 5 ml/s

Amount of saline flush

25 cc (range 20 – 30 cc) at same rate of GBCA

IV catheter gauge

20 gauge (range 22 to 14 gauge)

Qualitative Methods: Qualitative analysis relies on the visual assessments of the
signal intensity changes and curve behaviours. This method is more commonly used in
breast and prostate tumours. It focuses on the speed of the filling phase, the initial peak
and the behaviour of contrast after the initial peak46. Typically the shape of the signal
intensity curve is classified into three categories: type I, type II and type III. In type I,
there is a gradual increase in signal intensity during the acquisition time; In type II, the
signal intensity remains relatively constant after an initial rapid increase; In type III, a
rapid increase is followed by a progressive decrease in signal intensity after the peak,
(Figure 11).
The advantages of this method are that: it is simple; it does not require pre-contrast
T1 mapping or identification of the AIF; it is less demanding in the SNR and temporal
resolution. However, a major disadvantage is that it does not provide quantitative
parameters that describe the underlying physiology. It also relays on signal intensity,
which has no physical units and can be influenced by imaging acquisition techniques.
Thus, it makes the comparison between scans obtained at different sites difficult.
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Figure 11: Types of DCE curves.
The graph illustrates the three curve shapes for qualitative DCE-MRI analysis.

Semi-Quantitative Methods: Also called non-model-based analysis. The parameters
derived from the semi-quantitative analysis are based on signal-time S(t) curve properties.
Typical parameters are the area under the curve (AUC), wash-in/wash-out slope, peak
enhancement and time to peak enhancement, (Figure 12). The initial AUC is calculated
as the area under the curve, which represents an ROI or a voxel, from the time of injection
to a certain time post-injection, usually 60 or 90 s. The peak enhancement is the maximum
enhancement value in the dynamic sequence. Time to peak is the time of the maximum
enhancement. The wash-in and wash-out slopes are defined as the slope of the dynamic
curve from the point of the injection to the peak of the curve, and the slope from the peak
to the end of acquisition, respectively. The advantages and disadvantages to semiquantitative analysis are similar to those in the qualitative analysis. Additionally, these
model-free parameters do not have a specific physiologic basis and they represent a
combination of tumour blood flow, blood volume, and permeability. However, semiquantitative parameters could be correlated with underlying physiology. For example, a
tumour region with high vascular density and/or permeability are likely to have an
increased wash-in slope, AUC, and peak enhancement, and a decreased time to peak.
Additionally, tumour cell density can affect the wash-out slope by decreasing the
68

Chapter 2 Methodology

available space for the contrast agent to pool349. Relative semi-quantitative parameters
can be performed by normalising them to a reference ROI typically in normal appearing
white matter46.

Figure 12: Semi-Quantitative DCE-MRI Indices
The graph shows the commonly used semi-quantitative DCE-MRI indices. The black curve is the signal
intensity curve. The grey shaded area indicates the initial 90 sec area under the curve (AUC). Wash-in slope
and wash-out slopes are the blue and red dashed lines respectively. The time marked by the green dashed
line is the time to peak.

Quantitative Methods: The data can be fitted to an appropriate pharmacokinetic
model to obtain the quantitative parameters that are directly related to the physiology.
The commonly used DCE-MRI models were discussed in section 2.6.1.2.

2.6.4. Technical consideration
Arterial input function: Accurate DCE-MRI quantification requires precise AIF
measurements350. Measuring a high-quality AIF is challenging because of motion and
flow-related artefacts, partial volume effects, difficulties in quantifying the peak
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concentrations and bolus dispersion. As mentioned before, the DCE-MRI sequence
should also have an adequately high temporal resolution for proper AIF sampling351. Ideal
AIF should be measured at the arterial inlet of the tissue of interest to avoid bolus
dispersion; this kind of measurement is not possible. Instead, AIF is measured in a
sufficiently large vessel as close as possible to the region of interest. The AIF must be
measured in an artery with a diameter larger than the intrinsic resolution of the DCE-MR
imaging technique. Partial volume effects from vessels walls or surrounding tissues are
more often associated with AIF from vessels of smaller size; however they cannot be
completely avoided, even with measurements in large vessels336. Another problem
associated with large vessel measurements is that they are more prone to dispersion.
Inflow blood, which does not reach equilibrium magnetisation as the stationary
tissue can result in a strong enhancement, thus compromising the measurement of AIF
concentration. Applying an inferior saturation slab to saturate inflowing spins can control
for flow effects351. Another problem with AIF is that the analysis assumes linearity
between signal and contrast concentration. This assumption can be strongly violated with
the first pass high arterial contrast concentration leading to underestimation of the arterial
contrast concentrations, which is directly reflected in any further quantification. This
problem can be avoided by lowering the contrast dose352, slow injection rate or by
splitting the dose353. Ideal DCE-MRI AIF is characterised by an early arrival, a sharp
wash-in followed by a short-lived peak then a subsequent longer wash-out period. If an
individual AIF measurement cannot be obtained, it is possible to use population-based,
averaged AIF for specific injection parameters354,355. Alternatively, AIF can be acquired
in a venous structure such as the superior sagittal sinus, provided that the acquisition time
is long enough to eliminate the timing differences between arterial and venous blood
concentration356,357.
Motion correction: Due to relatively long acquisition time, motion artefacts are
common and may lead to model-fitting errors. Motion correction is therefore frequently
performed. Several methods have been used like image re-alignment or registration.
However, registration can be problematic because the signal intensity change can be not
only with spatial displacement- due to motion- but also with contrast absorption, thus can
lead to problems in a voxel-based analysis. Considerable efforts have been made to
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improve registration and motion correction of DCE-MRI, and many different methods
have been proposed358-360.
Noise filtering: DCE-imaging data generally have a low SNR, because of the rapid
acquisition. However, it is possible to use filter methods to reduce the noise46.
T2* weighting effect: All methods assume that T2* effect is negligible, which is
mostly justified using a small TE ( 1 ms). However with a very high contrast
concentration of contrast agent in arterial blood; T2* shine through may occur. T2* effect
can be minimised by dose reduction or sequence optimisation; it can be fully eliminated
by using a multi- echo sequence340.
Model selection: It is essential to recognise the assumptions behind DCE models
and to assess their likely validity for a given data. However regional heterogeneity of
tumour tissue makes it challenging to select the correct model to quantify the data. The
most frequently used model is the Kety-Tofts model (or Tofts model). The original Tofts
model can provide accurate quantification only for tissues that are weakly vascularised.
Extended Tofts or Patlak can provide measurements in a highly perfused tumour. Model
selection should be based not only on the state of the tissue but also on the technique by
which the data is acquired including injection protocol, temporal resolution, acquisition
time and noise level361,362. A general rule of thumb is that the most appropriate model is
the simplest that provides a good fit to the data. For instance in a situation where a simpler
one-compartment model can adequately fit the data, the use of a more complex model
such as the two-compartment exchange model will produce arbitrary values for the
redundant parameters. There remains inherent ambiguity in model selection especially
when two models provide a nearly equal fit. Automatic data-driven model selections have
been proposed, the most popular being the F-test and the Akaike criterion350,363.
Limitations: the presence of a vessel signal within a region of interest can lead to
erroneously large Ktrans values, a phenomenon called "pseudo-permeability effect", which
is described as high permeability in areas of the normal-appearing brain. Another
limitation to Ktrans that it can be either permeability- or flow- limited:
F >> PS

permeability limited

Ktrans ≈ PS

PS >> F

flow limited

Ktrans ≈ F
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Ktrans in ETM model can only reflect permeability if the tissue is highly perfused.
In the case of low CBF, the rate of contrast leakage is determined by the blood flow,
rather

than

the

permeability.

Modifications

to

the

original

compartmental

pharmacokinetic modelling have been proposed to address this limitations338.
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Table 12: DSC- and DCE-MRI Parameters
The table lists the main parameters used in DSC- and DCE-MRI.
Symbol

Definition

Unit

CBF

CBF Cerebral blood flow per unit volume of tissue

mL/100g/min
mL/100ml/min

CBV

CBV Cerebral blood volume per unit volume of tissue

mL/100g or mL/100ml

Ca

Tracer concentration in arterial whole blood

mM or mmole/L

Cp

Tracer concentration in arterial blood plasma: Cp(t) = Ca(t) / (1Hct)

mM or mmole/L

Ct

Tracer concentration in tissue

mM or mmole/L

E

Extraction fraction

None

F

Plasma flow per unit volume of tissue

mL/100ml/min

F’

Blood flow = CBF, F’ = F / (1-Hct)

mL/100ml/min

Hct

Blood haematocrit

None

Kep

Rate constant between EES and plasma

Min-1

Ktrans

Volume transfer constant between plasma and EES
If PS >> F Ktrans ≈ F

Min-1
mL/100ml/min

MTT

Mean transit time

s

PS

Permeability-surface area product per unit volume of tissue, it
represents the flow through BBB (per unit volume of tissue).
If F >> PS PS ≈ Ktrans

mL/100ml/min

Tc

Capillary transit time

s

Vp

Plasma volume, CBV = Vp / (1-Hct)

mL/100ml

vp

Plasma volume fraction per volume of tissue
vp = Vp / voxel volume = (1-Hct).CBV/voxel volume

None

Ve

Volume of EES

mL/100ml

ve

EES volume fraction per volume of tissue

None

or

Min-1

ve = Ve / voxel volume
ρ

Tissue density

g/cm3 or g/mL
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2.7. Arterial Spin Labelling (ASL)
The basic technique behind ASL imaging is to produce two images; a labelled and
a control image in which the static tissue signals are identical. The subtraction (control–
labelled) represents the signal difference that reflects tissue perfusion364,365. The spin
labelling is performed by using radio-frequency (RF) pulses to invert water protons in
blood vessels proximal to the imaging plane. After waiting a period known as the post
labelling delay (PLD) or inversion time (TI), the labelled spins reaches the parenchyma
by proton exchange between capillaries and tissue via the BBB yielding a magnetisation
exchange. Once the labelled blood has flown into the tissue of interest, a rapid image
acquisition takes place. GE-EPI is mostly used for read out366. The perfusion signal that
remains after the subtraction is usually 1-2 % of the original signal, depending on several
parameters such as the flow rate, T1 of the blood (T1blood) and tissue, and blood-tissue
partition coefficient as well as the PLD367,368. T1 of the blood, which is 1300–1750 ms in
a clinical magnetic field, controls the lifetime of the tracer369 and it is similar in its length
to the arterial transit time (ATT). ATT is the time needed to transport labelled spins from
the labelling position to the imaging plane. ATT, which can also be called bolus arrival
time (BAT), is much shorter in ASL than in DSC as in ASL, labelling occurs close to the
tissue of interest while in DSC, the contrast agent is injected into the antecubital vein.
The ATT usually varies between subjects, brain regions, and between normal and
abnormal tissues370. The choices of the ASL parameters are influenced by the fact that
T1blood ≈ ATT, thus, the prime trade-off in ASL imaging is that, short PLDs result in
incomplete delivery of the tracer to the tissue, whereas long PLDs can lead to significant
T1 decay and less SNR.

2.7.1 ASL labelling scheme
ASL labelling schemes can be divided into three broad categories. The main difference
between these ASL techniques is the way in which the inflowing blood is magnetised321,
(Figure 13)
1.! Continuous labelling32,147 has two forms:
a.! Continuous ASL (CASL), a single, long labelling pulse is applied
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b.! Pseudo-continuous ASL (PCASL), ≥ 1000 short RF pulses are applied.
2.! Pulsed labelling371,372, a single short pulse is applied to a thick slab.
3.! Velocity selective labelling373, binomial pulses are used to selectively label blood flowing
at a certain velocity.

Figure 13: ASL labelling Scheme
The diagram demonstrates the labelling regions for CASL/PCASL and PASL. In CASL/PCASL,
labelling of the inflowing blood occurs at a single labelling plane, while in PASL, a slab of tissue, with its
arteries, is included.

2.7.1.1 Continuous ASL
In CASL, the arterial blood is continuously labelled over a long period until the
tissue magnetisation reaches a steady state or so-called flow-driven adiabatic inversion.
This is achieved by using a 2-4 s continuous RF pulse and a gradient field in the flow
direction, with both applied in a plane just proximal to the imaging volume368. CASL has
higher perfusion sensitivity than PASL. However, it has several disadvantages that limit
its use. The continuous RF pulses deposit large amounts of energy in the tissue, which
might exceed the power deposition allowed by FDA guidelines375. There is also a
hardware limitation to the CASL technique: it needs a continuous RF transmit coil, which
is not usually present on commercial clinical scanners. A third disadvantage of the
continuous RF pulses is that they act as powerful off-resonance labelling pulses that
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induce magnetisation transfer (MT) effects. MT effects are usually present in the labelled
images and if the imaging technique does not account for them, they can lead to
overestimation of the perfusion. MT effects can be overcome by using a second coil for
labelling376 or by double inversion by applying a sinusoidal modulation of the RF
waveform377.
2.7.1.2 Pseudo-continuous ASL
pCASL was proposed to address the limitation of CASL378. pCASL is based on a
train of RF pulses rather than continuous RF pulses to mimic flow-driven adiabatic
inversion. The net value of the RF pulses over time and the mechanism of inversion are
similar to those in CASL. However pCASL not only reduces the RF power and MT
effects but also requires no special hardware. pCASL also has better SNR than PASL due
to its higher labelling efficiency379 and it is the recommended labelling approach for ASL
imaging in clinical practice374.
2.7.1.3. Pulsed ASL
Unlike CASL, the labelling in PASL occurs once by short RF (5-20 ms) in a thick
slab (10-15 cm) proximal to the imaging plane366. There are various labelling methods
for PASL, all associated with different acronyms, but they are more similar than different.
PASL can be symmetrical, such as flow alternative inversion recovery (FAIR) or
asymmetrical, such as echo planar imaging and signal targeting with alternating
radiofrequency (EPISTAR)364. PASL has a lower RF power deposition. On the other
hand, a disadvantage of PASL is the poorly defined distal edge of the labelling slice,
which causes a systematic bias to the CBF quantification. A saturation pulse is used after
the inversion pulse to eliminate this systematic bias375.
2.7.1.4 Velocity-selective ASL (VS-ASL)
In VS-ASL technique, the blood moving at a faster velocity than a specified cut-off
value is selectively labelled373. VS-ASL gives a smaller and more uniform PLD for the
labelled blood to reach the tissue of interest. It should also allow better quantification of
CBF in cases of slow and collateral flow, such as in stroke. The drawbacks of VS-ASL
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are low SNR and the difficulty of determining an optimal cut-off point. VS-ASL is
currently under development and requires further validation for routine clinical use.
2.7.1.5 Multi-TI ASL
Recent developments in ASL techniques offer more information about the bolus
and its arrival to the tissue and provide more measurements than the CBF map. One such
technique is called quantitative signal targeting with alternating radiofrequency labelling
of arterial regions (QUASAR)380. QUASAR is a deconvolution-based model-free ASL
technique with a multi-slice/multi-inversion time (TI) data acquisition. In conventional
ASL imaging, the labelled images are acquired at a single time point after labelling. In
QUASAR, perfusion images are collected at multiple time points after the labelling pulse
using the Look-Locker technique258,380. Additional parameters, other than CBF, can be
quantified from modelling such ASL data including; ATT and arterial blood volume
(aBV). aBV is the blood present in arteries before it exchanges magnetisation with
tissue380,381. ASL imaging (freely diffusible tracer) unlike DSC (intravascular tracer) is
unable to assess directly the CBV because the tracer in ASL is extracted almost
completely from the capillaries during the first pass275.
2.7.2. Time Delay between Labelling and Imaging
A time delay - between labelling pulse and image acquisition- in ASL methods is
used to allow labelled protons to reach the microcirculation and decrease the contribution
of arterial signals to the perfusion map. The delay also reduces the sensitivity of perfusion
quantification to variations in transit time382.
The delay time in ASL imaging can be a single delay, which provides rapid
measurements of CBF that are relatively insensitive to ATT, or multiple delays, where
ATT can be measured and its contribution to the CBF measurement abnormality is
identified. Such information might be important in patients with cerebrovascular disease.
Multiple delay methods traditionally studied use PASL367,383. However, it can also be
performed with CASL or PCASL384,385. Although these multi-delay methods provide
additional information, they are more complex and require more measurements, such as
in QUASAR sequence380.
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The terminology for the delay time differs in PCASL from PASL. For PCASL it is
called PLD and is defined by two-time points, being the beginning and end of the labelling
pulse train. These two-time points are separated by the labelling duration, (Figure 14).
For PASL, the timing of the labelling pulse is a single time point, since the labelling pulse
is fast (tens of milliseconds), the PLD is therefore usually unknown because the temporal
width of the bolus is not controlled and depend on the velocity of the blood. The time
between the labelling pulses to image acquisition is referred to as the inversion time (TI).
The bolus width can be controlled in a modified PASL sequence called Quantitative
imaging of perfusion using a single subtraction (QUIPSS II)386. In QUIPSS II, a selective
saturation pulse is applied to the labelling slap at a time TI1 to remove the tail end of the
bolus. TI1defines the bolus width and TI-TI1 is equivalent to the PLD in PCASL QUIPSS
II, (Figure 14). A single TI PASL cannot reliably quantify CBF without QUIPSS II
modification, which is the recommended approach when PCASL is not available374.

Figure 14: PLD and TI in ASL
The diagram shows the timing for CASL/PCASL and PASL. In QUIPSS II PASL (QUIPSS also called
Q2TIPS is a method for improving the accuracy of PASL), TI1 is the bolus duration and is analogous to
the labelling duration in CASL/PCASL. The PLD in CASL/PCASL is analogous to the quantity (TI-TI1)
in QUIPSS II PASL. Alsop et al. Magnetic Resonance in Medicine, 2014374.

2.7.3. Quantification of CBF
The major assumptions for the CBF quantification from a single delay data model are:
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1. The entire labelled bolus is delivered to the target tissue. That means PLD > ATT for
PCASL, or (TI-TI1) > ATT for QUIPSS II PASL.
2. There is no outflow (venous) of labelled blood water. Because the tissue water pool is
much larger than the blood water pool, and water exchange between blood and tissue is
rapid, this is generally a valid assumption387.
3. The relaxation of the labelled water is governed by T1 of the blood. This assumption
is not completely true, because of the differences in T1 between blood and tissue.
However, the errors introduced from these differences are relatively small.
Under these assumptions, CBF can be calculated for PCASL by:
õúù

:TU =

èGGG∙ê∙ Eëíìîïñìó <Eëóòôöó ∙á ûq ôóììü
•

n
3∙†∙2q °¢££§∙Eëõù ∙ 1<á ûq ôóììü

%

Equ 23

For QUIPSS II PASL the following equation is used:
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Where, λ is the brain/blood partition coefficient in mL/g, SIcontrol and SIlabel are the timeaveraged signal intensities in the control and label images respectively, T1, blood is the
longitudinal relaxation time of blood in seconds, α is the labelling efficiency, PLD, TI,
and TI1 are as defined above, SIPD is the signal intensity of a proton density-weighted
image, and X is the labelling duration. 6000 is a factor to convert the units from mL/g/s to
mL/100 g/min, according to the physiological literature. A proton density (PD) image -s
the ignal intensity of fully relaxed blood spins - with separate acquisition is recommended
to scale the signal intensities of the subtracted ASL images to absolute CBF units on a
voxel-by-voxel basis. M0 map can be used instead of PD. M0 value of the white matter
can be used for the calculation as a surrogate388.

2.7.4. Acquisition and Readout Approaches
The contrast for ASL imaging depends on the remaining signal after subtraction,
thus mainly on the labelling scheme used. It does not rely on the T2/T2*/ T1 contrast of
the acquisition technique. An ASL sequence usually has short TE to maximise SNR and
sufficiently long TR to allow the labelled spins to reach the imaging plane. CASL has
longer TR than PASL because CASL has longer labelling duration and arterial transit
time. ASL imaging requires rapid acquisition techniques, as slight position differences
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between label and control images can lead to serious artefacts389. Multi-slice SE-EPI or
GE-EPI sequences were used since the early days of ASL366. The drawback of EPI
techniques is that they are sensitive to magnetic susceptibility artefacts. Other rapid
readout methods are the steady-state free precession (SSFP)390 or 3D gradient and spin
echo (3D GRASE) techniques391. The acquisition order should be ascending to provide
physiological bolus tracking as the bolus reaches the cranial slices at a later time point258.
ASL scan duration is relatively long (4-5 minutes) in comparison to DSC-MRI (2
minutes) as multiple repetitions of labelled-control images -may reach up to 40- are
acquired to increase SNR374.

2.7.5. Post-processing Methods
ASL data post-processing involves two major processes:
1- data preparation including motion correction, filtering and signal enhancement
2- data fitting to produce ASL quantitative data.
Data Preparation: the first step in data preparation is motion correction. One
solution to solve motion artefacts is to discard the (label-control) pair which contains
clear motion artefacts392. Another method of eliminating motion artefacts is to use coregistration of the dynamic images, similar to what is used in fMRI393. Several motion
correction softwares are also available394. The ideal solution is to combine these methods
to eliminate motion as much as possible. Once motion artefact has been dealt with, denoising, filtering and eliminating partial volume effect techniques all take place395,396.
Data Fitting: This depends on acquisition methods and whether single or multiple
delays are used as well as on different assumed values for the relaxation times and bloodbrain partition coefficients275. Once all required variables are defined, appropriate
equations are applied, such as equations 23 and 24.
In clinical practice, qualitative evaluation of the label–control difference images by
visualisation of the areas of hypo- or hyperperfusion are of great diagnostic value374.
However additional CBF in quantitative units is recommended, especially in cases of
global abnormality374.
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2.7.6. Technical consideration
Macrovascular signal: remaining labels in large vessels can contribute to ASL
signal, in particular, those with short delay time. This can lead to errors in quantification.
To minimise macrovascular signal a bipolar gradient with a very small b-value can be
used to crush signals from the large vessels. Another solution is to use a long postlabelling time382.
Gadolinium Effect: ASL imaging should be acquired before the injection of
gadolinium-based contrast agent since the contrast agent significantly shortens T1 in both
the control and label images - a factor that minimises the measurable differences between
the two slices243. Furthermore, as mentioned before that T1-blood is similar to the ATT
and further shortening of T1-blood will lead to faster relaxation of the spins and fully
relaxed spins at the imaging plane in labelled images. Thus, control-labelled subtraction
will reveal no differences; therefore post gadolinium injection ASL imaging is not
feasible. The signal reduction has been observed up to several days after administration
of gadolinium. However, ASL imaging can be repeatable after one day in most cases397.
Limitation: Low SNR is a major problem in ASL imaging which could be made
worse with motion, vascular disease, and artefacts. These images are also subject to
subtraction errors, which are often caused by motion artefacts. Several approaches have
been proposed to improve the quality of CBF maps acquired by ASL: background
suppression technique is used to suppress the background static signal that is not related
to perfusion398, a low pass filter could also be applied to the subtracted control/ label images,
399

and selective averaging of control/label pairs with less motion artefacts392.
Artefacts: ASL imaging is highly sensitive to motion. Even a small amount of motion

can be a significant source of artefacts due to the subtractive nature of the technique321.
Tackling this problem during data processing has been discussed earlier in this section.
However, several measures could be taken before the acquisition, including proper head
fixation in the head coil with a vacuum cushion244, rapid acquisition technique such as single
shot EPI and spiral sequences to reduce scanning time between successive control-label pairs
and the overall scanning time400. Lastly prior saturation of the image plane does reduce
sensitivity to motion368. ASL imaging has an inherent susceptibility to magnetic field
inhomogeneity since the acquisition is performed with EPI397. It manifests as a signal drop or
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geometric distortion391. They are inevitable and well recognisable by radiologists when
present in expected locations, such as at the inferior frontal lobes due to paranasal sinuses
and air/bone interfaces at the skull base. It can also originate from blood products,
calcifications or metallic hardware243. Spin-label decay artefacts can lead to hypoperfusion
areas in the more distal images. The reason for these artefacts is that slices acquired at the
end of the volume contain less labelled spins than those acquired at the beginning243. Finally,
the coil sensitivity artefacts, which are typically due to asymmetric head positioning within
the coil can result in regional differences in signal intensity397.
Advantages: ASL PWI has several advantages over bolus tracking technique. It
requires no gadolinium-based contrast agent. This advantage makes it well suited for research
and also for paediatric patients and chronic renal failure patients321,322. Another ASL
advantage is that CBF can be quantified. DSC-MRI usually gives relative managements e.g.
rCBF, which are not reliable in revealing global hypoperfusion or hyperperfusion.
Quantification allows better assessment of global and regional perfusion401,402. Finally, ASL
methodology is relatively insensitive to permeability in cases of blood brain barrier
damage403.

2.8. CONCLUSION
DSC, DCE and ASL are advanced MRI techniques dedicated to assess tissue
perfusion. Table 13 summarises the main technical aspects. Each technique has its
advantages and disadvantages. In the context of brain neoplasms: high flow, contrast
leakage and special heterogeneity are commonly expected; a perfusion sequence should
be optimised to accommodate the possible features. Post-processing methods and model
selection should be chosen carefully for a given data.
Table 13: Summary of Perfusion MRI Techniques.
The table summarises perfusion MRI techniques.

DSC

DCE

ASL

Full term

Dynamic susceptibility
contrast

Dynamic contrast
enhanced

Arterial spin labelling

Imaging types

T2 or T2*-weighted
imaging

T1-weighted imaging

A sequence with short
TE and long TR
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Bolus and
imaging
description

Bolus tracking of the first
pass of contrast agent

Tracking of bolus
passage and contrast
agent accumulation.

Bolus tagging and
accumulation of tagged
blood, Bolus tracking
(QUASAR)

Tracer

Exogenous. Nondiffusible blood pool
tracer (Gd-based contrast
agent)

Exogenous. Flow or
permeability-limited
diffusible tracer (Gdbased contrast agent)

Endogenous, Diffusible
tracer (Without contrast
agent)

Sequences

2D or 3D dynamic
acquisition, commonly
with 2D single-shot GEEPI sequence

2D or 3D dynamic
acquisition, Commonly:
3D GE (FSPGR,
FLASH, THRIVE)

2D or 3D single timepoint or Look-Locker
acquisition, Common:
single-shot GE-EPI

Relaxation
mechanism

T2/T2* relaxation

T1 relaxation

Magnetically labelled
blood T1 relaxation

Effects

- Susceptibility effect
distorts magnetic field.
- Decrease of T2/T2* of
protons in extravascular
compartment.

-Tracer extravasation
-T1 shortening.
-Produce signal
enhancement

-Free water exchanges
with tissue water.
-Apparent T1 relaxation

Signal
contribution

Large vessel:
- GE: signal loss due to
static inhomogeneity.
- SE: minimizing large
vessel contamination
since no
dephasing.
Small vessel:
- GE and SE: dephasing
and signal loss due to
diffusion.

Large vessels:
T1 shortening and
refocusing dephasing
and, therefore, large
vessel contamination in
both GE and SE
Small vessel:
T1 shortening and
contribution of diffusion
effect
The tissue concentration
is sum of contribution of
each subspace

Large vessel:
- GE and SE:
macrovascular
the contribution is
present when no crushers
or short delay times after
label are used
Small vessel:
- GE and SE: signals
mainly come from
microvasculature.

TR

Intermediate TR < 2 s

Shortest TR < 0.5 s

Long TR = 3–4 s

TE

Intermediate TE = 30–40
ms for GE

Shortest TE < 10 ms

Shortest TE = 15 ms

FA

Intermediate FA = 60–90°

Small FA = 20°

Large FA = 90°

Scan duration

Relatively short (< 2 min)

Long (≈ 5 to 6 min)

Long with multiple
averaging (≈ 4 min)

Physiological
quantitative
parameters

CBF, CBV, MTT

Ktrans, Kep, ve, vp, PS, F,
E

CBF, ATT, aBV

Semi-quantitative
parameters

BAT, TTP, FWHM, AUP,
Peak enhancement

TTP, AUC, Peak
enhancement, whashin/out slope

Applications in
Brain

Stroke, Tumour

Tumour

Stroke, Tumour,
Dementia

Other
Applications

No application outside the
brain

Breast, Prostate,
Pancreases, Pelvic,
Muscle

Heart, Kidney, Muscle

Imaging
Parameters
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Chapter 3!
Inter- and Intra-Observer Agreement of
rCBV measurements in Glial Tumours Using
Different Proprietary Software Analysis Tool
Aim: to assess the reproducibility and the reliability of rCBV measurements
obtained from the same source data using three different commercial software packages
(Olea Sphere, Functool, and Siemens).
Hypothesis: Perfusion measurements derived from DSC-MRI using different
software packages are reproducible when using an identical analysis approach.

3.1. Introduction
Perfusion measurements are frequently variable owing mainly to a lack of
standardisation and uniformity of imaging protocols and post-processing methods across
different manufacturers. These factors lead to differences, which can make the
comparison difficult between measurements obtained with different software tools or
even the same software at different time points. In order for rCBV to be used as an
outcome measure, the technique should fulfil the following criteria: firstly, the technique
should allow reliable identification of areas of increased rCBV; secondly, measurements
should be reproducible, independent of software manufacturer; thirdly the degree of interand intra-observer variability should be low; and finally, it should be fast300. Therefore,
it is important to know the inter- intraobserver reproducibility of perfusion measurements
for software, as well as the inter-vender variability of the measurements.

3.2. Materials and Methods
3.2.1. Subjects:
The study included 17 patients with histopathologically confirmed glial tumours
(six men, eleven women; mean age, 44 years; range, 16-62 years). All scans were
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retrospectively selected from PACS to represent a variety of histological subtypes and
world health organisation (WHO) grades by a consultant neuroradiologist (R.J.)8 who
was not one of the observers. Eight of the tumours were treatment naïve low and highgrade tumours and eight were recurrent high-grade tumours (Table 14). All patients
underwent conventional MRI and DSC-MRI scans.
Table 14: List of Subjects
The table lists subjects included in the study. The rCBV value is the average value produced by all
methods by both observers.
Scan

Age

grade

Diagnosis

Treatment before scan

Average rCBV

1

58

II

Astrocytoma

No

1.57

2

62

II

Oligoastrocytoma

No

3.12

3

40

III

Anaplastic oligoastrocytoma

No

3.52

4

49

II

Oligodendroglioma

No

5.44

5

51

III

Anaplastic astrocytoma

Surgery, radio

3.54

6

37

II

Astrocytoma

No

1.35

7

33

II

Oligodendroglioma

No

1.88

8

36

II

Astrocytoma

No

1.06

9

55

IV

GBM

Surgery, radio, chemo

7.23

10

59

IV

GBM

Surgery, radio, chemo

2.80

11

35

IV

GBM

Surgery, radio, chemo

2.65

12

35

IV

GBM

Surgery, radio, chemo

9.07

13

63

IV

GBM

Surgery, radio, chemo

9.00

14

18

III

Glioneuronal tumour with

Surgery, radio, chemo

1.50

neuropial-like island

8

15

30

IV

GBM+ radiation necrosis

Surgery, radio, chemo

5.72

16

37

IV

GBM

Surgery, radio, chemo

5.77

17

47

II

Astrocytoma

No

3.97

Rolf Jäger
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3.2.2. Observers:
The perfusion images of all patients were independently analysed by two FRCR
certified radiologists with training in neuroradiology (S.F.9 and A.K.10). Both were
familiar with all three perfusion software packages. The observers were blinded to the
histopathological diagnosis and treatment.

3.2.3. Imaging Protocol:
3T Magnetom Trio and 1.5T Avanto Magnetom scanner (Siemens Medical
Systems, Erlangen, Germany). After conventional MRI (sagittal T1W, axial T2W,
coronal FLAIR; coronal T2W images), the contrast was given and dynamic susceptibility
contrast T*2 gradient-echo (GE) echo-planar imaging (EPI) was performed during the
first pass of a bolus of gadopentetate dimeglumine of 0.1mmol/kg. Finally, post-contrast
axial, coronal, and sagittal T1W images were obtained. PWI was performed with
following parameters: repetition time TR/TE, 2840-1430/61-31 ms; field of view (FOV),
230 x 230 mm; section thickness, 5 mm; section gap, 6.5 mm; matrix, 128 × 256; voxel
size 1.8 × 1.8mm.

3.2.4. Image Postprocessing:
Same source DSC-MRI data for the 17 patients were post-processed with three
commercial software packages A, B and C. (Table 15)

Table 15: Perfusion Software Packages
The table lists perfusion software packages.
Software
A

B

C

Name
Olea Sphere
A1: without contrast leakage correction
A2: automatic contrast leakage correction
A3: manual leakage correction
Functool
B1: Constant baseline
B2: Interpolated baseline
Syngo MR

Manufacturer
Olea Medical

General Electric (GE)

Siemens

C: manual leakage correction

9

Sameeha Fallatah

10

Anant Krishnan
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3.2.4.1 Olea Sphere (software A)
Three methods were used: method A1, rCBV map obtained without contrast
leakage correction; method A2, automatic contrast leakage correction; and method A3,
manual leakage correction. For all three methods, the selection of the arterial input
function (AIF) was automatic, (Figure 15).

Figure 15: Olea Sphere Software
A, options panel in Olea Sphere software. B, AIF, the concentration time curve includes the whole
dynamic sires, area in pink represents the baseline before the bolus arrival. C, the dynamic sires truncate
only to include the first pass.
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Post-processing steps:
The following software options were used:
1.! The first step was to set a threshold for the background segmentation where all pixel
values below the selected threshold would be masked out. The threshold is adjusted
manually to ensure that all brain tissue was included.
2- The range of the base signal was adjusted manually from the start of the dynamic series
until the bolus arrival time.
3- Computing range was from bolus arrival time until the end of the dynamic sires for method
A1 and A2, (Figure 15B). For method A3 the commuting range was until the end of the
first pass. This was achieved by truncating the dynamic sires, (Figure 15C).
4- The arterial input function (AIF) was defined automatically for all methods.
5- Deconvolution method: circular Singular Value Decomposition (cSVD)
6- Automatic leakage correction option was only used for method A2.
Differences between the three methods:
Method A1: the whole dynamic series was included, no leakage correction methods used.
Method A2: the whole dynamic series was included, contrast leakage was corrected
automatically by the software base on the algorithm described by Boxerman et al.22
Method A3: only the first pass was included150.
Quantitative rCBV maps were successfully obtained by the 3 described methods.
3.2.4.2. Functool
Two methods were used: B1, with a constant baseline of the time-intensity curve;
and method B2, with interpolated baseline. The AIF was manually selected and then the
first pass was determined manually.
Post-processing steps
1- MR standard protocol was selected from the Functool interface.
2- After entering the “MR standard” window, the first step is to set a threshold for the
background segmentation. All pixel values below the threshold will be masked out. It is
important to make sure that all brain tissue is included, (Figure 16A).
3- The next step is to select the arterial input function: an ROI was placed in a relatively
normal artery which supplied the area of most concern, if possible, or in the ACA or MCA
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or its branches, the criteria of optimal AIF were as described in chapter 2, section 2.5,
(Figure 16B).
4- The computing range was defined by the beginning and the end of the first pass bolus,
which were determined manually on the time-signal intensity curve, to minimise the
effect of recirculation and contrast leakage150, (Figure 17).
5- Baseline selection: the software allows two options for the baseline, (Figure 18):
a) Constant baseline of the time-intensity curve, (Figure 18a).
b) Interpolated baseline, (Figure 18b).
The only difference between methods B1 and B2, is the baseline type.
3.2.4.3. Siemens Perfusion software:
All rCBV maps were produced with manually selected AIF and the first pass.
Post-Processing Steps:
1- the first step was to select the AIF, (Figure 19B), the position of the AIF was selected
in the same way as software B.
2- then the first pass bolus was selected manually, (Figure 19D).
Each observer postprocessed and analysed perfusion data with methods A1, A2,
A3, B1, B2 and C, one software package at a time, with a time gap of at least 2 weeks
between the analyses of the whole dataset on each software package. One observer (S.F.),
repeated the analysis of the whole dataset after one month using the same methods.
Provided that there was a minimum delay of 2 weeks, we left it to the observers to decide
when they could fit in the analyses in their schedule, based on logistics and their
availabilities.
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Figure 16: General Electric 1
A, threshold selection; B, AIF selection.

Figure 17: General Electric 2
MR standard on the left side, the bars in the middle control the position of the white lines in the signaltime curve on the right side. Pre-enhancement image is the last image before the contrast agent transient.
Post-enhancement image is the end of the first pass.

Figure 18: General Electric 3
The red line in the time –intensity curve represents the constant baseline, the area under the line is
calculated. A, non-interpolated baseline; B, interpolated baseline.
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3.2.5. Image analysis:
Several tumour region of interest (ROIs), an area ranging 30 - 40mm2, were placed
in the tumours over rCBV hotspots according to a published method of highest inter- and
intra-observer reproducibility300. The ROI with the highest mean rCBV value was chosen
for calculating the rCBV ratio. Care was taken not to place ROIs over blood vessels,
cystic or haemorrhagic areas of the tumour. The reference ROI was placed in the
contralateral normal-appearing white matter (NAWM) in the centrum semiovale. Areas
of white matter T2 hyperintensity were avoided. To calculate rCBV ratios the following
formula was used: (mean ROItumour/mean ROINAWM), (Figure 20).
For software packages A and B, the ROIs were propagated throughout the different
methods (A1-A3, B1-B2), such that the same size and location were used.

Figure 19: Siemens, AIF selection
A, slice from the row perfusion data is shown with a drawn region of interest. B, 7X7 pixels from the
ROI, the ones with a significant signal drop (highlighted squares) were used to calculate the AIF. D, the resultant
AIF, with the 3 time points need to be defined (blue lines). The first one is at the baseline, second at the start of the
drop and the third at the end of the drop.
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Figure 20: Image analysis
Anaplastic oligoastrocytoma (WHO grade III). A, post-gadolinium injection T1-weighted image displays
a large hypointense mass involving the left insular lobe with subtle areas of enhancement, blue arrow. B,
an image from DSC-MRI dynamic series at the 17th time point catches an area of a transient signal drop
inside the mass, white arrow. C & D, rCBV maps, ROI 1 in the area with elevated rCBV. ROI 2 in the
contralateral white matter.

For inter-observer agreement, only rCBV ratios obtained by the same software and
methods were compared across the observers, i.e. rCBV ratios obtained with method A1
by observer 1 were only compared to A1 by observer 2, etcetera.
For inter-software assessment only ratios obtained by the same observer were
compared across method A, B and C, i.e. rCBV ratios obtained by method A for one of
the observers was compared to B and C for the same observer. The intra-observer
agreement was assessed the same way like the inter-observer.

3.3. RESULTS
Seventeen lesions were analysed, the epicentres of the lesions were located in the
following regions: 10 frontal (6 left and 4 right), 4 parietal (2 left and 2 right) and 3
temporal (2 left and 1 right). 13 lesions showed contrast enhancement and 9 showed
cystic/necrotic changes. Discordance between the measured rCBV ratios and the expected
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rCBV for the histological grade was found in 2 cases: case 17, a grade II astrocytoma,
had a high rCBV value; and case 14, a grade III astrocytoma had low rCBV value, (Table
14) shows the average rCBV ratios obtained by both observers using the three software
tools.
3.3.1. Intraobserver Agreement:
Scatter plots in Figure 21 illustrates the measurements of all 17 tumours obtained
by each software comparing the first and second measurement for observer 1.
•! Method A: The intra-observer agreement between the first and second measurements with
methods A1, A2 and A3 were almost perfect (ICC> 0.8), with method A2 having the
highest intra-observer agreement (Table 16). See Statistical analyses in methodology,
Chapter 2, Section 2.2.
•! Method B: Both methods B1 and B2 had almost perfect intraobserver agreements (ICC,
0.82).
•! Method C: had excellent intra-observer (ICC, 0.84) and moderate inter-observer
agreement (ICC, 0.51).
3.3.2. Inter-observer Agreement:
Figure 22 shows the rCBV measurements of all 17 tumours obtained by each of the
observers, using the five methods described. It can be observed from the graphs that the
variability of the rCBV ratios between the different methods increased with higher rCBV
values.
Method A: The inter-observer agreement was excellent for methods A2 (ICC, 0.80)
and A3 (ICC, 0.81). Method A2 (auto-leakage correction) showed lower rCBV ratios than
A1 (without leakage correction), in 8 lesions for observer 1 and 6 lesions for observer 2.
We also found that rCBV values of NAWM were lower in method A1 than A2 and A3 in
all scans (Table 26). The difference between the rCBV values of the NAWM was
statistically significant (p<0.001) for each observer, however, the differences between
rCBV ratios obtained by the three methods are statistically insignificant, p-value is 0.16
for observer 1 and 0.11 for observer 2.
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Method B: Method B2 had a highest inter-observer agreement (ICC, 0.63). The
differences between rCBV ratios obtained by both methods are not statistically
significant; p-value is 0.36 for observer 1 and 0.26 for observer 2. The differences
between rCBV values in the white matter obtained by both methods are not statistically
significant; p-value is 0.87 for observer 1 and 0.95 for observer 2.
Method C: had a moderate inter-observer agreement (ICC, 0.51).
For simplifying the inter-software comparison, method A2 was used in the rest of the
study as a method of chose for software A because it is faster than A3 and has excellent
inter- intraobserver agreement. Method B2 was used in the rest of the study for the
intra-software comparison.

3.3.3. Inter-software Agreement:
For inter-software agreement method A, B and C were compared within the same
observer. The inter-software agreement was generally high (ICC, 0.67-0.87), (Table 17).
Figure 26 demonstrates the Bland and Altman plots and the averaged ICC over both
observers comparing the three methods. The greatest variations were generally seen at
the right side of the plots for tumours with the higher rCBV values. The greatest intersoftware agreement was observed between method B and C (ICC 0.74 and 0.87 for
observers 2 and 1, respectively), with the narrowest limits of agreements varying from 2.3 to 3.2.
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Figure 21: The Intra-observer comparisons.
The top graph, software A; middle, software B; and the bottom, software C. Graphs demonstrate the first and second
measurement of rCBV ratios recorded by observer 1. The X axis represents all the scans with the histopathological
diagnosis. The Y axis represents the rCBV ratios, * indicates previous treatment with chemotherapy. GBM,
glioblastoma; HGA; high-grade astrocytoma, LGA, low-grade astrocytoma LGOA, low-grade oligoastrocytoma;
LGO, oligodendroglioma; HGO, oligodendroglioma.
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Figure 22: The Inter-software comparisons
Thehe top (observer 1) and the bottom (observer 2) graphs demonstrate all rCBV ratios obtained by software
A, B and C. The X-axis represents all the scans with the histopathological diagnosis. The Y-axis represents the
rCBV ratios, * indicates previous treatment with chemo/radiotherapy. GBM, glioblastoma; HGA; high-grade
astrocytoma, LGA, low-grade astrocytoma LGOA, low-grade oligoastrocytoma; LGO, oligodendroglioma;
HGO, oligodendroglioma.
Table 16: Intra/inter -observers ICC.
A1

A2

A3

B1

B2

C

ICC intra-observer

0.81

0.89

0.87

0.82

0.82

0.84

ICC inter-observer

0.71

0.80

0.81

0.54

0.63

0.51

Table 17: Inter-software ICC.
ICC values show the agreement between every 2 methods for observer1 (blue shade) and observer 2 (grey
shade).
A
A
B

0.67

C

0.74

B

C

0.81

0.79
0.87

0.74
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Figure 23: The Inter-observer comparisons
Scatter plot demonstrates rCBV ratios obtained by observer 1 (obs1) and observer 2 (obs2), top graph, software A;

middle, software B; and the bottom, software C. Graphs demonstrate the first and second measurement of
rCBV ratios recorded by * indicates previous treatment with chemotherapy. * indicates previous treatment with
chemotherapy. GBM, glioblastoma; HGA; high-grade astrocytoma, LGA, low-grade astrocytoma LGOA, low-grade
oligoastrocytoma; LGO, oligodendroglioma; HGO, oligodendroglioma.
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Figure 24: White matter reference ROIs
Values of rCBV in the white matter reference ROIs averaged for both observers, for software A top graph and B
bottom graph. * indicates previous treatment with chemo/radio-therapy. GBM, glioblastoma; HGA; high-grade astro,
LGA, low-grade astrocytoma LGOA, low-grade oligoastrocytoma; LGO, oligodendroglioma; HGO,
oligodendroglioma

Figure 25: Box and whisker plot
The plot shows the average rCBV ratios for each tumour subtype obtained by both observers. GBM,
glioblastoma; HGA; high-grade astrocytoma, LGA, low-grade astrocytoma LGOA, low-grade
oligoastrocytoma; LGO, oligodendroglioma; HGO, oligodendroglioma.
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Figure 26: Bland and Altman plots
The graphs illustrate the inter-software variation of rCBV measurements. The greatest variations are
generally seen at the right of the plots for tumours with the higher rCBV values. The ICC represent here
is averaged for both observers.
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3.3.4. Diagnostic Accuracy:
The diagnostic performance of each software was assessed on the basis of ROC
curves calculated according to a binary classification of the lesion into low grade (WHO
II astrocytoma and oligo-dendro/astrocytomas) and high-grade (WHO III and IV)
gliomas as a gold standard. See ROC analysis, Statistical analyses in methodology,
Chapter 2, Section 2.2.
The sensitivity and specificity of software A were 75% and 79% respectively
(rCBV ratio, 2.7). For software B were 80% and 57% (rCBV ratio, 2.8). for software C
were 80% and 65% (rCBV ratio, 2.2), (Table 18).
The area under the ROC curve (AUC) was the highest for software A (0.80, 0.650.95 95% confidence interval) and lowest was for B (0.68, 0.50-0.87 95% confidence
interval). The AUC for C was 0.75 (0.58-0.91 95% confidence interval). (Figure 27).
The ROC analysis was repeated after excluding the WHO II oligo-tumours, the
diagnostic accuracy has improved for all software packages (Figure 28 and Table 19).
The cutoff ratios decreased for all software. Including oligo tumours led to 30%, 25%
and 27% overestimation of rCBV ratios’ thresholds for software A, B and C
respectively.
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Figure 27: ROC curve including oligo-tumours
The ROC curve for software A, B and C, including oligo-tumours. The areas under the ROC curve for the
three software are 0.80, 0.68 and 0.75 respectively.
Table 18: rCBV Thresholds including oligo-tumours.
The table lists the selectivity and specificity of each rCBV threshold
Software
A
B
C

Cutoff
2.7
2.8
2.5

Sensitivity
75
80
80

Specificity
79
57
65

Figure 28: ROC curve excluding oligo-tumours
The ROC curve for software A, B and C, excluding oligo-tumours. The areas under the ROC curve for
the three software are 0.87, 0.81 and 0.87 respectively.
Table 19: rCBV Thresholds excluding oligo-tumours.
The table lists the selectivity and specificity of each rCBV threshold.
Software
A
B
C

Cutoff
1.89
2.1
1.79

Sensitivity
85
80
90

Specificity
80
67
78
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3.4. Discussion
-In this study, rCBV maps were successfully produced from a single acquisition
DSC perfusion dataset using three different commercial MRI software tools. The intraobserver agreement was perfect (ICC>0.80); software A had the highest agreement (ICC,
0.89). The inter-observer agreement varied from fair to excellent with an ICC, 0.80; 0.63;
0.51 for software A, B and C respectively. The inter-software agreement was generally
strong (ICC 0.74-0.81) averaged for both observers. The best inter-software agreement
was between B and C averaged ICC= 0.81. Software A has the highest diagnostic
accuracy to differentiate high and low-grade gliomas (AUC, 0.80). However after
exclusion of low-grade tumours with an oligodendroglial element the performance of all
software packages has improved (AUC, 0.81-0.87).
The agreement of perfusion measurements in this study was strong for intraobserver and the intra-software while strong to moderate for the interobserveragreement. Variability of measurements is a known feature in clinical practice404 due to
differents in methods. Furthermore different software packages have different algorithms
and their ‘black box’ nature cannot be accessed. However, the inter-software
reproducibility in this study was fairly high. Software A has a distinct higher interobserver agreement than the other software probably because the AIFs were selected
automatically by the software.
Surprisingly in software A, almost half of the lesions had lower rCBV ratios with
leakage correction (A2&A3) than without leakage correction (A1), although these
differences were not statistically significant. Additionally, NAWM rCBV values were
significantly higher after leakage correction. As the NAWM is the denominator for the
normalised values, this results in an overall decrease in rCBV ratios for the tumoral
regions in methods using leakage correction compared to that without. In several studies,
rCBV values in NAWM found to be relatively stable before and after leakage
corrections323,405. However, our results are consistent with a previous study which found
no significant differences in rCBV measurements in glioblastomas obtained with and
without leakage correction, while they did find significant differences in NAWM rCBV
measurements after correction406. Similar results are also found in the normal brain after
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leakage correction407. The effect of leakage on signal intensity is a complex interplay
between T1 and T2* effects which can lead to either underestimation or overestimation
of rCBV values depending on what effect is dominant and what correction method is
used319, the effect of leakage and correction were discussed in section 2.5.6, page 54-56.
Several explanations for rCBV values changes after leakage correction have been
proposed but the exact reason for the effect of leakage correction in white matter is still
unclear408. Genuine white matter contrast leakage could be due to a combination of
chemo- and radiotherapy effects. Radiation-induced white matter permeability can be
acute and often dose-dependent or can occur late with radiation necrosis409. Furthermore,
white matter radiation injury may accelerate the damage from chemotherapy410, the effect
of radio/chemotherapy was discussed in section 1.4.1, page 29-30.
The three software packages in this study gave similar cutoff values to differentiate
between high and low-grade tumours. The thresholds for software A, B and C
respectively were; 2.7, 2.8, and 2.5 including oligodendroglial tumours and; 1.89, 2.1 and
1.79 without oligodendroglial tumours. Exclusion of low-grade oligodendroglial tumours
not only increase the diagnostic performance of the software but also decrease the
thresholds by 30%, 25% and 27% respectively. Low-grade oligodendrogliomas are
known to have significantly higher rCBV than low-grade astrocytomas152. In one study
the inclusion of low-grade oligodendrogliomas decreased the specificity for correctly
categorising high-grade gliomas from 78% to 69%411. See chapter 5 section 5.4.
DSC-MRI is a powerful tool that can be easily included in the routine imaging of
several brain pathologies. Accurate calculation of perfusion parameters improves the
clinical diagnosis of many neurologic diseases. However, the reproducibility and
repeatability of perfusion measurements obtained with different analysis software must
be established before the technique can become part of the clinical routine and multicentre
research settings300. Furthermore many concerns have been raised regarding the
consistency of perfusion measurements across different centres as a result of various MRI
manufacturers and protocols as well as post-processing software tools103. Small
differences in image post-processing technique, such as interpolation, smoothing,
segmentation, determination of the AIF, etc., can lead to differences in the measurements
that may potentially confound the study interpretation146,254,412. The rCBV values are
103

Chapter 3 Inter- and Intra-Observer Agreement

traditionally normalised as an rCBV ratio to a reference region typically the contralateral
normal appearing white matter151. This technique makes the values more comparable
across the studies. However, it can be another source of variability as there is no standard
approach255, as discussed in chapter 8. There is a definite need for standardisation of
perfusion methods starting from acquisition techniques through post-processing methods
to image analysis approach. Methods standardisation is not only important to make a
comparison between patients and centres, but it is also necessary for the longitudinal
assessment of tumour response to therapy88. In this study, two radiologists tested three
software packages and a fairly high agreement could be reached when using the same
approach.
Many solutions have been introduced to produce more reproducible perfusion
measurements. Bedekar et al. had proposed a standardisation approach to translate all
rCBV values to a consistent scale to reduces inter-patient and inter-study variability for
the same tissue type413. Bjornerud et al. thought that quantitative analysis methods
suffered from complexity and user dependency and doubted their usefulness, as the
diagnostic accuracy of qualitative methods is already high. Instead, they presented a fully
automated perfusion analysis method based on raw DSC data 445.
There are some limitations to this study: the sample size is relatively small and the
scans we used are from two different scanners and that was not tested as a source of
variability. Furthermore, the biopsies were not always closely related to the imaging time
point and the effects of radio- and chemotherapy may have influenced the rCBV of the
original tumour. The mechanism of the correction in white matter is not fully understood
and results from healthy control group may add some clarification.

3.5. Conclusions:
The intra-software and the intra-observer reproducibility of rCBV measurements in
glial tumours was fairly high. The inter-observer reproducibility varied from moderate to
high depending on which type of software. Olea Medical has the best intra/interobserver
agreement, as well as the best diagnostic performance.
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Chapter 4!
Quality Control Scoring for Arterial Spin
Labelling Perfusion Maps
Aims: to develop a scoring system for quality assurance purposes to evaluate ASL
maps.
Hypothesis: a comprehensive scoring system can reliably differentiate between
good and poor quality scans by taking into account different types of artefacts, and can
therefore be used as a quality assurance tool.

4.1. Introduction
Arterial spin labelling (ASL) is a non-invasive MRI method for quantifying
cerebral blood perfusion. ASL methods have been discussed in chapter 2.
The relatively recent ASL techniques offer more information about the labelled
bolus and its arrival to the tissue and thus provide more parameters than CBF. One of
these techniques is quantitative signal targeting with alternating radiofrequency labelling
of arterial regions (QUASAR)380. QUASAR is a deconvolution based model-free ASL
technique with a multi-slice/multi-inversion time (TI) data acquisition. While in
conventional ASL imaging the labelled images are acquired at a single time point after
labelling, In QUASAR labelled images are collected at multiple time points after the
labelling pulse using the Look-Locker technique258,380. In addition to CBF several other
parametric maps are calculated from QUASAR data, (Figure 29): an R1 map, which is
the longitudinal relaxation rate map and which carries relatively detailed anatomical
information, because it has an image contrast that is similar to a T1 weighted image; an
arterial blood volume (aBV) map, which shows the larger blood volumes corresponding
to the location of the main cerebral vessels; and an arterial transit time (ATT) map, which
represents the time necessary for the labelled blood to flow from the labelling region to
the vascular compartment of the imaging volume. The ATT map can show the regions of
prolonged transit time. In the normal brain, the boundaries between the territories of the
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anterior, middle and posterior cerebral arteries (watershed areas) are relatively
prolonged383.
Since the introduction of ASL in 1992147, there have been tremendous
developments in ASL methods not only in acquisition techniques414 and pulse
sequences32,378,415-418, but also hardware397,419. These advancements have led to improved
image quality and reduced acquisition times420. It has been also validated in comparison
with clinically established techniques such as dynamic susceptibility contrast (DSC-)MRI
and positron emission tomography (PET) perfusion for the evaluation of several
neurological conditions241,244,421-425. Several studies have reported on the reliability and
reproducibility of ASL perfusion images across multiple centres independently from
scanner type and sequence used258,426,427. However, few quality-control methods have
been reported so far. Such methods are needed to guide the evaluation of ASL images
with respect to common types of artefacts that can affect the quality of ASL maps.
Guidelines on quality control are crucial to ensure that the minimum standards of image
quality are met, especially in the context of a multicentre clinical trial.
The aim of this study was to introduce a standardised Image Quality Scoring system
(IQS) for the evaluation of QUASAR ASL perfusion maps generated from clinical trials.
We designed the IQS consisting of 2 main components: 1) the visibility Image Quality
Scoring system (vIQS), and 2) the artefact Image Quality Scoring system (aIQS). The
final IQS system score is the sum score of these two components (IQS = vIQS + aIQS).
The vIQS evaluates visibility of principal anatomical landmarks in the maps like cortex,
basal ganglia, thalami, blood vessels and watershed areas. aIQS evaluates image quality
with respect to common types of artefacts. These include motion, signal drop out,
distortion and bright spots/areas397. Four parametric maps were calculated from
QUASAR-ASL data acquired in both healthy and diseased subjects at 5 different sites:
CBF, R1, aBV and ATT. These were used for the testing, calibration and validation of
the IQS system.
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Figure 29: QUASAR Maps.
The CBF and R1 maps show good visibility of the superficial and deep grey matter and good grey/white
matter differentiation; the aBV map illustrates the larger arterial volume corresponding to the anterior,
middle and posterior cerebral arteries; the ATT map shows the areas of prolonged ATT in the watershed
areas.

4.2. Material and Methods:
4.2.1. Subjects:
We included Multi-centre QUASAR-ASL perfusion scans of 158 subjects from 6
scanners at 5 different institutes. 60 healthy volunteers; 48 patients with multiple
sclerosis; 41 stroke patients; 9 HIV positive patients.
All scans were acquired with ethics approval: the multiple sclerosis patient study
was approved by the Central London Research Ethics Committee; the HIV patient study
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by the NHS Research Ethics Committee (REC)257; the rest of the data were acquired as
part of the multi-centre QUASAR reproducibility study258 and had been done under
specific approved for that study.

4.2.2. QUASAR Sequence Protocol:
All ASL perfusion MR scans were performed on Philips 3T MR imaging units
(Achieva 3T; Philips Healthcare, Best, the Netherlands). The QUASAR pulse sequence
was performed using the following protocol: TR|TE=4000ms|22-23ms; 13 inversion
times between TI=40ms and TI=3640ms with an interval of 300 ms, flip angle 35°;
sensitivity encoding factor=2.5; FOV=240 X 240 mm2; matrix=64 X (62-64); voxel
size=3.75 X 3.75 mm2; 7 slices of 6mm thickness with slice gaps=2 mm. Label
thickness=150 mm; label gap=15.

4.2.3. Image postprocessing and analysis:
All ASL data were exported to a Windows PC, and data processing was performed
by using dedicated software developed for the QUASAR study258,380 based on IDL virtual
machine version 8.2. Four parametric maps were calculated: CBF; R1; aBV; ATT.
ImageJ 1.46r (http://rsbweb.nih.gov/ij/index.html) was used to visualise the parametric
maps and assess them.

4.2.4. Scoring System:
4.2.4.1. Visibility Image Quality Scoring (vIQS)
For vIQS 3 items were scored for visibility on each of the 4 parametric maps (CBF,
R1, aBV and ATT) as described in Table 20. Thus, a total of 12 items were assessed for
the vIQS. Each item was given a score of 0-2, i.e.: 2 if well visible; 1 if just or partially
visible; 0 if not visible, and each of the parametric maps contributed a maximum score of
6 (total CBF, tCBF; total R1, tR1; total aBV, taBV; total ATT, tATT). The vIQS
represents the sum of tCBF, tR1, taBV and tATT. The maximum achievable score for the
vIQS is 24. The higher the score, the better the quality of the scan.
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Items assessed on CBF and R1 maps (tCBF, tR1)
On the CBF and R1 maps, the visibility of three items is assessed: (I) cortical grey
matter, (II) deep grey matter, i.e. basal ganglia and thalami and (III) grey/white matter
(GM/WM) differentiation.
Items assessed on aBV map (taBV)
On the aBV map, the visibility of the main intracerebral arteries is evaluated: (I)
both anterior cerebral arteries (ACAs), (II) both middle cerebral arteries (MCAs) and (III)
both posterior cerebral arteries (PCAs). The arteries appear as tubular areas of high signal
intensity on the aBV maps.
Items assessed on ATT map (tATT)
On the ATT map the visibility of 3 different watershed areas is evaluated: (I)
anterior watershed areas, (II) posterior watershed areas and (III) deep watershed areas.
Watershed areas are the areas at the borders of two or more major arterial territories 428,429.
The anterior (external frontal) watershed area is located between the anterior and middle
cerebral arteries. The posterior (external occipitoparietal) watershed areas are situated
between the middle and posterior cerebral arteries. The deep watershed areas are situated
between the deep and superficial perforator vessels. The watershed areas display
prolonged transit times on the ATT maps.
4.2.4.2 Artefact image quality scoring system (aIQS)
For aIQS 4 types of artefacts were assessed on the CBF map only: motion, signal
drop, distortion, and bright spots/areas, (Table 20). Each artefact category was given a
score of 0-2, i.e.: 2 for minimal or no artefacts; 1 for moderate artefacts; 0 for severe
artefacts. The maximum achievable score for the aIQS score is 8, with higher scores
corresponding to better CBF map quality.
Motion artefacts:
Motion artefacts appear as bright rings or curved lines across the maps, (Figure 30A).
These can produce apparent areas of both hyper- and hypoperfusion areas.
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Susceptibility artefacts: signal drop and distortion:
Susceptibility artefacts manifest as a signal drop (Figure 30B) or geometric distortion
(Figure 30C), well known in EPI acquisitions397. They occur near the base of the skull
and around the paranasal sinuses.
Some signal drop at the base of the skull is inevitable with EPI and was not scored as an
artefact; however excessive aeration of the sinuses or petrous bone is sometimes present
and degrades the quality of the maps. Distortion was defined as changes in the outer
contour of the image.
Bright spots or areas:
Bright spots or areas are random single voxels or extended areas of very high perfusion,
e.g. residual vascular signal397, (Figure 30). Care was taken not to score bright spots in
the primary visual and auditory cortices as artefacts, as these are considered to be
physiological.
4.2.4.3 The combined score (IQS):
The combined score is simply the sum of vIQS and aIQS:
IQS = vIQS + aIQS, with a maximum achievable score of 32.
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Table 20: The Quality Scoring system
Items evaluated in the image quality scoring system, between brackets are the maximum scores for the
items.
Visibility Image Quality Scoring system (vIQS) (24)
Grey matter (2)
R1 (6)

GM/WM differentiation (2)
Basal ganglia & thalami (2)
Grey matter (2)

CBF (6)

GM/WM differentiation (2)
Basal ganglia & thalami (2)
Anterior cerebral arteries (ACA)(2)

ABV (6)

Middle cerebral arteries (MCA) (2)
Posterior cerebral arteries (PCA) (2)
Anterior watershed (2)

ATT2 (6)

Posterior watershed (2)
Deep watershed (2)

Artefacts image quality scoring system (aIQS) (8)
Motion (2)
CBF

Signal drop (2)
Distortion (2)
Bright spots & areas (2)

Figure 30: Artefacts Types
CBF maps demonstrate the four different types of artefacts. A, the bright rings in the 1st map represent
motion artefacts, signal drop at the base of the skull in image B. Distortion due to susceptibility is shown
in C. The map in D, shows artefactual bright spot in the left hemisphere.
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4.2.5. Raters11
All parametric maps were independently evaluated by three board-certified
radiologists, rate r1, rater 2 and rater 3 (with 7, 10 and 17 years of experience in
neuroradiology). All raters had a training session to discuss the definitions and practised
together on how to use the scoring system. All scoring was done over the same period.
Rater 1 performed 2 complete scorings of all data with an interval of 2 months, in order
to assess intra-rater agreement. Rater 3 performed a binary evaluation of the CBF maps,
to assess whether these were clinically usable or not, 2 months after the initial IQS
evaluation. This assessment was used as a reference standard to determine the score
threshold for clinical usability using Receiver Operating Characteristic (ROC) analysis.

4.2.6. Statistical Analysis
Statistical analysis was performed with SPSS (IBM SPSS, version 21) and STATA,
(version 11, Stata, College Station, Texas). Spearman's correlation coefficient was used
to study the relationship between visibility and artefact scores (vIQS and aIQS). Intraclass
correlation coefficients (ICC) were calculated to measure the levels of inter and intrarater agreements. ICC values were interpreted as follows404; 0-0.2: slight; 0.21-0.4: fair;
0.41-0.6: moderate; 0.61; 0.8 substantial; >0.8 almost perfect agreement404.
Bland-Altman plots were also used to give a quantitative impression of the range
of disagreement among raters and to identify the 95% limits of agreement261.
ROC curves were plotted for a range of different threshold scores for tCBF, vIQS,
aIQS and IQS scores to assess the performance of each score to differentiate between
clinically usable and clinically unusable scans. The optimal thresholds were derived from
the ROC analyses as the threshold resulting in the maximum area under the ROC curve
(AUC)262. The AUCs were interpreted according to a traditional academic point system:
excellent = 0.9–1; good = 0.8–0.95; fair = 0.7–0.85; poor = 0.6–0.75; fail = 0.5–0.65262.

11

Rater1: Sameeha Fallatah.
Rater2: Beatriz Gómez-Ansón
Rater3: Francesca Pizzini
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The sensitivity, specificity, positive (PPV) and negative predictive values (NPV) for
correct determination of usable and unusable scans were calculated.

4.3. Results
The boxplot in Figure 31 illustrates visibility scores for each of the individual rater
and all the data from the 3 raters. The highest score is the tR1 visibility score (median, 6)
Table 21 illustrates the mean, standard deviations and median of visibility scores for each
of the four maps averaged over all raters. The highest visibility scores are consistently in
the tR1 maps (median, 6), it was expected because of their T1 weighted contrast and the
fact that its calculation is not based on a subtraction.
Table 22 reports Spearman correlation coefficients between aIQS and visibility
score for each of the maps or the total vIQS, for each rater and all the data from the 3
raters. The tCBF visibility score and vIQS score showed a strong correlation with the
aIQS (Spearman’s correlation coefficients over all raters were 0.75 and 0.70
respectively). As expected, the fewer the artefacts (i.e., the higher the aIQS score), the
better the visibility of features in the maps.
Table 23 reports values of Spearman's correlation coefficient between vIQS and the
different artefacts assessed.
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Figure 31: Box Plot for Visibility Scores
The plot represents the visibility scores for each of the individual raters and all the data from the 3 raters.
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Table 21: Mean visibility scores
The table shows mean visibility scores averaged over all raters
Maps

Mean

Standard deviation

Median

tCBF

3.4

1.6

3

tR1

5.1

1.2

6

taBV

3.7

1.7

4

tATT

3.5

1.9

3

Total (vIQS)

15.6

4.9

16

Table 22: Spearman's correlation coefficients (aIQS)
The table illustrates the values of Spearman's correlation coefficient between aIQS and visibility score for
each of the maps or the total vIQS.
aIQS
Rater1

Rater2

Rater3

All

vIQS

0.80

0.74

0.60

0.70

tCBF

0.85

0.78

0.60

0.75

tR1

0.59

0.46

0.56

0.48

taBV

0.57

0.40

0.36

0.42

tATT

0.48

0.56

0.36

0.46

Table 23: Spearman's correlation coefficients (vIQS)
The table illustrates the values of Spearman's correlation coefficient between vIQS and the different
artefacts.
vIQS
Rater1

Rater2

Rater3

ALL

Motion

0.70

0.56

0.65

0.62

Signal drop out

0.24

0.28

0.44

0.29

Distortion

0.21

0.25

0.22

0.22

Bright spots

0.58

0.63

0.26

0.48

The motion artefact score had the strongest correlation with the vIQS score
(Spearman’s correlation coefficient = 0.62). The most consistent motion artefacts we
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observed in this study were bright curvilinear lines across the maps or peripheral rings of
high signal intensity.
The correlation with the vIQS score was much lower for signal drop and distortion
(average coefficients of 0.29 and 0.22 respectively). Some susceptibility artefacts were
found almost on each scan. However most of them did not contribute to the artefact score
since they were deemed to be inherent to the EPI acquisition module. The susceptibility
artefact score had the lowest correlation with vIQS, as most of them were physiological,
occurring in the expected locations and did not affect the quality of the maps. The bright
spots artefact score had a moderate correlation with the vIQS (Spearman’s correlation
coefficient = 0.48).
Inter and intra-rater agreement
Intra and averaged interrater ICC are shown in. The intra-rater agreement was perfect,
with ICC = 0.90 for vIQS, 0.80 for aIQS and 0.90 for the combined IQS.
There was substantial agreement between the raters, with ICC = 0.72 for vIQS, 0.60 for
aIQS and 0.74 for the combined IQS.
Table 24: Intra- and inter-rater ICC values.
ICC

tCBF

tR1

taBV

tATT2

vIQS

aIQS

IQS

Intra-rater

0.87

0.84

0.77

0.86

0.90

0.80

0.90

Inter-rater

0.70

0.50

0.45

0.63

0.72

0.60

0.74

Bland-Altman plots for intra- and interrater differences in IQS are shown in figure 40.
While the mean difference between raters was less than 1.5 points in all 3
comparisons, the 95% confidence limits for interrater variation (Figure 32 A, B and C)
was +/- 8 points in all cases. The 95% confidence interval for intrarater (Figure 32 D)
variation was +/- 5.5 points.
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Figure 32: Bland and Altman plots
The graph illustrates inter (1-3) and intra-rater (4) variation of the combined score measurements. Red
dashed lines are 95% CI of limits of repeatability and the blue line is the mean difference.

Clinical usability
Clinical usability for the scan was determined by ROC curves calculated according to a
binary classification by rater 2 of the CBF maps as being usable or not usable as the gold
standard.
The sensitivity, specificity, PPV, and NPV for determination of usable scans with
tCBF score were 75 %, 90%, 91% and 70% respectively (threshold value, 4). With vIQS
were 88%, 73%, 83 and 79% (threshold value, 15). With aIQS 90%, 68%, 81% and 82%
(threshold value, 4). With IQS 87%, 73%, 84% and 78% (threshold value, 19), (Table
25).
In the ROC curve analyses, the AUC was highest for the tCBF score (0.90, 0.870.94 95% confidence interval) and lowest for the aIQS (0.86, 0.75-0.85 95% confidence
interval). The AUC for the vIQS was 0.87 (0.75-0.85 95% confidence interval) and for
the IQS was 0.89 (0.85-0.92 95% confidence interval), (Figure 33).
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Table 25: IQS Sensitivity and Specificity
The table demonstrates the performance of tCBF, IQS, vIQS and aIQS.

tCBF

IQS

vIQS

aIQS

Score

4

19

15

4

Sensitivity (%)

75

87

88

90

Specificity (%)

90

73

73

68

PPV (%

91

84

83

81

NPV (%)

70

78

79

82

ROC Curve
1.0

Sensitivity

0.8

0.6

0.4

Source of the Curve

CBF
aIQS
IQS
vIQS

0.2

0.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity
Diagonal segments are produced by ties.

Figure 33: The ROC curve of tCBF, IQS, vIQS and aIQS.
The areas under the ROC curve for the 4 parameters are as follows: tCBF, 0.90; IQS, 0.89; vIQS, 0.87;
and aIQS, 0.86.

4.4. Discussion:
The proposed scoring system has two components. The vIQS evaluates the
visibility of well-known structures. The aIQS evaluates image quality with respect to the
most common artefacts affecting ASL maps. We provide several threshold scores to
determine the clinical usability of the scans and we suggest using combined IQS score
(AUC, 0.89) to be used as the main outcome variable to set the threshold score. tCBF
Page 1

score (4) has slightly better performance (AUC, 90) - because the clinical usability
reference was derived mainly from the CBF map - however it does not represent the rest
of the scoring system.
The proposed system showed a reliable identification of clinically usable scans by
applying a threshold IQS score of 19. We recommend the combined score because it
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incorporates information from both vIQS and aIQS. As expected, vIQS and aIQS were
highly positively correlated (r=0.71). The combined score also had high intra and interraters agreement (ICC, 0.91 and 0.76 respectively).
Motion is one of the artefacts that have a high impact on ASL image quality,
especially when no background suppression is used, as in QUASAR. Even small amounts
of motion can be a significant source of artefacts on ASL maps, due to the subtractive
nature of the technique321,397. Motion artefacts may produce an increase or decrease in
signal intensity, either with a focal or global pattern. Thus, unsurprisingly the motion
artefact score had the highest correlation with the vIQS (0.62) despite the fact that a robust
algorithm to detect and discard bad subtraction pairs was used as part of the image postprocessing380. One of the consistent patterns we encountered were bright rings or curved
lines across the maps. These seem to reflect mainly chemical fat shift artefacts on the raw
images, which are due to a motion not adequately subtracted.
The QUASAR sequence has an inherent susceptibility to magnetic field
inhomogeneity since the image acquisition is performed with EPI. They are inevitable
and well known to occur and interpret especially when they are in the expected location
at the bone/air interphases. Since this was taken into account in the scoring system,
susceptibility artefacts scores had the lowest inverse correlation with vIQS scores (0.29
for signal drop and 0.22 for distortion). Other sources of susceptibility artefacts include
metallic hardware or surgical clips, blood products, calcification and hair barrettes.
Bright spots/areas were defined as unexpected areas of very high perfusion.
Physiological bright spots may be seen in the primary visual and auditory cortices due to
visual or auditory activation. Residual labelled blood in the arteries can manifest as bright
spots. Motion can also produce apparently hyper- or hypoperfused areas. Another source
of bright areas is an asymmetric positioning of the head coil. Bright spots/areas had a
moderate correlation with the vIQS of the maps (r= 0.48).
Clinical trials need a dedicated validated quality assurance set up. Although the
primary goal was to develop a scoring system to assess the quality of the ASL perfusion
maps acquired in clinical trials to help researchers to accept or discard individual ASL
studies, there are other applications. It can for instance also be used as a teaching tool to
train neuroradiologists not familiar with QUASAR or generally ASL data, due to the
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potential challenges in differentiating artefacts from pathological findings. The study
included scans from 5 sites, and such a scoring system may highlight a particular problem
in a multi-centre study. For instant in this study, there was a constant higher incidence of
motion artefacts on maps from a particular scanner. Buying a new device to fix the head
has somehow solved the problem.
QUASAR is a relatively new perfusion technique which has been proven to be
relatively reliable and reproducible258. Few efforts have been paid in the past with regard
to quality control/assurance for ASL imaging. Recently, a comprehensive clinically
oriented review have been presented by Alsop et al374. They offered recommendations to
ensure sufficient quality and SNR in ASL imaging for more efficient use in patient care.
They also set up quality assurance guidelines for clinical users to assess the quality of
their images. Such recommendations, if followed, can enhance the uniformity of ASL
images and ease the comparison across MRI scanners. Another recent study purposed 430
to provide a preliminary quantitative baseline of CBF measurements to aid in designing
future multicentre trials and clinical studies. In that study430, the authors provided detailed
quantitative white and grey matter perfusion measurements on healthy adults using the
International Consortium for Brain Mapping atlases.
One of the limitations of this study is that the scoring system is subjective and rater
dependent as well as to have decided in a rather arbitrary way which scans were clinically
useful from others. This decision was however done by the rater with the longest training
in ASL. A potential improvement would have been to use a joint assessment by all three
reviewers to decide which ones were clinically useful or not. Another possible
improvement is to validate this subjective scoring system against the previously
established image quality indices such as signal-to-noise ratio 431,432 or contrast to noise
ratio433. Other limitations of this study are that the proposed threshold combines vIQS
and aIQS, this may mask the contribution of each component. For example, it is not
possible to know the reason for low IQS score and whether it is due to poor visibility or
poor quality caused by significant artefacts. However this masking effect should not be
significant since the vIQS and aQIS are strongly correlated, i.e., if vIQS is high it is
unlikely for aIQS to be low. To avoid this masking effect, a subset of these scores or the
tCBF score threshold could be used. However, it is less comprehensive. Finally, although
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the scoring system is easy to apply, it needs practice and knowledge in perfusion imaging
to avoid reporting pathological hypo/hyperperfusion as an artefact.

4.5. Conclusions
The proposed scoring system is a step in quality assurance for QUASAR-ASL
images. However, it can also be applied to images/maps produced by other ASL
acquisition schemes. The scoring system has demonstrated the ability to select clinically
useful scans. It also showed a reasonable reproducibility and reliability. More efforts are
still necessary to address consistent quality assurance guidelines for this growing
technique in the future.
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Chapter 5!
Triple Perfusion MR Imaging in Brain Tumour
Aims: to compare different quantitative parameters derived from the three perfusion
MRI techniques (DSC, DCE and ASL) and to assess whether they are interchangeable or
complementary and whether ASL can replace DSC in a clinical setting.
Hypothesis: The three perfusion techniques investigated in this chapter can be used
interchangeably in the workup of brain neoplasm.

5.1 Introduction:
Perfusion MRI techniques are sensitive to microvasculature, and thus, can be a
robust tool to study brain tumours where neovascularisation is a hallmark of malignancy.
There are three principal perfusion MRI techniques; susceptibility contrast (DSC);
dynamic contrast enhanced (DCE); and arterial spin labelling (ASL). Perfusion MRI
techniques and clinical applications in neuro-oncology imaging were discussed in chapter
1 and 2.
The current reference standard for perfusion MRI in brain tumour is DSCMRI434,435. The derived parameters are relative cerebral blood volume (rCBV), relative
cerebral blood flow (rCBF), and mean transit time (MTT), rCBV is widely used and more
reliable than rCBF and MTT in the context of brain tumours149. Absolute quantitation of
DSC-CBF is difficult due to many uncertainties, such as arterial input function (AIF) and
the associated partial volume effect as well as the nonlinear contrast relaxivity.
Measurements of CBF-derived from ASL have been found reliable in areas with normal
and rapid blood arrival times. In the brain, ASL has proven to be reliable for CBF
measurement in grey matter, whereas in the white matter the flow tends to be
underestimated, thus the usefulness of ASL-CBF measurement in white matter is still
under debate436. ASL-CBF measurement is potentially useful for brain tumour imaging,
as neoplasms generally have rapid arrival times427,437,438 and high perfusion values.
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Both DSC and ASL technique have advantages and limitations in measuring CBF.
While DSC-rCBF could be made insensitive to late arrival times439, absolute quantitation
is challenging. In contrast, ASL can quantify CBF in regions with the rapidly arriving
flow, has the drawback of underestimation flow in regions with delayed arrival time440.
ASL imaging has relatively lower image resolution and signal-to-noise ratio (SNR), as
well as being sensitive to motion artefacts due to a longer acquisition time435. ASL is a
continually evolving technique and is attractive because it eliminates the need for
exogenous contrast. Some studies showed that measurement of ASL-CBF correlates well
with measurements of DSC- rCBV, with a similar ability to detect regions of hyper and
hypoperfusion in tumours240-242.
DCE-MRI is increasingly used to estimate permeability when the blood-brain
barrier (BBB) is disrupted. Several parameters can be derived from DCE-MRI including
forward volume transfer constant (Ktrans), extravascular extracellular space volume
(Ve), blood plasma volume (Vp) and the reverse vascular transfer constant (Kep), these
parameters reflect permeability as well as perfusion336,441. More recently, there have been
DCE-MRI studies on the use of these parameters in grading glioma442 and monitoring
treatment responses or recurrence prediction210,234,235,443. The clinical adoption of
quantitative DCE-MRI has been slow, probably because of the complexity of the
measurements, and many studies have instead used the semi-quantitative parameters
derived from the analysis of signal intensity curve, which is far simpler to obtain442.

5.2 Methods:
5.2.1 Subjects and Histological diagnosis:
23 patients are included in this study. (13 men, ten women; mean age, 44 years;
range, 12-78 years). Histological diagnosis are: astrocytoma WHO II (n=6),
oligodendroglioma WHO II (n=4), oligoastrocytoma WHO II (n=2), anaplastic
oligoastrocytoma WHO III (n=2), anaplastic oligodendroglioma (n=3), anaplastic
astrocytoma

(n=3),

radiation

necrosis

(n=1),

metastatic

carcinoma

(n=1),

haemangioblastoma WHO I (n=1).
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5.2.2. Imaging protocol:
Imaging was performed on a 3T MR system (Siemens Magnetom Skyra syngo MR
D13; Siemens Medical Systems, Erlangen, Germany). Conventional MRI sequences
(sagittal T1W, axial T2W, coronal FLAIR), were followed by ASL imaging was carried.
Precontrast T1 mapping was performed before the first contrast dose, followed by
dynamic contrast-enhanced T1W. Using the 2nd injection, dynamic susceptibility contrast
T2*W EPI was performed during the first pass of the 2nd bolus of contrast; subsequently
post-contrast axial, coronal, and sagittal T1W images were obtained. Figure 34 gives an
overview of the imaging protocol.

Figure 34: Triple Perfusion MRI protocol overview.
The diagram shows the design of the perfusion MRI examination, starting with conventional MRI,
followed by ASL, precontrast T1 mapping, and then DCE-MRI, followed by DSC-MRI and finally the
post contrast T1WIs. The 1st dose of contrast agent is injected 50 seconds after the start of the DCE-MRI
sires, the 2nd dose after 30 seconds of the beginning of the DSC-MRI, the period between the 2 doses ≈
5:38 minutes, the time between the first dose and the stars of DSC=MRI ≈ 5:08 minutes.
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Conventional MRI imaging:
Conventional MRI was obtained with the following parameters: T1WI: FOV, 220
mm; TR/TE, 1500/9ms; flip angle 150; TI, 692; voxel size:0.7 × 0.7 × 4.0 mm; slice
thickness, 4mm. T2WI: FOV, 220mm; TR/TE, 5210/100ms; Voxel size: 0.4 × 0.4 × 5.0
mm; slice thickness, 5mm, averages 1, echo-train length, 22. FLAIR: FOV, 220 ×
81.3%mm; TR/TE, 6500/72 ms; flip angle; 150, TI, 2130; Voxel size:0.7 × 0.7 × 3.0 mm;
slice thickness, 3mm; averages, 3. DWI: FOV, 220 × 220 mm; TR/TE, 1500/9 ms; flip
angle 150; Voxel size: 1.1 × 1.1 × 5.0 mm; slice thickness, 4 mm.
ASL:
ASL imaging was performed with a Pulsed ASL sequence with Q2TIPS and
3DGRASE readout, with the following parameters: FOV, 240 × 240 mm; TR/TE,
3500/12 ms; voxel size: 3.75 × 4.63 × 5.25 mm, matrix 64 × 52; 20 partitions, slice
thickness, 5.25 mm, averages 1; flip angle, 130; bolus duration, 700ms; readout
bandwidth 2298 Hz/pixel, echo spacing, 0.54 ms, turbo factor 15, EPI factor 13, 8 shots.
Background Suppression was performed as in reference476, with 2 Inversion pulses
designed to null tissues with T1 = 700 and 1400ms, 100ms before the excitation pulse. 4
measurements were averaged.
M0 images were performed with the same sequence as ASL, but with No background
suppression, and TI set to 1s, 2s, 4s to mimic a saturation recovery. FOV, 240 × 240 mm;
TR/TE, 3500/12 ms; slice thickness, 5.25 mm, averages 1; flip angle, 130; measurement,
4, bolus duration, TRs, 4190, 3500, 2190, 1190.
DCE-MRI:
The 3D SPGRE DCE-T1W sequence was performed after ASL scanning. The
injection of the CA was after 50 sec from the start of the dynamic sequence. Gadoterate
meglumine (Dotarem®, Guerbet, Aulnay-sous-Bois, France) was administered as an
intravenous bolus at a dose of 0.1 mmol/Kg through power injection at a rate of 4 ml/sec.
The contrast bolus was flushed with 30ml of normal saline an equal rate. The following
sequence parameters was used: FOV, 256mm; TR/TE, 2.5/0.95ms; Voxel size: 1.0 × 1.0
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× 5.0; slice thickness, 5mm. A total of 100 dynamic series of 20 sections to cover the
entire brain were obtained.
T1 mapping was performed before the administration of Gd, using 3D SPGRE sequence
and an array of different flip angles (17, 15, 12, 10, 7, 5).
DSC-MRI:
Baseline signal was established from 30 sec of acquisitions before administration
of the 2nd dose of contrasts agent same concentration as the first dose but at 5ml/sec. The
imaging was performed by using a fat- suppressed T2*W EPI with the following
parameters: FOV, 230 × 230 mm; TR/TE, 1430/32ms; voxel size: 1.8 × 1.8 × 5.0 mm;
slice thickness, 5mm; gap, 1; Flip angle 90. A total of 68 dynamic series of 19 sections
to cover the entire brain were obtained.

5.2.3 Data postprocessing and analysis:
5.2.3.1 DSC-MRI processing:
All DSC data were exported to a PC and analysed by Olea Sphere software; the
algorithm was based on Ostergaard et al’s265 and leakage correction on Boxerman et
al’s266,319. The first two volumes of the dynamic data were discarded for more accurate
estimation of the baseline signals; the following software options were used for
computing the parametric maps:
1- Signal conversion: signal intensity (St) to ΔR2* to concentration
2- The baseline range- manually adjusted- from volume 3 till the bolus arrival time.
3- Computing range: from bolus arrival time till the end of the dynamic sequence
4- AIF: automatic.
5- Deconvolution method: oscillating index Singular Value Decomposition 439
6- Automatic leakage correction, contrast preload injection was used to correct for
contrast leak. However, this option also corrects for T1 effect not fully corrected by the
preload as well as residual T2* effect which may result from T1 leakage correction.
7- Haematocrit (HTC) value: 0.45, 0.25 for large and small vessels respectively.
The quantitative maps obtained are either relative or absolute.
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rCBV and rCBF are given as relative maps. Absolute CBV (unit ml/100g) and CBF (unit
ml/100g/min) quantification require the knowledge of the exact proportionality constants
that intervene in the conversion of signals into concentration time curves. These constants
depend on the imaging equipment, the contrast agent and the acquisition parameters,
tissue type and HTC value. Furthermore absolute quantification is hampered by partial
volume effects. Thus, only an estimation of rCBV and rCBF is provided by the software.
MTT is given in an absolute map. Relative transit time maps (rMTT) were also obtained.
5.2.3.2 DCE-MRI processing:
DCE data were also post-processed with Olea Sphere using the following software
options:
1- Signal conversion: St to ΔSt to concentration.
2- The baseline range- manually adjusted- from volume 3 till the bolus arrival.
3- Computing range: from bolus arrival till the end of the dynamic sequence
4- AIF: automatic or manual. (Manual AIF was used only if the automatic selection was
inside the tumour or in an extracranial vessel)
5- DCE model: extended Tofts model (ETM)338 & and Lawrence & Lee model
(L&L)339,see methodology chapter.
6- Haematocrit (HTC) value: 0.45
The software produces two types of maps:
Semiquantitative permeability maps- measured from the concentration-time
curve- these include: Area under the curve (AUC), Time to maximum enhancement
(TME) and Peak enhancement (Peak).
Quantitative permeability maps -created by tracer kinetic modelling- include:
forward volume transfer constant (Ktrans), the fractional extravascular extracellular space
volume (ve), the fractional blood plasma volume (vp) and the reverse vascular transfer
constant (Kep) and permeability-surface area (PS).
5.2.3.3 ASL processing:
ASL data were postprocessed with NiftyFit. http://cmictig.cs.ucl.ac.uk/wiki/index.
php/Main_Page. CBF maps were obtained and given in absolute values (unit
ml/100g/min). CBF maps were analysed on imageJ.
126

Chapter 5 Triple Perfusion

5.2.4 Image analysis:
Anatomical MRI was reviewed to identify tumour location, extent, and behaviour
as well as to examine the normal-appearing white matter (NAWM).
At least, three manually placed ROIs (30-45mm2) were placed in tumour hot-spots
on the rCBV map. Visualised intra-tumour vessels as well as areas of haemorrhage,
calcifications or necrosis were avoided. The ROI with the highest mean value was chosen
to represent the tumour perfusion parameters (rCBV, rCBF and rMTT). Perfusion values
were normalised to a reference region on the contralateral side of the tumour at the same
level, the size of the reference ROIs being similar to the corresponding tumour.
For DCE, the analysis was performed twice, with Lawrence and Lee and extended
Tofts models. ROIs were placed on a Ktrans map and from the area with the highest Ktrans
value the permeability parameters (AUC, time, peak, Kep, Ktrans, ve, PS and vp) were
extracted.
Likewise, on ASL maps, three ROIs were placed in the areas of high CBF, and the
ROI with the highest mean was chosen. An effort was made to localise ASL ROIs on
CBF map on a similar position as the DSC-MRI maps (rCBF and rCBV).
Perfusion parameters for each scan are measured in 3 different ROIs, (Figure 35):
1.! Perfusion ROI (ROIa): is placed on rCBV map were the maximum values are, and
automatically transported to other DSC (rCBF, rCBV & MTT) and DCE (Ktrans, ve, Kep,
vp, AUC, Peak & time) maps. The corresponding parameters are obtained from each map.
2.! Permeability ROI (ROIb) is placed on Ktrans map were the maximum values are, and
automatically transported to other DSC and DCE maps. The same parameters as ROIa
are obtained.
3.! ASL ROI (ROIc) are placed on ASL-CBF were the maximum values are, and one
parameter obtained, ASL-CBF.
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Figure 35: Perfusion Maps
Anaplastic astrocytoma. Conventional images demonstrate mildly enhancing left temporal lesion surrounded by oedema. The first 3 images in the second row
demonstrate the location of the 3 different ROIs in DSC-rCBV, Ktrans and ASL-CBF maps. The locations of ROIa, ROIb and ROIc, in this case, are quite similar.
However in other scans, the ROIs location may show a variable degree of similarities (see figure 46). The lesion manifests increased blood volume/flow and
permeability. Incidentally, foetal origin left posterior cerebral artery (PCA). Note that the left PCA territory has the same delay as the anterior circulation.
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The lesions were divided into seven groups according to histopathology ; 1- HGA =
anaplastic astrocytoma; 2- LGA = low-grade astrocytomas; 3- HGO = anaplastic
oligodendro /oligoastrocytoma; 4- LGO = low-grade oligodendro /oligoastrocytoma; 5Mets = metastasis; 6- RTN = radiation necrosis; 7- haemangioblastoma (HMB).

5.3 Results
Table 26 demonstrated the intercorrelation between the obtained perfusion
parameters from all methods. r values in the blue shade in the table are correlations
between parameters within ROIa (based on maximum rCBV). Values shaded in grey in
the table are correlations between parameters in ROIb (based on maximum Ktrans). ASLCBF in ROIc is correlated once with parameters of ROIa (blue) and once with ROIb
(grey).
Strong correlation is found between DSC-rCBF and DSC-rCBV, r= 0.99. ASLCBF demonstrates strong correlations with DSC-rCBF and DSC-rCBV in both ROIa &
ROIb. However slightly stronger correlations are found in ROIa, r= 0.85, 0.90
respectively. rMTT has moderate correlation with DSC-rCBF, DSC-rCBV and ASLCBF. Stronger correlations found between rMTT and DCE-Ktrans, DCE-ve and DCE-vp,
r= 0.74, 0.62 and 0.58 respectively. DCE-Vp has strong correlations with DSC-rCBF,
DSC-rCBV and ASL-CBF, with stronger correlation in ROIa. r = 0.89, 0.91 and 0.92
respectively. Interestingly DCE-vp demonstrates relatively stronger correlations with
other DCE parameters in ROIa than ROIb. DCE-AUC has strong correlations with DSCrCBF, DSC-rCBV, ASL-CBF and Ktrans, r = 0.83, 0.87, 0.95, 0.92, 0.71 respectively. The
maximum Ktrans from ROIb is moderately correlated with DSC-rCBF, DSC-rCBV and
ASL-CBF, r= 0.64, 0.67 and 0.65 respectively. In ROIa Ktrans has stronger correlation
with DSC-rCBF, DSC-rCBV, ASL-CBF, DCE-vp and DCE-AUC, r = 0.76, 0.81, 0.79,
0.84 and 0.91. Ktrans has stronger correlations with ve and Kep in ROIb. PS is strongly
correlated with Ktrans, r= 1. PS is correlated to other parameters in the same way as Ktrans.
DCE-Peak enhancement is strongly correlated with DCE-AUC, r= 0.95 and has a similar
correlation to the other parameters like AUC. Weak negative correlation is found between
DCE-Ve and Kep, r= - 0.17. ve has no or weak correlation with all the parameters except
with DCE-, r=0.43.
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One of the lesions was a haemangioblastomas showing very high perfusion and
permeability values compared to other lesions and was therefore considered to be an
outlier. Correlations were repeated after excluding the lesion. For more information, see
Appendix B.
Table 27 and Table 28 summarise the mean perfusion measurements for DSC and
DCE respectively, in each tumour subtype. Differences in perfusion measurements were
found between different tumour groups (HGA, LGA, HGO and LGO).
Table 29 shows how each DSC and DCE parameters rank the tumour subtypes from high
to low values according to the mean value of parameters in each tumour subtype. In
posthoc analyses the following was found:
•! Significant differences are found between HGO and LGA in DSC-rCBF; DSC-rCBV;
DCE-Ktrans, DCE-vp, DCE-peak, DCE-AUC and ASL-CBF, p values = 0.021, 0.016,
0.04, 0.001, 0.005, 0.004 and <0.001 respectively
•! Significant differences are found between HGO and LGO in DCE-vp, DCE-peak, DCEAUC and ASL-CBF, p values= 0.003, 0.027, 0.009 and 0.03 respectively.
•! Significant differences are found between HGA and LGO only with ASL-CBF, p-value
= 0.004.
•! No significant differences were found between the other three pairs (HGO, HGA), (LGO,
LGA) and (HGA, LGO).
For more detailed pairwise comparisons see Appendix B.
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Table 26: The correlations between DSC, DCE and ASL parameters.
The table demonstrates the correlation coefficients between DSC, DCE and ASL parameters, the coefficients in blue shade are either between parameters ROIa X ROIa
or ROIa X ROIc. The coefficients in grey shade are either between parameters ROIb X ROIb or ROIb X ROIc. For example, the correlations (red) between DSC-rCBV
and DCE-Vp are relatively stronger in the perfusion ROIa (0.92) than permeability ROIb (0.88).

DSC
rCBF
DSC-rCBF

rCBV
0.99

MTT

DCE
rMTT

AUC

PS

VE

K

ASL
trans

KEP

vp

Peak

CBF

0.42

0.39

0.83

0.76

0.22

0.76

0.67

0.89

0.80

0.85

0.48

0.47
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Figure 36: Scatter Plots
Scatter plots show the relationships between perfusion indices.
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Table 27: DSC and ASL Parameters Values.
The table shows the mean ± standard deviation of DSC and ASL parameters, for each group, N, number
of patients. HGA, anaplastic astrocytoma; LGA, low-grade astrocytomas; HGO, anaplastic oligodendro
/oligoastrocytoma; LGO, low-grade oligodendro /oligoastrocytoma; Mets, metastasis; RTN, radiation
necrosis; HMB, haemangioblastoma

DSC

ASL

HGA

LGA

HGO

LGO

Mets

RTN

HMB

N

3

6

5

6

1

1

1

rCBV

3.37 ±1.73

1.26 ±0.25

4.39 ±2.22

2.39±0.70

3.01

2

12.77

rCBF

3.26 ± 1.86

1.18 ±0.25

4.19 ±2.1

2.29 ±0.75

2.91

2.31

10.54

MTT

5.93 ±1.41

5.41 ±1.43

6.59 ±1.03

6.04±1.56

6.66

4.5

10.48

rMTT

0.84±0.09

0.81±0.24

1.16±0.17

1.07±0.15

1.41

0.5

1.89

CBF

80±23.9

17.2±6.46

87±34.39

46.33±13.15

100

21

569

Table 28: DCE-MRI Parameters Values
The table shows mean± standard deviation of DCE parameters, for each group, produced by L&L,
Lawrence&Lee and ETM, extended Tofts model. HGA, anaplastic astrocytoma; LGA, low-grade
astrocytomas; HGO, anaplastic oligodendro /oligoastrocytoma; LGO, low-grade oligodendro
/oligoastrocytoma; Mets, metastasis; RTN, radiation necrosis; HMB, haemangioblastoma

L&L

ETM

HGA

LGA

HGO

LGO

Mets

RTN

HMB

N

3

6

5

6

1

1

1

Ktrans

0.16±0.18

0.02±0.02

0.25±0.11

0.18±0.09

0.29

0.28

2.02

Kep

1.25±1.13

0.45±0.43

1.27±1.68

0.93±0.93

0.2

0.21

8.12

Ve

0.13±0.14

0.09±0.09

1.13±0.87

0.12±0.15

1.71

1.46

0.93

vp

0.34±0.11

0.12±0.07

0.39±0.20

0.18±0.08

0.3

0.24

1.71

PS

13.49±15.4

1.74±1.4

27.42±25.2

19.80±17.2

32.46

31.57

216.38

Ktrans

0.12±0.06

0.001±0.001

0.14±0.11

0.04±0.07

0.15

0.2

2.9

Kep

0.95±0.40

0.15±0.09

0.38±0.35

0.52±0.69

0.19

0.26

3.1

Ve

0.26±0.30

0.02±0.04

0.57±0.45

0.06±0.05

0.77

0.77

0.76

vp

0.09±0.02

0.03±0.01

0.11±0.06

0.06±0.02

0.1

0.04

0.27

Table 29: Glioma Ranking
Each parameter ranks tumour subtypes from high to low values according to the mean value of the
parameter in the tumour subtype. HGA, anaplastic astrocytoma; LGA, low-grade astrocytomas; HGO,
anaplastic oligodendro /oligoastrocytoma; LGO, low-grade oligodendro /oligoastrocytoma.
Parameters

rCBV

DSC
rCBF rMTT

MTT

ASL
CBF

AUC

Peak

DCE
Ktrans
Kep

Ve

VP

Tumours
ranked
from high
to low
value

HGO

HGO

HGO

HGO

HGO

HGO

HGO

HGO

HGO

HGO

HGO

HGA

HGA

LGO

LGO

HGA

HGA

HGA

LGO

HGA

HGA

HGA

LGO

LGO

HGA

HGA

LGO

LGO

LGO

HGA

LGO

LGO

LGO

LGA

LGA

LGA

LGA

LGA

LGA

LGA

LGA

LGA

LGA

LGA
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In Table 30, DCE parameter values produced by the 2 DCE models are listed.
Although the measurements generated by the two models are highly correlated, the
differences were statistically significant except for Ktrans (p-value = 0.17). Parameters
produced by the L&L model are higher than those produced by the ETM model, with
mean differences 0.02, 0.25, 0.31 and 0.63 for Ktrans, Vp, Ve and Kep respectively.
The non-model-based parameters (AUC, Peak) were produced by the software with
each model. They show minor differences which were statistically non-significant, with
a P-value > 0.39. They were expected to be identical as they are model free. However,
the minor differences could originate from noise in the data.

Table 30: DCE-MRI Models
The table demonstrates the relationship between L&L, Lawrence & Lee and ETM, extended Tofts; the
correlations, r; p values and the mean difference between the two models.

Ktrans

VE

Kep

vp

r

0.94

0.91

0.81

0.90

P value

0.17

0.011

0.001

0.021

Mean differences (L&L – ETM)

0.02

0.31

0.63

0.25

5.4 Discussion
In the current study I found strong correlation between perfusion metrics DSCrCBV, DSC-rCBF, DCE-Vp and ASL-CBF (r>0.85). These parameters reflect either the
blood volume or blood flow and were expected to be highly correlated, with highest
correlation between DSC-rCBF and DSC-rCBV (r=0.99) likely because there are derived
from the same data. Perfect correlation also found between Ktrans and PS (r=1). Moderate
correlations are found between the maximum Ktrans on one hand and maximum DSCrCBV and ASL-CBF (r= 0.64-0.67) on the other. DCE-AUC and Peak enhancement are
strongly correlated with DSC-rCBV, DSC-rCBF, DCE-Vp, ASL-CBF as well as Ktrans.
I also found differences between tumour subtypes in perfusion metrics. I could rank them
into:
1- HGO > LGO > HGA > LGA by Ktrans, Ps and rMTT
2- HGO > HGA > LGO > LGA by all other parameters.
134

Chapter 5 Triple Perfusion

Values of all parameters -except PS and rMTT- are higher in high-grade gliomas than
low-grade

gliomas

(HGO>HGA>LGO>LGA).

Ktrans,

PS

and

MTT

rank

oligodendroglial tumours (HGO, LGO) before astrocytomas (HGA, LGA), (Table 29).
Significant differences were found between HGO and LGA in rCBV, rCBF, Vp, Ktrans,
AUC, Peak enhancement and ASL-CBF. Significant differences are also observed
between HGO and LGO in Vp, AUC, Peak enhancement and ASL-CBF. HGA and LGA
could be differentiated by ASL-CBF only.
DSC-rCBV/rCBF:
The results of this study are largely in concordance with the results found in the
literature. For instance, the high correlation between DSC-rCBV and DSC-rCBF is found
in several studies. r= 0.98 in Jiang et.al study239, r= 0.83 in Hakyemez et al.159, r= 0.75 in
Senturk et al444 and r= 0.76 in Shin et al.157. However, Thomsen et al.445 found moderate
correlation between rCBV and rCBF, r = 0.60. Despite the fact that DSC-rCBV is
considered more reliable than DSC-rCBF, several studies have reported on DSC-rCBF in
brain tumour prognostication157,159. The DSC parameters in this study showed only
significant differences between HGO and LGA. These differences among other groups in
DSC-MRI parameters were not statistically significant. The results could be explained in
several ways: firstly, some of the patients were partially treated, thus, the measurements
may have been affected; secondly, the sample size is small, it is possible that a larger
study may find significant differences; thirdly, this study did not include GBM (WHO
grade IV), which generally have the highest rCBV values of all high-grade gliomas, thus,
HGA, in this study was not significantly higher than LGA group. Also, after a
comprehensive review of DSC perfusion MRI studies performed during the last ten years,
I found that several studies found significant differences between high and low-grade
tumours153,158,159,164,173,178,446 statistically while others did not126,411,445,447.
DSC-MTT/rMTT:
DSC-MTT is the least important parameter in brain tumours. MTT has been found
not to be correlated with tumour grade448,449. Similar results were found in this study.
However MTT was found to have a relatively strong relationship with Ktrans especially in
permeability ROIs (r= 0.63 with MTT, r= 0.73 with rMTT). Moreover, it is observed
from Table 27; that mean MTT values for astrocytomas are less than the MTT of the
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contralateral white matter, as indicated by rMTT ratio, whereas oligodendroglial tumours
have relatively higher MTT than the white matter. The haemangioblastoma has the
highest MTT. In Table 29 MTT interestingly has the same ranking of glioma as Ktrans.
The equation CBF= CBV/MTT indicates an inverse relationship between CBF and MTT,
and I would, therefore, expect relatively short MTT with high flow. However, in this
study, I found prolonged MTT with high flow in areas with profound contrast leak. My
findings are in concordance with Ulmer et al’s450 work, which found a prolonged MTT
in glioblastoma even if the flow is high. They postulated that MTT is a marker of BBB
breakdown, and the whole process reflects arterio-venous shunting in aggressive
neoplasm with an additional steal effect of the tumour450. Prolonged MTT is also found
in meningioma451. MTT is calculated as CBV/CBF, and it becomes free of scaling
problems related to signal intensity curve – largely insensitive to T1/T2* effects and AIF
choices – and can be determined in seconds as an absolute value452. For this reason,
Orsingher et al.488 suggested obtaining MTT rather than rMTT, especially when
comparing results produced by different software. The idea of prolonged MTT with BBB
breakdown in relation to normal tissue has been utilised as a novel method for contrast
leakage correction. By using MTT-sensitive leakage correction methods, the algorithm
could distinguish between T1 and T2* leakage effect316.
MTT is the least used DSC-MRI parameter and some researchers doubted its
reliability. For instance, in one reproducibility study conducted by Milchenko et al.149, it
was found that rMTT measurements were more variable than rCBV and rCBF, and
influenced by the software used149. In contrast, a CT perfusion study found MTT is the
most reproducible perfusion parameter453 These conflicting opinions could be partly
explained by the fact that Milchenko et al. used rMTT not MTT.
ASL-CBF:
Results of my study also support the concept that ASL-CBF is comparable to DSCrCBV and DSC-rCBF in brain tumours, as has been suggested before239-242,425. Moreover,
in this study ASL-CBF had the best diagnostic performance. Yamashita et al. could
successfully use ASL-CBF to distinguish between haemangioblastomas (mean 437 ±274
mL/100 g/min) and metastatic brain tumours (mean 125 ± 134 mL/100 g/min)247. The
results are similar to my results for these 2 tumour subtypes, (Table 27), ASL can be
136

Chapter 5 Triple Perfusion

applied in many neurological diseases490 and one study of 200 ASL scans in a number of
neuro-pathological conditions showed that ASL could accurately depict normal
perfusion, hypoperfusion and hyperperfusion243. ASL is non-invasive and allows
quantification of CBF that can be made completely operator-independent368. All these
advantages clearly illustrate the clinical usefulness of ASL, and it can be implemented
successfully in a routine clinical neuroimaging protocol.
DCE-Ktrans/PS:
I found that Ktrans and PS very strongly correlated. The terms PS and Ktrans are
occasionally used interchangeably in the literature because both represent the flux of
contrast agent from the intravascular space to the extravascular extracellular space.
However, PS is normalised to the tissue capillary-plasma concentration, while Ktrans is
normalised to the arterial plasma concentration. Therefore, Ktrans depends on the plasma
flow338,454. If the blood flow is sufficiently high, the system becomes permeability limited,
and in this case, Ktrans is equal to PS454,455. Tumours, in general, are relatively highly
perfused, which is the likely explanation for the strong relationship between Ktrans and
PS.
There was a moderate correlation between permeability parameters (Ktrans, PS) and
perfusion (DSC-rCBV/rCBF, ASL-CBF) in areas with maximum permeability. This
finding matched the results of the studies by Patankar et al. (r= 0.688 for Ktrans and
rCBV)225 and Ding et al. (r= 0.684)448. However Law et al.161 found a weaker correlation
between Ktrans and rCBV (r= 0.27). The fact that Ktrans reflects permeability in areas with
high flow would make someone expect higher Ktrans values in areas of high perfusion.
That was not always found in this study, (Figure 37), as regions of maximum rCBV did
not always match the regions of maximum Ktrans. Instead, the better correlation between
the two parameters is found in areas of high perfusion than in areas of high permeability
(r= 0.81 vas 0.67). The first argument could be true (high Ktrans + high rCBV) only if the
regions of highest flow match the regions of maximum contrast leakage. It is essential to
understand

that

perfusion

and

permeability

represent

different

aspects

of

neovascularisation. While perfusion strongly correlates with angiogenesis and
microvascular density148, permeability correlates with neovasculature that is immature
and leaky493. Therefore, permeability indicates a breakdown of the BBB, which is
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frequently associated with higher tumour grade but may also occur in many other
conditions such as radiation necrosis. Thus, contrast leakage alone is not always an
accurate prediction of tumour grade494. In many studies, regions of maximum rCBV did
not match the regions of maximum permeability456,457. Several studies indicated that Ktrans
can differentiate between high and low-grade tumours442 however rCBV is more
frequently found to show a stronger correlation than Ktrans with tumour grade161,225,449,458.
DCE-vp/ve:
Among DCE-derived parameters, blood volume (Vp) is found to have the highest
correlation to vascular endothelial growth factor (VEGF)499 which, is a pro-angiogenic
peptide that stimulates neovascularisation89, and with histopathology449. No wonder Vp,
in this study is strongly correlated with DSC-rCBF/rCBV and ASL-CBF. DCE-Vp
measurements have been shown to be comparable to FDG-PET perfusion
measurements235. In a DCE-MRI study conducted by Ludemann et al.459 including
gliomas, meningiomas and metastases, it was found that blood volume is more sensitive
than other parameters as a means to differentiate between glioma grades as well as
between gliomas and meningiomas. Interestingly, while comparing glioblastomas with
meningiomas, they made a note that although both tumours show elevated vp and ve, the
pattern on the maps looked entirely different. In the meningioma, areas with a high vp
corresponded to areas of high ve. In contrast, the glioblastoma shows a high vp in the
tumour shell and a high ve in the centre surrounding the necrotic area459. In another study
ve was proven to be a useful marker of tumour necrosis460. These distinct features of vp
and ve distribution could be utilised to differentiate glioblastoma from less aggressive
tumours with elevated blood volume.
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Figure 37: T1 and T2* Effect
Right frontal anaplastic oligoastrocytoma on top of low-grade astrocytoma. Enhanced T1WI
demonstrated hardly enhanced tumour with avidly enhancing medial component. ROI1=ROIa,
ROI3=ROIb. The region of maximum permeability in Ktrans map, ROI3, is different from maximum
perfusion in rCBV map, ROI1. Note that the pattern in vp map follows the abnormality in rCBV map,
while Ve map follows, Ktrans map and AUC map is a combination of both abnormalities. Time-intensity
curves, bottom row, permeability in the left and perfusion in the right. ROI1 curve (blue) is a typical
curve of the high-grade tumour; rapid wash in/out in DCE and massive signal drop in DSC, with partial
recovery of the signal after the first pass (T2* effect). T2* effect commonly results from contrast preload
318
. ROI3 curve (green), initial rapid washin with continuous less rapid leakage on DCE, much less
marked signal drop on DSC and the signal remains way above the baseline after the first pass (T1 effect)
due to massive leakage, a negative rCBV value could be expected for ROI3 and overestimation of rCBV
in ROI1 if no post-processing correction is used, as preload alone was not enough in this case. ROI2
(red), located between ROI1 and 3, demonstrates extensive leakage, however, less leakage and more
perfusion than ROI3 and well corrected by the preload on DSC. ROI4 (yellow) is in the normal white
matter.

139

Chapter 5 Triple Perfusion

DCE-AUC/PEAK:
Semi-quantitative parameters in DCE represent a combination of tumour blood
flow, blood volume, and permeability349. The advantages and disadvantages of these
indices were already discussed in chapter 2. These model free indices, as shown in this
study (AUC, PEAK) are non-specific, yet very sensitive to perfusion (strongly correlated
with rCBV, rCBF, vp) and permeability (Ktrans, PS). The initial area under the curve
(iAUC), wash-in slope and peak enhancement have been predominantly used in breast,
prostate and pancreas neoplasm rather than brain461-466. However, they are also proven to
be helpful in brain tumours, in particular, in tumour follow-up and treatment
responses230,232-234,344.
Oligodendroglial Tumours:
Dealing with oligodendroglial tumours can be tricky since oligodendrogliomas
frequently exhibit high perfusion attributed to capillary neovascularisation, which occurs
even in low-grade tumours467, or partly related to their cortical location152. In addition, it
has been found before that high perfusion level in oligodendroglial tumours is associated
with its 1p/19q genotype. Tumours with 1p/19q co-deletion have significantly higher
rCBV values than those with intact 1p/19q468. It is frequent in the literature when grading
glioma by MRI perfusion, to group the tumours into high- and low-grade gliomas
including

oligodendroglial

tumours151,156-159,162,163.

However

low-grade

oligodendrogliomas have significantly higher rCBV than low-grade astrocytomas152. In
one study the inclusion of low-grade oligodendrogliomas decreased the specificity for
correctly categorising high-grade gliomas from 78% to 69% 411. Saito et al. made a report
on 24 WHO grade II and III gliomas, indicating that rCBV in low-grade astrocytomas
(2.01 ± 0.68) is significantly lower than that of the oligoastrocytic (4.60±1.05) and
oligodendroglial tumours (6.17±0.867) and a cut-off value of 3.0 allowed to differentiate
the oligodendroglial group from the astrocytic group. Interestingly they did not find any
significant difference between grade II and III oligodendrogliomas or between high and
low-grade gliomas when they included both astrocytomas and oligodendroglioma510.
However, they found significant rCBV differences between grade II and III astrocytomas.
Similarly Jia et al. found a cutoff value of 0.037 min-1 for Ktrans and 0.079 for Ve could
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be used to distinguish between low-grade and anaplastic oligodendrogliomas in a
statistically significant manner 227.
Enhancing Gliomas:
Another pitfall in DSC-MRI of enhancing gliomas with substantial BBB
breakdown is contrast agent extravasation. This will cause T1 positive enhancement and
reduces the DSC susceptibility effect266,325 leading to underestimation of rCBV or even
negative values of rCBV in highly permeable lesions (ROI3, Figure 37). Conversely, T2*
effects may manifest after T1-effect correction takes place and lead to overestimation of
rCBV (ROI1, Figure 37).

T2* effect are thought to be originating from residual

susceptibility differences between the pre-injected contrast in the extravascularextracellular space and tumour cells469. The complex relation between T1 and T2* effects
can lead to either under or over-estimation of the rCBV in enhancing tumours319 or both
effects can exist in the same tumour316 as gliomas can be extremely heterogeneous. Both
effects should be corrected to correctly estimate rCBV316,317. Contrast preload and postprocessing correction – as in this study – are the best approach to account for both effects
in DSC- MRI319. Other solutions for enhancing tumours are to use ASL imaging since it
is inherently insensitive to permeability437 or to use DCE-MRI. With the latest
developments of the pharmacokinetic models, DCE-MRI, using high temporal resolution,
can provide a reliable fit for a given data to account for fast flow, high volume and
bidirectional contrast exchange. It can efficiently estimate perfusion and permeability
indices332. Another advantage of DCE-MRI over DSC-MRI is that the former is less
affected by susceptibility artefacts caused by haemorrhage and calcification, making it
more reliable in certain situations230.
Treatment Responses:
Differentiation of tumour progression from treatment response or complications is
a clinical dilemma that can be solved by perfusion imaging, (Figure 38). Both perfusion
and permeability parameters show potential in solving the problem. Tumour recurrence
has increased neoangiogenesis, thus exhibiting higher rCBV values than radiation
necrosis, which mainly consists of ischaemic changes caused by occlusive
vasculopathy223. Confounding factors are that radiation necrosis can cause vascular
elongation, telangiectasias and aneurysms, which may all lead to an increase of rCBV. In
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contrast, tumour recurrence can be affected by radiation-induced micro bleeding that may
relatively decrease rCBV value223. However, it is widely agreed in the literature that
‘recurrent gliomas’ have significantly higher rCBV values than those found in cases of
‘radiation injury’122,221,222,229,470,471, (Table 31).
Values of Ktrans, vp and iAUC, are found to be significantly higher in recurrent
gliomas than in the radiation necrosis while ve and Kep are not235,236. In this regard, the
initial area under the curve is used and it is proven to be more sensitive in the first 30
seconds than longer iAUC472.
The iAUC was tested in the first 30, 60, and 120 seconds to differentiate between
recurrent glioma and radiation necrosis, the area under the ROC curve was 0.92, 0.87,
0.78 respectively472. It has been hypothesised before that recurrent GBM has a higher
iAUC, whereas radiation necrosis has a relatively higher final AUC473. In my study, only
one case of radiation necrosis was included. The AUC is calculated as the whole area
under the time intensity curve, not only the initial area and it appears higher in that
radiation necrosis case than the median of all gliomas, (Figure 47).
Perfusion imaging has helped the differential diagnosis of recurrent tumours versus
radiation necrosis. However, there can be an overlap between the two entities. To date,
no technique has been proven completely reliable471. Many experts combined several
techniques to increase the diagnostic accuracy121,471,472.
Similar issues are found in the differentiation between stable and progressive
disease. One comparative study including DSC, DCE, ASL and spectroscopy aimed to
differentiate between glioma recurrence and stable disease. The following parameters
were investigated DSC-rCBF, DSC-rCBV, MRS, DCE-Ktrans and ASL. Their accuracy
was; 80%, 79%, 74%, 69% and 69% respectively with relative cut-off values of 2.24,
2.15, 0.058, 2.18 for rCBF, rCBV, Ktrans and ASL-rCBF respectively474.
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Figure 38: Radiation Necrosis on top of GBM.
The graph shows rCBV and Ktrans maps top row, enhanced T1WI and concentration-time curve bottom
row. The rcbv ratio was 2, can not totally exclude recurrent GBM. However, permeability curve of the
tumour ROIs (blue & green) show progressive leakage and lack the rapid washout makes it in favour of
radiation necrosis, red curve= artery, orange=white matter. Histopathology result was radiation necrosis.

Table 31: Tumour Recurrence vs. Radiation Necrosis
The table demonstrates perfusion values from previous studies for tumour recurrence and radiation necrosis.
Study
Sugahara et al.

DSC

Tumour
recurrence
rCBV>2.6

Di Costanzo et
al 518
Kim et al 470

DSC

rCBV= 4.3±1.2

0.3±0.3

DSC

rCBV>5.72

rCBV<2.53

122

DSC

rCBV=2.4±0.73

0.78±0.46

Bobek et al.

Radiation
necrosis
<0.6

Cut-off

Sensitivity

1

50

Specificit
y
90

86.2
3.69

100

100

rCBV>1.7

rCBV<1

Hu et al 221

DSC

0.55- 4.64

0.21-0.71

0.71

91

100

Barajas el al

DSC

rPH= 2.07±0.69

1.25±0.42

rPH= 1.38

89.32

81.38

DSC

rCBV=2.±0.87

1.57±0.67

78.92

71.58

DCE

Ktrans 0.43

0.15

rCBV
1.75
0.19

100

83

DCE

iAUC=18.13

8.48

15.35

71

71

DCE

CBV>2.2

CBV<1.7

2

100

100

DCE

4.36±1.98

1.28±0.64

2.15

80

80

222

Bisdas et al 236
Larsen

235

Xu et al.

223

Accuracy
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DCE-MRI Models Comparison:
Different pharmacokinetic models, based on different assumptions, can be used to
fit DCE-MRI data. The model used could influence the resulting permeability
parameters37,338,339,475. The most commonly used model is the extended Tofts model
(ETM). The ETM model allows the quantification of Ktrans, Kep, Ve and Vp 338. Whereas
the L&L model allows direct quantification of flow (F), extraction fraction (E), the mean
capillary transit time (Tc) and PS. Hence gives Ktrans more definition since it is possible
to separate the flow from permeability339. In this study, significant differences are found
in DCE-MRI parameters that produced by two different models. The L&L model tends
to give higher values than the ETM model with mean differences 0.02, 0.25, 0.31 and
0.63 for Ktrans, Vp, Ve and Kep. However, the models have a strong linear relationship
between all parameters, which means that the parameters of each model give similar
information but on a different scale.
It has been recognised before that the quantification of permeability parameters
may substantially differ on the basis of the model adopted to fit the DCE data476.
However, all methods are dependent on the temporal resolution and total measurement
duration42. One DCE-MRI comparative study using Patlak and ETM models found that
the produced Ktrans values varied significantly though bot had a high correlation with the
histopathology347. Another study compared ETM; Brix477 and L&L found that the
estimated parameters obtained with the three models were comparable and agreed with
the physiological range. However, the L&L model gives the best fit for the data216,464.

5.5. Summary:
In this triple perfusion comparative study, I compared the three-perfusion MRI techniques
highlighting the similarities and differences.
I demonstrated that the relationship between the perfusion parameters is dependent on
whether they have been measured in areas of maximum perfusion or maximum
permeability.
I found that the perfusion indices, ASL-CBF, DSC-rCBF, DSC-rCBV and DCE-vp, are
highly correlated and can be used interchangeably to yield information about tumour
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vascular density which correlate with tumour grade. Permeability indices, Ktrans, PS and
ve, give information about BBB integrity. Ktrans and PS can be used interchangeably if
the flow is high enough while ve can be a marker of tissue necrosis.
I also showed that the semiquantitative indices such as AUC and peak enhancement
reflect a combination of both perfusion and permeability.
Interestingly, I found strong correlation between permeability indices and DSC-MTT.
MTT, which is generally thought to be unimportant in tumour imaging, might be a marker
of permeability, something that warrants further investigation!
I also discussed the physiological relevance of perfusion and permeability parameters as
well as the relationship between them.
I demonstrated in this study that different pharmacokinetic models, could give
significantly different numerical results. However, both models used in this study have a
strong linear relationship between all parameters.
Recommendation from this study:
Quantitative perfusion MRI can be easily implemented in routine tumour imaging in
clinical practice to improve the diagnostic accuracy of conventional MRI. For DSC
studies, it is now generally recommended to use ‘predosing’, which implies two separate
doses of contrast agent. In this study, we used the first gadolinium dose to run a DCE
sequence.
DSC-MRI is a rapid technique (1:44 min) that can be included in the workup of the newly
diagnosed brain neoplasm for glioma grading, biopsy guidance and management
planning. It can be also used for follow-up to predict malignant transformation and
treatment responses. In tumour imaging with DSC-MRI leakage correction methods must
be used to avoid errors.
ASL, which does not involve contrast agents, can be used interchangeably with DSCMRI and in this study, it has the best performance in differentiating tumour subtypes.
ASL is insensitive to permeability and avoids problems related to T1 and T2* effects,
which occur in DSC-MRI.
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Both DSC- and DCE-MRI are useful techniques for problem-solving such as
differentiating treatment-related changes from tumour growth. However, DCE-MRI with
its higher spatial resolution and less sensitivity to artefacts could be preferable in many
situations.
DSC, DCE and ASL are robust MRI methods that can quantify cerebral
haemodynamics and independently yield useful information in neuro-oncology imaging.
Each of these techniques has advantages and disadvantages. In many occasions, these
methods can be used alternatively. However, in some conditions, one of them may be
preferable over the others, and a combination of two techniques in complex situations
can often be the best way to achieve a more accurate diagnosis. Finally, the basic
knowledge of the techniques, including limitations, artefacts and pitfalls as well as the
knowledge of the physiological meaning of each parameter are crucial factors for
correct interpretations of the results.
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Chapter 6!
DSC-MRI Perfusion Measurements in Brain
Tumours: Internal Reference Region Can be
a Source of Variability
Aims: to assess the variability of rCBV and rCBF ratios resulting from the choice
of the reference ROIs in the contralateral normal brain.
Hypothesis: The location of the internal reference region of interest can affect the
normalised perfusion value in DSC-MRI.

6.1. Introduction
Despite the considerable efforts regarding absolute quantification of perfusion
parameters using DSC-MRI, the derived parameters remain relative measures. DSC-MRI
measurements are relative because of the generation process is dependent on the methods
used such as acquisition techniques; AIF selection; and deconvolution methods. One must
also consider the proportionality constant that intervenes in the conversion of signals into
contrast concentration, as knowledge of the exact constant for each subject is needed for
absolute quantification. Moreover, due to the low spatial resolution of the technique, it is
subject to partial volume effects and the interplay of T1 and T2* effects add more
complexity to the measurements285. The difficulties in obtaining absolute measurements
together with the lack of technical standardisation in acquisition and post-processing
methods are major limitations of the technique413 and lead to difficulty in comparing the
measurements between subjects or even within the same subject in a longitudinal study.
To overcome this limitation, perfusion measurements of a lesion are usually normalised
to measurements from an internal reference, typically normal-appearing white matter
(NAWM)151.
The current diagnostic approach for brain tumour DSC perfusion imaging relies
primarily on hot spot analysis by accurate placement of user-defined regions of interest
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(ROIs). ROIs can be placed around a portion or the entire lesion. ROIs are also placed in
NAWM for normalisation298. Care should be taken to avoid large extra- and intratumoral
vessels when placing ROIs299. This approach has the advantage of neutralising the effects
of DSC techniques thus makes the measurements more comparable. However it is
observer dependent and the most optimal method of ROI placement is not known. The
detailed description of reference ROIs is poorly addressed in the literature in terms of the
size and location. Very little has been mentioned regarding the most reproducible
methods of normalisation. Generally, reference ROIs are described as; in the contralateral
NAWM in the centrum semiovale (CSO)457,478; contralateral NAWM at the same level as
the lesion 188,304,474; contralateral normal brain or as mirror image184,319,479; or just in the
contralateral NAWM180,236,300,357,480,481, the last one being the most common description I
have encountered.
White matter in the human brain is a thick layer between the cortical grey matter
and the deep grey nuclei (thalami and basal ganglia). The average volume of the white
matter in adults is 543 ml in men and 433 ml in women482, forming 40–50% of the brain
area. The blood supply to the white matter comes from small calibre arterioles through
either deep perforators from the lenticulostriate arteries or descending arterioles from the
cortical surface483. The deep white matter harbours the internal border-zone (watershed)
area between the deep and superficial perforator arteries. The watershed areas are known
to have relatively low cerebral blood flow, cerebral blood volume and cerebral perfusion
pressure429, with least perfusion in the CSO531. The watershed areas are ideal for so-called
“misery perfusion” where the blood supply is relatively low compared to metabolic
demand and identified by an increased oxygen extraction fraction429,484. Furthermore,
differences in perfusion parameters between the brain lobes have previously been
reported in both grey and white matter485,486, although inter-hemispheric differences for
similar regions were not significant.
The white matter is a large structure with a regional variation of blood supply as
described above. Therefor NAWM perfusion parameters in a reference ROI -which is a
group of pixels- will be highly location and size dependent. Thus, leading to inter and
intra-operator variability of the relative perfusion measurements255.
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The aim of this study was to assess the variability of rCBV and rCBF ratios resulting
from the choice of the reference ROIs in three different contralateral regions; NAWM in
the CSO; NAWM in the same level as the tumour; in the head of caudate nucleus. I also
aimed to assess the reproducibility of these three methods.

6.2. Methods
6.2.1. Subjects and Histological diagnosis:
31 patients were included in this study average age 45 ±16 years, 17 males and 12
females. 6 Astrocytoma WHO II, 5 Oligodendroglioma WHO II, 4 Oligoastrocytoma
WHO II, 4 Anaplastic Oligodendroglioma WHO III, 2 Anaplastic oligoastrocytoma
WHO III, 6 anaplastic astrocytoma WHO III, 4 GBM. 13 patients with high-grade
tumours (WHO III and IV) were post-chemo/radiotherapy 10 of them were also postoperative.

6.2.2. Imaging protocol:
The DSC-MRI protocol was same as the one presented in chapter 5, section 5.2.2.

6.2.3. Data postprocessing and analysis:
DSC data were post-processed as in chapter 5, section 5.2.3.1.

6.2.4. Image analysis:
Tumour ROIs: at least three ROIs (30-45 mm2) were placed on rCBV maps in
tumours where the maximum signal intensities were located. The ROI with the maximum
mean value was chosen to represent the perfusion parameters in the tumour. For each
scan, the same tumour ROI value was used to produce normalised values (rCBF and
rCBV ratios) using three different reference ROIs.
Reference ROIs: reference ROIs were placed in normal areas of the brain tissue
on the contralateral side of the tumour in three different ways:
1- a large ROI in CSO, with average size 180 mm2, one slice above the lateral
ventricle, the size of the ROIs depends on the available NAWM, (Figure 39).
2- an ROI in the contralateral same-level NAWM (SLNAWM) as the lesion with
the same size as the tumour ROI.
3- an ROI in the contralateral head of the caudate nucleus (CN), size 20-30 mm2.
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Normal appearing reference regions were determined based on FLAIR and T2WI
before placing the ROIs in the rCBV maps. The same tumour and reference ROIs were
copied to the rCBF maps. Care was taken to avoid abnormal white matter, grey matter
and CSF in the ventricles as well as vascular structures, especially around the caudate
head. The mean value of a reference ROI was used for normalisation. rCBV and rCBF
ratios were calculated as the following: mean value in tumour ROI/ mean value in
reference ROI.
To test the intra-observer reproducibility, the whole analysis was repeated after 2
months using the same methods by the same observer.

Figure 39: The Three Different Reference ROIs
Anaplastic astrocytoma, a tumour ROI and the 3 different reference ROIs. CSO, centrum semiovale; CN,
caudate nucleus; SLNAWM, same level normal appearing white matter.

The lesions were divided into four groups according to histopathology; 1- high-grade
astrocytomas including anaplastic astrocytoma and GBM; 2- low-grade astrocytomas
including grade II astrocytoma; 3- high-grade-oligo-tumours including anaplastic
oligodendro /oligoastrocytoma; and 4- low-grade oligo-tumours including grade II
oligodendro- / oligoastrocytoma.
To test the performance -by ROC analysis- of methods against the
histopathological diagnosis, a binary classification was used, in which the tumours were
grouped into; A- high-grade tumours including group 1 and 3; B- low-grade tumours
including group 2 and 4.
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6.3. Results
Table 32 shows summary statistics of the rCBV and rCBF values of the three different
reference ROIs averaged over all scans. The values of the rCBV and rCBF were the
highest in the CN with mean values of 3.01 ml/100g and 41.9 ml/100g/min for rCBV
and rCBF respectively, followed by SLNAWM (1.23 ml/100g, 16.6 ml/100g/min) then
contralateral CSO (0.82 ml/100g, 13.1 ml/100g/min), (Figure 40), demonstrates the
average tumours rCBV, (Figure 40 A) and rCBF, (Figure 40 B) ratios when normalised
to CSO, SLNAWM and CN. rCBV and rCBF ratios normalised to CSO appear to be the
highest due to the small values of perfusion in CSO, which represent the denominators
for the normalising equation. Table 33 summarises the rCBV and rCBF ratios for each
tumour group. The mean rCBV ratios for high-grade astrocytoma using CSO,
SLNAWM and CN methods were 5.2, 3.6 and 1.6 respectively. The rCBF ratio for the
same type of tumours were 4.8, 3.7 and 1.6. The mean rCBV ratios for low-grade
astrocytoma using CSO, SLNAWM and CN methods were 2.7, 1.2 and 0.66
respectively. The rCBF ratio for the same type of tumours were 2.5, 1.2 and 0.64. The
mean rCBV ratios for high-grade oligo-tumours using CSO, SLNAWM and CN
methods were 5.3, 3.9 and 1.9 respectively. The rCBF ratio for the same type of
tumours were 5.1, 3.9 and 1.7. The mean rCBV ratios for low-grade oligo-tumours
using CSO, SLNAWM and CN methods were 4.2, 2.7 and 1.4 respectively. The rCBF
ratio for the same type of tumours were 3.9, 2.46 and 1.4. rCBV ratios, as well as rCBF
ratios, were significantly different (P-value < 0.001) for the same tumour when
normalised by the three different reference ROIs.

151

Chapter 6 Internal Reference Region

Table 32: Reference ROIs Perfusion Values
The table listed the values for reference ROIs, CSO, centrum semiovale; CN, caudate nucleus;
SLNAWM, same level normal appearing white matter.
Map
CBV
(ml/100g)

CBF
(ml/100g/min)

Methods

Mean

SD

Minimum

Maximum

CSO

0.82

0.28

0.47

1.41

SLNAWM

1.23

0.39

0.64

2.10

CN

3.01

0.79

1.92

4.20

CSO

13.1

4.58

5.81

22.7

SLNAWM

16.6

5.03

8.33

28.6

CN

41.9

11.8

22.6

62

Figure 40: rCBV and rCBF Ratios
The graph demonstrated the average ratios of rCBV and rCBF using the 3 methods. CSO, centrum
semiovale; CN, caudate nucleus; SLNAWM, same level normal appearing white matter.
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Table 33: rCBV and rCBF Ratios
Summary of rCBV and rCBF ratios for different tumour subtypes using the 3 methods. CSO, centrum
semiovale; CH, caudate head; SLNAWM, same level normal appearing white matter.
High-grade astrocytoma

Maps

rCBF

rCBV

Methods

Mean

Std.

Minimum

Maximum

CSO

4.8

1.9

3.7

7.1

SLNAWM

3.7

1.5

2.6

5.4

CN

1.6

0.83

1.1

2.6

CSO

5.2

2.7

3.4

8.3

SLNAWM

3.6

1.5

2.7

5.3

CN

1.6

0.89

1.1

2.6

Low-grade astrocytoma

rCBF

rCBV

Methods

Mean

Std.

Minimum

Maximum

CSO

2.5

0.75

1.7

3.2

SLNAWM

1.2

0.25

0.81

1.5

CN

0.6

0.14

0.45

0.8

CSO

2.7

0.64

1.8

3.3

SLNAWM

1.3

0.29

0.79

1.6

CN

0.66

0.17

0.49

0.96

Methods

Mean

Std.

Minimum

Maximum

CSO

5.1

3.1

2.4

10.4

SLNAWM

3.9

2.4

1.8

7.8

CN

1.7

1.01

0.65

3.1

CSO

5.3

3.7

2.3

11.6

SLNAWM

3.9

2.5

2.02

8.2

CN

1.9

1.2

0.77

3.8

High-grade-oligo-tumours

rCBF

rCBV

Low-grade-oligo-tumours

rCBF

rCBV

methods

Mean

Std.

Minimum

Maximum

CSO

3.9

1.7

1.1

6.4

SLNAWM

2.5

0.81

0.79

3.5

CN

1.4

0.71

0.31

2.4

CSO

4.2

1.5

1.5

5.8

SLNAWM

2.7

0.97

1.02

4.3

CN

1.4

0.73

0.4

2.6

Table 34: Intraclass Correlation Coefficient
Values of the intraclass correlation coefficient (ICC) and the coefficient of variation (CV). CSO, centrum
semiovale; CN, caudate nucleus; SLNAWM, same level normal appearing white matter.
rCBV(CSO)

rCBV(SLNAWM)

rCBV(CN)

rCBF(CSO)

rCBF(SLNAWM)

rCBF(CN)

ICC

0.94

0.89

0.93

0.91

0.90

0.92

CV

18.9%

31.4%

17.7%

22%

28%

21.6%
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The intraobserver reproducibility was excellent for all methods, (Table 34).
However, SLNAWM had the lowest ICC and the highest intraobserver variation, with an
intraobserver CV of 31.4% for rCBV and 28% for rCBF. However, the CV does not only
reflect the variation between the 1st and 2nd analyses but is also affected by the variation
within each set of measurements for both analyses. I.e. CV indicates how in average
analysis 1 is varied from analysis 2 it is not a pair-wise comparison between the 2
analyses. Figure 41 demonstrates the Bland & Altman plots comparing the first and the
second measurements of rCBV and rCBF ratios using the 3 methods. The mean
differences between the 2 measurements for all comparisons were ≤ 0.2. The narrowest
limit of agreement was for rCBV with CN, (Figure 41C), it ranged from -0.75 to 0.67.
The widest limit of agreement was for rCBV with SLNAWM (-2.7 - 2.5), (Figure 41B).
The diagnostic performance of each method was assessed by ROC curves obtained
according to a binary classification of the lesion into low-grade and high-grade gliomas.
AUC was excellent for CN methods; 0.93 and 0.92 for rCBV and rCBF ratios
respectively, (Figure 42). CSO methods have AUC of 0.88 for rCBV ratio and 0.83 for
rCBF. SLNAWM methods have AUC of 0.81 for rCBV ratio and 0.81 for rCBF. The
methods have different cut-off ratios between high and low-grade gliomas, (Table 35).
rCBV ratios threshold, sensitivity and specificity are 3.1, 88% and 79% for CSO method;
2.7, 82% and 78% for for SLNAWM; 1, 88% and 86% for CN respectively. rCBF ratios
threshold, sensitivity and specificity are 3.3, 85% and 72% for CSO method; 2.8, 71%
and 79% for for SLNAWM; 1, 88% and 80% for CN respectively.
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SLNAWM

SLNAWM

SLNAWM

SLNAWM

SLNAWM

SLNAWM

Figure 41: Bland-Altman Plots
The graph compares the first and the second measurements of rCBV and rCBF ratios using the CSO, SLNAWM and CN methods. CSO, centrum semiovale; CN,
caudate nucleus; SLNAWM, same level normal appearing white matter.
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Figure 42: rCBV and rCBF ROC Curves
The top graph is the rCBV ROC curve; the bottom graph is the rCBF ROC curve. CSO, centrum
semiovale; CN, caudate nucleus; SLNAWM, same level normal appearing white matter.
Table 35: Sensitivity and Specificity.
The table demonstrates the diagnostic performance of each method.
Map
CBV

CBF

Methods
CSO
SLNAWM
CN
CSO
SLNAWM
CN

Threshold
3.1
2.7
1.02
3.3
2.8
1.03

Sensitivity
88%
82%
88%
85%
71%
88%

Specificity
79%
78%
86%
72%
79%
80%
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6.4. Discussion
In this study, tumour rCBV and rCBF values were normalised to three different
contralateral reference ROIs; using the centrum semiovale, normal appearing white
matter at the same level as the tumour, or the head of the caudate nucleus. The obtained
ratios were compared to each other and correlated with the tumour type. rCBV and rCBF
ratios from same tumour ROI vary to a statistically significant level when normalised to
the three different ROIs (P values < 0.001).
Normalisation to CSO gives the highest ratios and threshold values because
perfusion parameters are the lowest in these regions. CSO methods showed excellent
intraobserver reproducibility, with ICC of 0.94 and 0.91 for rCBV and rCBF respectively.
rCBV and rCBF normalised to CSO have good diagnostic performance in differentiating
high from low-grade gliomas (AUC, 0.88; AUC, 0.83). Normalisation to SLNAWM had
excellent reproducibility for rCBV and rCBF (ICC, 0.89 and 0.90). However this was
slightly less reproducible than the other two methods and tended to be more variable when
measurements were repeated by the same observer (CV, 31% and 28%). Tumour
perfusion values normalised to CSO have good diagnostic performance, for both rCBV
and rCBF (AUC, 0.81; AUC, 0.81), however, less than CSO and SLNAWM. CN method
is also highly reproducible (ICC, 0.93 and 0.92), shows the narrowest limits of
agreements. CN methods have the highest diagnostic performance for both rCBV and
rCBF, (AUC, 0.93; AUC, 0.92).
In this study, I confirmed that using different reference ROIs could affect the
measured rCBV and rCBF ratios significantly although using the same methods is highly
reproducible. The CSO and CN methods appear less variable than SLNAWM because
the ROIs locations are more constant than SLNAWM and easy to identify. The head of
the caudate nucleus is usually available in 2 slices in a perfusion map with mostly one
slice through the head that gives the maximum visualisation. Placing a large ROI in the
first cut above the lateral ventricle as well, regulated the selection of the CSO ROIs. In
contrast, SLNAWM ROIs location depends on the slice of which the tumour ROIs are
placed, one tumour may contain more than one hot spot at different slices. However, a
tumour ROI is placed in the area of the maximum perfusion. Furthermore, SLNAWM
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ROIs are relatively smaller than the CSO ROIs and thus are more position dependent and
express more regional variability.
I could also show in this study that the value of a selected rCBV or rCBF threshold
depends on methods used; I had also indicated in chapter 3 that the selected threshold is
also affected by the inclusion of oligodendroglial tumours. A commonly used rCBV
threshold ratio that differentiates between high and low-grade gliomas is 1.75; this ratio
was established using tumour ROIs relative to the contralateral same tissue type158,183,
meaning cortical lesions were normalised to the cortex, not to the white matter. This
probably explains the low value of this threshold and also justifies why the threshold
values of low-grade glioma related to CSO and SLNAWM in our study (3.1 and 2.7) are
higher than the 1.75. Similarly, the cutoff ratio of 1.5 rCBV found in another study

411

was also measured relatively to the corresponding contralateral normal area. In contrast,
higher ratios found in the literature are mostly related to the contralateral normal
appearing white matter, studies 2.9164 and 2.93157, these are quite similar to values from
my study. In this study, the consensus was not to use cortical grey matter as a reference
region to avoid vascular contamination486. Unlike the cortex, deep grey nuclei are
technically easier to define on perfusion maps and less affected by the contamination of
blood volume in adjacent vessels487. Basal ganglia are not typically used as a reference in
DSC-MRI, however in this study using caudate nucleus as a reference appears to have
the highest diagnostic performance and the least variability. However, the range of rCBV
and rCBF ratios obtained by CSO and NAWM in this study (Table 33) are more
comparable to the results reported in the literature because these are the traditional
methods (Table 37).
Perfusion maps normalised to NAWM have proven to be reliable in estimating
CBV and CBF ratios in several neurological conditions. However, the methods for
reference ROIs need to be more precise to improve the intra and interobserver variability.
Moreover, in the context of brain tumour, white matter is often affected by oedema,
treatment or invaded by diffuse tumour. Thus, it is useful to have alternative reference
tissues such as the basal ganglia, cortex and cerebellum. Cortex and Cerebellum have
been used before as reference in brain tumours241. The cerebellum is more commonly
used in dementia because it is thought to be less affected than the cortex488,489. However
the idea that the cerebellum remains unaffected is controversial and a recent study
suggests that normalisation to whole-brain cortical grey matter might be more sensitive
to perfusion changes in Alzheimer’s disease than the cerebellum or whole-brain white
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matter. The cerebellum has been also used as a reference in cerebral ischemia490,491. In
ASL-MRI comparative studies, the cerebellum has often been used as reference region
since the reliability of white matter perfusion in ASL is controversial

492

. In nuclear

medicine studies, the cerebellum, whole-brain grey matter and whole-brain white matter
have been considered good internal references for normalisation, however, central white
matter is usually the recommended approach493. The cerebellum is more often used as a
reference region in SPECT and ASL to measure CBF rather than CBV.
There are some limitation to the present study; first, not all the tumours were
treatment naïve so the ratios obtained and the optimised thresholds for tumours could be
affected by the treatments; second, sample size was relatively small; Finally, only the
intraobserver variability was tested, although the aim of this study is to test the variability
originating from the internal reference region not to test the intra/interobserver
agreement; testing interobserver variability is beyond the scope of this study but it would
be a great addition and a subject of a potential further study. I had tested in chapter 3, the
interobserver variability for three different software.

6.5. Conclusion
The locations of the reference ROIs in a perfusion map can be a source of
variability of repeated measurements. The reproducibility of all of the three methods of
normalisation used in this study was excellent and the key element of more reproducible
measurements is to be consistent. It is important when comparing the obtained perfusion
metric to the literature values to be aware of techniques and reference regions which were
used and whether oligodendroglial tumours were included or not, as these factors may
affect the cut-off thresholds. Normalisation to deep grey matter appears to be the most
reproducible and is worth future consideration.
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Table 36: Normalisation Methods In The Literature.
The t a listed values o rCBV and rCBF for low- and high-grade gliomas with the description of the
normalisation methods. HGG, high-grade glioma (grade III & IV); GBM, glioblastoma; AAC, anaplastic;
AC, astrocytoma OAC, oligoastrocytoma; ODG, oligodendroglioma; NAWM, normal appearing white
matter; NAGM, normal appearing grey matter; SLNAWM, same level normal appearing white matter.
CLNAB, contralateral normal brain.
Authors

N

High-grade gliomas range (mean) or
Mean±SD
rCBV

Aronen et al

151

19

rCBF

0.82–5.4 (3.64)
HGG (III+IV)

Sugahara et al.

156

30

4.0–16.20 (7.3)
GBM

Low-grade glioma range (mean)
or Mean±SD
rCBV

Normalisatio
n method

rCBF

1.1–1.2 (1.11)
LGG

NAWM

0.64–2 (1.26)
AC

SLNAWM

0.9–2.2 (1.44)
LGG

SLNAWM

0.98–7.93(4.6)
AAC
Knop et al542

29

1.7–13.7 (5.07)
HGG (III+IV)

Shin et al.

157

17

0.87–7.88 (4.91)
HGG (III+IV)

1.3–11.2 (4.8)
HGG (III+IV)

0.7–5.1 (2.00)
LGG

0.8–3.4 (1.8)
AC

SLNAWM

Hakyemez et
al159

33

2.39-18.6 (6.5)
HGG (III+IV)

1.4-8.68 (3.3)
HGG (III+IV)

0.97-2.9 (1.7)
LGG

0.8-2.2 (1.16)
AC

NAWM

Law et al.158

160

0.96–19.80 (5.18)
HGG (III+IV)

0.77–9.8 (2.1)
LGG

CLNAB

Cho etal.162

29

3.02-16.66 (9.33)
HGG (III+IV)

1.3-5.07 (3.6)
LGG

NAWM

Lee et al.163

22

4.9±1.01 GBM

1.75±1.51 AC

SLNAWM

2.01±0.68 AC

SLNAWM

3.97±0.56 AAC
Saito et al.

543

24

4.60±1.05
OAC
6.17±0.867
ODG
Cha et al.152

25

0.48-1.3 (0.9)
AC

NAWM

1.29-9.2 (3.7)
ODG
Arvinda et al164

51

2.8–12.86 (3.29)
HGG (III+IV)

0.29–3.1 (1.2)
AC

SLNAWM

Lev et al411

30

2.9±1.5 HGG
(III+IV)

1.5±1.1 AC

CLNAB

Järnum et al.241

19

3.53 ± 1.46

Ulmer et al.

494

Senturk et al.

444

3.39±2.03

Cerebellum

2.24±1.37

NAGM

7.14±4.20

NAWM
NAGM

1

2.03 GBM

1.96 GBM

26

6.79±73.17 HGG
(III+IV)

4.93±1.91
HGG (III+IV)

2.53±1.05

2.05±1.05

NAWM
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Chapter 7!
The Effect of the Scan Length of DCE-MRI On the
Derived Parameters.
Aim: to assess the effect of varying total DCE-MRI scanning length on the
estimated permeability parameters.
Hypothesis: The length of the dynamic sires of DCE-MRI can affect the derived
quantitative parameters.

7.1. Introduction
For the last few years, The use of dynamic contrast-enhanced magnetic resonance
imaging (DCE–MRI) has increased rapidly in neuro-oncological imaging, partly fuelled
by the development of anti-angiogenic therapy and the need for non-invasive biomarkers
to assess treatment responses and complications208,213,317,344,495,496. In addition, it has
shown promise in a variety of other aspects of imaging in neuro-oncology225,497,498, neuroimaging in general498-502, as well as of imaging other organs461-466. The extended Tofts
model is commonly used for tumour imaging

503

. During the first pass of the contrast

agent – with enough temporal resolution – DCE-MRI can evaluate tissue perfusion, while
during the subsequent 2–10 minutes, contrast may leak into the extravascular space
through a broken BBB, which allows measurement of vascular permeability504. Despite
the known value of DCE-MRI, its clinical utility is still limited by the lack of
standardisation, in terms of acquisition protocol and post-processing approaches298. Many
studies have addressed the subjects of reliability, accuracy and reproducibility of DCEMRI parameters, including acquisition protocol, kinetic model, and post-processing
analysis42,232,347,348,350,351,473,503. However, most of these studies are theoretical in nature
and not directly linked to practical use in the clinical field.
DCE-MRI is a relatively long sequence; in our institution, it lasts for 7 minutes. It
has been proven before that short overall scanning time and low temporal resolution lead
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to increased uncertainty in the pharmacokinetic parameters Ktrans, ve and Vp. 342,343. A 5
minutes scan duration was recommended by Larsson et al. However their study was only
in high-grade gliomas343. In contrast, it has been suggested by Jelescu et al. that a duration
of 5 minutes may not be long enough for an accurate estimate of a very low
permeability556. The conflicting issue in long scanning time (> 5 minutes) is that it may
suffer from the severe patient motion that would falsify the quantification. Furthermore
long scanning times may be inconvenient in clinical practice.
The purpose of this study is to investigate the effect of varying total scanning
duration – by truncation of the dynamic time series – on the estimated permeability
parameters produced by DCE-MRI. What is the optimal scanning length for brain
tumours in a clinical situation, using the extended Tofts model, the widely available
pharmacokinetic model?

7.2. Methods
7.2.1. Subjects:
27 patients were included in this study average age 45 ±15.4 years, 15 males and
12 females.
6 Astrocytoma WHO II, 5 oligodendroglioma WHO II, 4 oligoastrocytoma WHO II, 4
anaplastic Oligodendroglioma WHO III, 2 Anaplastic oligoastrocytoma WHO III,
3 anaplastic astrocytoma WHO III, 3 GBM.

7.2.2. MRI protocol:
The imaging protocol is the same as chapter 5, section 5.2.2.

7.2.3. Data Postprocessing and Image Analysis:
The DCE data were post-processed in the same way as in chapter 5 section 5.2.3.2.
The quantification was based on the 2-compartment extended the pharmacokinetic model
of Tofts338.
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I performed the post-processing 5 times with 5 different scan times: 7, 6, 5, 4 and 3
minutes. The dynamic series was truncated to the required length for each scan time,
(Figure 43).
3 regions of interest were drawn on Ktrans map with an average size 20-30 mm2 the
ROI with the highest value was chosen. The same ROIs were copied to all DCE maps
(AUC, Peak, Kep, Ve and Vp). The same ROIs were also propagated each time to perform
the 7, 6, 5, 4, and 3 minutes’ analyses.

Figure 43: Signal Intensity Time Cure
The graph represents the signal intensity time curve of the arterial input function (AIF); transverse axes
shows time in seconds, the blue lines mark the limits of the truncation for each scan time, at 3, 4, 5, 6 and
7 minutes.

7.3. Results
Table 37 lists the mean and standard deviations of all parameters in each scan time and
Figure 44 is a plot of the relative change in the mean value of parameters against the
scanning time. Reducing scanning time results in an overestimation of Ktrans and Kep
while underestimating the other kinetic parameters. Table 38 is a comparison between the
original data (7 minutes) analysis and the other time points’ analysis. The difference
between 7mins and 6mins is not statistically significant for all parameters except AUC, p
values = 1, 1, 0.59, 0.53, 0.186 and 0.042 for Ktrans, Vp, Ve, peak, Kep and AUV
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respectively. The difference between 7 and 5 mins is not significant for Ktrans, Vp and
peak, with P values= 1,1 and 0.18 respectively. The difference between 7 and 4, 7 and 3
is significant for all parameters except for Ktrans and Vp. Ktrans and Vp show no significant
changes with different scanning time.

Table 37: Summary Statistics
The table lists the mean Standard deviation of DCE parameters at 7, 6, 5, 4, and 3 minutes scan length.
Scan length

AUC

Peak

KTRANS

VE

KEP

vp

7

8873.63±10748.73

51.26±91.34

0.132

0.39

0.49

0.147

6

8239.98±10456.32

50.12±87.34

0.133

0.34

0.60

0.144

5

6193.28±8720.39

47.91±83.88

0.135

0.27

0.90

0.135

4

4883.79±6476.98

43.91±80.28

0.166

0.21

1.70

0.129

3

3590.25±5875.46

38.35±77.45

0.211

0.11

2.80

0.114

Table 38: P-values
The table listed P values comparing 7 minutes (the whole original data) analysis with the other modified
ones, 3, 4, 5, and 6 minutes analyses.
Scan length

AUC

Peak

Ktrans

Ve

Kep

Vp

3

0.0002

0.0187

0.246

0.001

0.0004

0.745

4

0.0004

0.0392

0.661

0.008

0.0013

1

5

0.0013

0.1813

1

0.041

0.0225

1

6

0.0421

0.5298

1

0.592

0.1869

1
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Figure 44: The relative Mean Change in DCE Parameters
Each graph plots the relative change in the mean parameter against different times (3, 4, 5, 6 and 7minutes). Ktrans and Kep appear to be overestimated with a shorter
scanning time while the rest of the parameters are underestimated. However the least change in the values is between 6 and 7 minutes for all parameters, lines between
6-7 are least steep.

165

Chapter 7 The Length of DCE-MRI

7.4. Discussion
In this study DCE-MRI data have been post-processed 5 times, varying the length
of the scan by truncation of the dynamic series. It appears that short scanning duration
can lead to overestimation of Ktrans and Kep while underestimation of the other
parameters. Marginal changes in all parameters are seen between 6 and 7 minutes. The
calculation of Ktrans and Vp appear to be fairly stable and insensitive to scan duration,
after 3 minutes, as their changes are statistically insignificant.
Ktrans, Ve and Kep are the permeability parameters. They are related by equation 15
(Ktrans = Ve × Kep). Ktrans is the rate of leakage and gives information about the integrity
of the BBB. Thus, it is independent of the scanning time497. While Ve is the concentration
of contrast agent in the extravascular extracellular space (EES), it depends on the leakage
duration, the size of the EES and the leakage rate505. Therefore, Ve may increase over
time for the same BBB status. For accurate estimation of Ve, it is essential that the tissue
reaches the washout phase38,332. Therefore, scanning time should be long enough to
include the washout phase even if Ktrans can be estimated in 2-3 minutes336. Kep=Ktrans/Ve,
thus in relatively short scan times (before washout phase) Ve is underestimated, and since
Ktrans is relatively constant, Kep will be overestimated. Thus reaching the washout phase
is also essential to calculate Kep. It is clear from this study that Ktrans is relatively constant
and maintained by the reverse relationship between Kep and Ve. Vp measurements are
also stable over time. It has been shown before that Vp is less affected by scan duration
than the other DCE parameters343. Vp is more affected by the temporal resolution, as
proper AIF sampling is crucial in perfusion assessment.
The non-model based parameters, AUC and Peak enhancement, have shown
variation in their measurements depending on the scanning time, with AUC being more
sensitive to scanning time than the peak. AUC in this study is an integration of the whole
area under the signal intensity curve not only the initial area; thus, it is not surprising to
be increasing over time. However, the significance of the differences in the measurements
is decreasing with increasing time.
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Table 39: The Optimal Scan Length
The table listed the optimal scan length for each parameter.
Parameter

At least

AUC

> 6 minutes

Peak

5 minutes

Ktrans

3 minutes

Ve

6 minutes

Kep

6 minutes

Vp

3 minutes

In this study, there was no significant change in all pharmacokinetic parameter
values (Ktrans, Kep, Ve, vp) after 6 minutes, and thus, I can confidently infer that 6 minutes
is the optimal scanning time in this population, since the gain after 6 minutes is minimal.
My result is slightly different from Larsson et al.’s results (in high-grade glioma), where
they found the optimal time to be at least 5 minutes while in this study 5 minutes was not
enough for Ve and Kep, (Table 39).The difference in the results could be explained;
firstly, by the study population, as aggressive tumours are known to have more rapid
washout. Secondly, their total scan duration was only 5.2 minutes - probably it makes
sense that 5 minutes was the best for their data.

7.5. Conclusion
The optimal DCE-MRI total scan time for glioma was found to be 6 minutes in this
study. Pathology with slow permeability (e.g. multiple sclerosis) may need longer
scanning time. Values of Ktrans and Vp can be calculated in 3 minutes. However, the
clinical significance of these results needs to be tested. That is to say, does Ktrans produced
by 3 minutes-scan give the same clinical implications as the one produced by 6 minutes
? Only the statistical significance is examined here. 3 minutes scan could be a very
convenient for a severely ill patient.
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Chapter 8!
Outlook and Future Perspective
8.1. Thesis Summary
DSC-MRI is a rabid technique, good for measurement of the blood volume with whole
brain coverage. DCE-MRI has relatively higher resolution and is less sensitive to
susceptibility artefacts. It can quantify both the blood volume and the forward transfer
constant. ASL imaging provides blood flow measurements without intravenous contrast
injections and has better accuracy for the quantification of cerebral blood flow. The
findings in thesis are summarised as the following:
Study 1 (Chapter 3): in this study I tested the reproducibility of three DSC-MRI
software packages (GE, Siemens and Olea Sphere). The intra-observer agreement was
high (ICC>0.80). The inter-observer agreement was variable but generally good (ICC,
0.80-0.51). The best inter-software agreement was between GE and Siemens, ICC= 0.81,
while Olea Sphere had the highest diagnostic accuracy to differentiate high and low-grade
gliomas (AUC, 0.87).
Study 2 (Chapter 4): In this chapter I proposed a scoring system to evaluate the
quality of ASL maps with respect to the most common artefacts with a maximum score
of 32. Using ROC analysis, I optimised a threshold score of 19 to determine the clinical
usability of the scans. The proposed scoring system has high intra- and interobserver
agreement (ICC, 0.91 and 0.76 respectively).
Study 3 (Chapter 5): In the current study I found strong correlation between
perfusion metrics DSC- rCBV, DSC-rCBF, DCE-Vp and ASL-CBF (r>0.85). Moderate
correlations Ktrans on one hand and DSC-rCBV/rCBF and ASL-CBF (r= 0.64-0.67) on
the other. I found the strongest correlation for MTT was with Ktrans. DCE-AUC and Peak
enhancement are strongly correlated with DSC-rCBV, DSC-rCBF, DCE-Vp, ASL-CBF
as well as Ktrans. I could also rank tumour subtypes into from higher values to lower into
the

high-grade

oligodendroglial

tumour,

high-grade

Astrocytoma,

low-grade
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oligodendroglial tumour then Low-grade Astrocytoma according to perfusion indices.
And to the high-grade oligodendroglial tumour, low-grade oligodendroglial tumour highgrade astrocytoma then low-grade astrocytoma according to permeability indices.
I found ASL could significantly differentiate three pairs of tumour subtypes, HGO and
LGA, HGO and LGO, HGA and LGA. DCE could distinguish two pairs, HGO and LGA,
HGO and LGO, HGA and DSC only one pair, HGO and LGA.
I also made a comparison between two DCE models, extended Tofts model, Lawrence &
Lee model; although the derived parameters derived from both models are significantly
different -except for Ktrans- parameters are highly correlated.
Study 4 (Chapter 6): In this study, tumour rCBV and rCBF values were
normalised to three different contralateral reference ROIs; using the centrum semiovale,
normal appearing white matter at the same level as the tumour; or the head of the caudate
nucleus. Perfusion values obtained by the three methods varied significantly (P values <
0.001), however, each method seemed to be highly reproducible (ICC. 0.94-0.89). The
threshold to differentiate between high and low-grade tumours can also be affected by the
postprocessing methods.
Study 5 (Chapter 7): In this study DCE-MRI data have been post-processed five
times, varying the length of the scan by truncation of the dynamic series. It appears that
short scanning duration can lead to overestimation of Ktrans and Kep while
underestimation of the other parameters. I found that the pharmacokinetic parameters
obtained in 6-minute scans were similar to those found in 7-minute scans. Furthermore,
Ktrans and Vp appeared to be insensitive to scan duration, after 3 minutes.

Integrated Discussion.
All parts of this thesis are can by summarised by a common goal: to achieve more
reproducible perfusion imaging with better quality. My thesis provides original work and
has several unique findings. I developed and tested the first quality assurance scoring
system to evaluate ASL maps. This system stratifies ASL maps according to their
technical quality which enables to choose different cut-off values for the exclusion of
suboptimal or poor images. It can also be a teaching tool for neuroradiologist to learn
common types of artefacts occurring in ASL imaging.
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Another original work is testing Reference ROIs as a source of variability of rCBV
and rCBF measurements. The non-linear relationship between tissue gadolinium
concentration and rBV/rCBF as well as variability of acquisition methods and
postprocessing softwares necessitates obtaining relative measurements (ratios to normal
brain tissue). Results from my study demonstrated that values of rCBV and rCBF in a
reference ROI are highly position dependent even in the normal appearing white matter.
I also found that different normalising methods could give different threshold values even
with identical acquisition and postprocessing methods.
Whereas the absolute perfusion measurements are affected by acquisition and
postprocessing methods, the relative measurements are more affected by the analysis
approach including choice of reference regions. It is, therefore, necessary for longitudinal
and multicenter studies to also standardise the selection of the reference region.
As a further unique finding, I demonstrated that the strength of the relationship
between perfusion parameters is dependent on where they have been measured (in areas
of maximum perfusion versus areas of maximum permeability).
Another novel finding is the strong relationship between MTT and Ktrans. Prolonged
MTT has so far mostly been used in stroke imaging as a biomarker of haemodynamic
insufficiency. MTT unlike rCBV is more complex and required deconvolution analysis.
Past studies found a weak correlation between MTT and tumour grade, which is why it
had been largely ignored brain tumour imaging. However when looking exclusively at
enhancing lesions, I found a strong correlation between MTT and Ktrans, which raises the
possibility that MTT could represent a biomarker of the extent of brain blood barrier
breakdown.
Most of the clinical centres worldwide still rely on the qualitative and semiquantitative approaches in perfusion imaging. Results from my studies emphasise the
power of quantitative perfusion MRI, its usefulness in tumour imaging and its feasibility
in clinical practice. I demonstrated that the variability in the quantitative measurements
of the commonly used perfusion technique using commercial software packages is
acceptable and can be minimised by methods described in this thesis.
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There are several limitations to this study such as relatively small sample size in
study 1 and 3. Furthermore, most of the studies included only patients, the inclusion of
healthy volunteer may help to explain some of the unexpected findings such as the effect
of leakage correction in NAWM.
Some of the patients had treatment before the scan such as radio/chemotherapy or
even surgery, although all of them had residual tumour except one had radiation necrosis.
Treatment can affect the obtained tumour perfusion measurements and the optimised
thresholds.
Finally, the scoring system I developed is subjective and rater dependent, the
inclusion of one of the quantitative image quality indices in the future may power the
system.

8.2. The Current Issues of Perfusion MRI
Over the last decade perfusion, MRI underwent tremendous developments
regarding acquisition techniques and post-processing methods, encouraged by emergent
new treatment strategies of brain tumours and the urge to find reliable non-invasive
methods for longitudinal assessment of subtle regression, progression or complications.
Perfusion MRI indices are widely used in clinical trials as biomarkers to assess treatment
responses188,221,233,443,506-511 and despite the proven benefits of perfusion MRI in clinical
practice, the technique is not widely used clinically.
Each perfusion MRI sequence faces its own limitations and challenges, although
they also share some common ones. A major issue is the lack of technical standardisation
in terms of acquisition and post-processing methods. Perfusion MRI relies on the
conversion of signals into contrast concentration and to start with, MRI signal intensity,
unlike Hounsfield units in CT scanning, is not standard and lacks absolute units 512. MRI
signal intensity has no fixed meaning and may appear different from one scanner to
another even if the same protocol and the same tissue type are used513. Other quantitative
MRI methods also suffer from this, such as diffusion imaging514. This partly explains the
inter-scanner variability.
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Perfusion imaging techniques vary widely in sequence protocols, quantification
methods, software packages and post-processing approaches. All these factors together
have limited the reproducibility and the comparison in multicentre studies and
longitudinal studies. Issues of standardisation and reproducibility have been well-known
for a long time but have become increasingly important to the growing needs for these
methods.
DSC-MRI: apart from the differences in the techniques related to the various hardware
and software, other sources of variability in DSC parameters were attributed to the
difficulties and controversies surrounding the determination of the AIF as well as
differences in the analysis methods such as the reference ROI techniques. Other problems
related to DSC-MRI are the difficulties associated with the absolute measurement and
sensitivity to the susceptibility artefacts, especially on 3T MRI systems.
Many

solutions

have

been

proposed

to

overcome

these

limitations.

One

example is a two-step post-processing method, which has been introduced to
standardise rCBV maps. This method standardises the signal intensity scale for
the same body region and MRI protocol, where a given tissue and similar
signal intensities will have similar meaning413. Such a method may ease the
quantitative comparison of rCBV measurements across studies. Much work has
also been done to optimise the methods of AIF selection273,311,515. Other
solutions proposed in this regards are automated

310,515,516

and semi-automated

AIF identification308,517. Methods without the need to use AIF have been also
introduced518. Numerous publications reported on sequence optimisation319,519521

,

standardasation413,522-524

and

reproducibility300,525,526.

To

date,

DSC-MRI

remains the reference standard for MRI perfusion527.
DCE-MRI: a major difficulty with DCE is the variety of the pharmacokinetic modelling
used and their high dependence on the underlying assumptions and acquisition
parameters, as selecting the appropriate model is necessary for a more accurate
quantification. Therefore, an optimal method is highly dependent on the particular
scenario including tissue type, sequence parameters and the model selected. Moreover,
the sequence choice always compromises between speed, accuracy, coverage and spatial
resolution. For example, for a weakly vascularised tissue where the blood volume is
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negligible, a sequence with low temporal resolution, long scan duration and the original
Tofts model will form a perfect match. But if we have the same scenario with short
acquisition time, then the best model fitting the data will be the Patlak model as Ve is
neglected and the washout phase is not important. Similarly, using a model that accounts
for the flow is not suitable if used for data acquired with insufficient temporal
resolution332. In the context of low BBB permeability, it is important to optimise the
technique as well as to select the appropriate model42. The Akaike information criteria
could be used to choose the most suitable model528.
The complexity of DCE quantification and the lack of a standard help the concept of the
model-free (semi-quantitative) analysis465. There has been an increasing number of
restudies revealing the limitations of the semi-quantitative DCE-MRI indices including
technique dependency, difficulty in comparing across studies and the lack of
physiological meaning 46,232,529,530. Nevertheless, some researchers still prefer model free
indices as problem-solving for treated high-grade glioma344,473.
DCE-MRI technique is widely used in research, mainly to assess responses to targeted
management. The Quantitative Imaging Biomarker Alliance (QIBA) has published a
white paper outlining the use and quantification of DCE-MRI for clinical trials531. Despite
many individual publications referring to diagnostic efficacy of DCE- MRI in brain
tumours 227,497 and others addressing factors affecting the accuracy and reproducibility of
DCE-MRI kinetic parameters506,532-535 the current treatment response assessment criteria
for high-grade gliomas in neuro-oncology still only includes conventional contrast
enhanced MRI201,
ASL-MRI: Due to low signal to noise ratio (SNR), the acquisition of a single pair of the
control-label need to be repeated up to 40 times to improve SNR. Another problem with
ASL is the sensitivity to motion, as even small motion can cause significant errors in the
quantifications. ASL can accurately measure CBF in areas with rapid arrival time such as
in grey matter, but in white matter - owing to longer arrival time as well as low SNR CBF tends to be underestimated239. ASL has some remarkable advantages over DSCMRI; besides being totally non-invasive, the quantification is more accurate and it is more
reproducible241. Yet it is less accepted in clinical practice owing to low SNR, sensitivity
to motion and relative complexities of the technique420.
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ASL has rapidly developed over the last decade and is still developing today. Many
solutions have been introduced to overcome its limitations. These include optimising the
labelling duration and post-labelling delay436, background suppression398, low pass
filter399 and using advanced multi-channel array coils419. Solutions have also been
introduced to minimise motion artefacts such as proper head fixation in the head coils244,
rapid acquisition techniques400 and prior saturation to reduce sensitivity to motion368 as
well as post-processing methods. Many studies have described the reliability and
reproducibility of ASL258,418,426,536,537, and recently the Perfusion Study Group of the
International Society for Magnetic Resonance in Medicine (ISMRM) together with the
COST-sponsored AID Consortium have published by consensus recommendations for
ASL protocol in clinical applications374.

8.3. Evidence of clinical impact.
Despite the lack of standardisation and the complexity associated with absolute
measurements, perfusion imaging has shown promise for its clinical impact in brain
tumour imaging. PWI indices have been proven repeatedly as good biomarkers in
neuroimaging

for

differential

diagnosis227,242,437,

tumour

grading246,302,538,539,

management planning and survival prediction188,213,510,540, as well as problem-solving in
several conditions205,236,247,541. For instance, when Geer et al542 performed a prospective
study evaluating the effect of the addition of perfusion MR imaging on hypothetical
management plans, they included 59 glioma patients and quantitative analysis of both
DSC and ASL performed by an experienced neuroradiologist. It was concluded that
adding perfusion imaging had a significant effect on the neuroradiologists' and clinicians'
confidence with regard to tumour status and on clinical decision making. In a study of
189 gliomas performed by Law et al.184, including high- and low-grade tumours, they
could predict tumour progression and survival regardless of tumour grade by a 1.75 rCBV
cutoff value of the baseline DSC-MRI. Such a threshold could have a great clinical value
as low-grade glioma patient with high initial rCBV could receive more aggressive
treatment. Another study by Dujardin et al.543 reported on the feasibility of DCE-MRI
and its usefulness in clinical practice and highlighted the fact that perfusion and
permeability indices could be reliably estimated from DCE-MRI. Roberts et al.232
compared model-based to the model-free analysis of DCE-MRI in gliomas and abdominal
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malignancy. They preferred the model-based approach, despite being more complex, as
it provides better insight into physiology without a reduction in power at a cost in
complexity and time. Chen et al243, in a study including 200 scans, illustrated the
usefulness of ASL perfusion imaging in some pathological conditions and proved its
ability to depict reliably areas of normal, hypo and hyperperfusion, finally concluding
that it can be implemented successfully in a routine clinical neuroimaging protocol. Many
of the publications underline the clinical “usefulness” and the “potential benefits” for
DSC-MRI162,186,544, ASL321,365,545,546 or DCE-MRI465,528,532. However, more studies such
as Geer el al’s542 are needed to provide evidence for the remarkable clinical benefits of
perfusion MRI and push it into routine clinical practice.

8.4. Future Goals
Methodology-wise, perfusion MRI techniques are largely mature, and will continue in
the future to benefit from hardware and software developments. However the lack of
agreed standards for data acquisition, modelling and post-processing techniques are major
challenges for inter-study comparison and meta-analysis, thus hindering their adoption in
clinical practice. Moreover, it is thought that the techniques need more validations as
reliable methods that provide clinically reproducible measurements across multiple
institutions255,330,420,465. Therefore, much work is required in the future to address these
limitations and to establish consensus-based recommendations for imaging protocols,
data modelling, analysis and interpretation. Considering the diversity of the applications
of perfusion MRI in neuro-imaging and the variety of the available methods for each
technique, such recommendations would not only ease the comparison but also facilitate
the clinical use, as the presence of dozens of perfusion MRI variants may not be
encouraging. Moreover, to be widely accepted in clinical practice, perfusion MRI has to
overcome the challenge of providing high-quality data that clearly proves its usefulness
in brain tumour imaging and how it can affect patient care - otherwise, it will continue to
remain an academically interesting method, which is occasionally used as a last option.
The most challenging parts remaining are the absolute quantification of the CBF and CBV
for DSC-MRI, good SNR for ASL and modelling approaches under varying physiological
circumstances for DCE351.
As mentioned before, previous studies established the value of perfusion MRI
parameters as biomarkers for overall survival and outcome in glioma patients187,188,547,
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as well as for evaluation of treatment response118,496,548,549. With the new era of
Personalised Medicine, management planning of brain neoplasm has to extend to
consider the molecular subtypes. MRI of the brain has been demonstrated to have a
potential as a surrogate for glioma genetic profiling550,551. This relationship between
radiologic imaging and genomics coined the term ‘imaging genomics’552. Several
conventional MRI studies correlate between different gene expressions and spatial
heterogeneity in MRI553, contrast enhancement554 and volumetric analysis555.
Furthermore, advanced MRI could give better insight in imaging genomics. Indeed,
perfusion MRI has been used for genomic mapping and survival prediction in GBM556.
Furthermore, rCBV measurements have been correlated with VEGF expression153 and a
significant association of tumoural rCBV is found with 1p19q co-deletion and
expression of EGFR and VEGF557.
A study on DCE-MRI shows greater perfusion and leakiness in epidermal growth
factor receptor variant III–positive glioblastomas than in epidermal growth factor
receptor variant III–negative glioblastomas558, thus can be potentially used to monitor
response to epidermal growth factor receptor variant III–targeted therapies. Imaging
genomic is a relatively new field and more studies are expected in the future.

8.5. Personal Opinions in the Scope of my Study
After four years of research in perfusion MR imaging, I think that all three methods of
perfusion MRI are mature enough to be rolled into clinical practice. Given the current
status, there is a long way to go to reach (if ever) universal standards for each method in
acquisition, quantifications, and post-processing. However, excellent review articles can
help to facilitate optimal protocol design. It has been proven before that using identical
imaging methods leads to a high reproducibility605. Thus, for an individual imaging
department it is feasible; sequence protocol should follow the recommendation of white
papers; quantification methods should follow the rule of thumb, starting with the simplest
model that fits a given data set and the acquisition parameters; and imaging analysis
which follows the methods with the highest reproducibility to reduce the inter and intraobserver variability. The only study to my knowledge testing the inter/intraobserver
variability of the ROI analysis was performed in 2002300, on rCBV maps only and the
ROIs included only one image pixel (1.8 × 1.8 mm) and the internal reference was an
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average of 6 reference ROIs, in white matter, one pixel each. In clinical practice, however,
an ROI is a group of pixels, which has a standard deviation, a mean, minimum and
maximum values. While the mean value of an ROI is the most representative, it may not
be the most reproducible. For example in high-grade tumours, the inclusion of a few
pixels from the normal or oedematous brain may affect the mean but not the maximum
value. One may argue that inclusion of a vessel will affect the maximum value too,
however avoiding vessels is easier. Probably, it is time to perform another reproducibility
study with larger ROIs. We had already established our standard protocols; the next step
would be to standardise our analysis approach. As I concluded in Chapter 7, Different
methods of ROI analysis can lead to significant differences in the results, but the good
thing is each method was highly reproducible. The first step toward reproducibility is to
be consistent every time unless we have good intra and inter-observer agreements, it is
impossible to agree with another centre even if both centres share similar hardware,
software and acquisition methods.
Standardisation issues have been known at least for the last 20 years, and despite all the
efforts toward more reproducible methods, there is as yet no universal recipe. This is most
likely because the techniques depend on several uncontrollable factors with the current
technology and the optimal method is highly dependent on the particular indication.
However methods have developed tremendously, sequences have been optimised, new
solutions have been introduced and perfusion imaging has proven its robustness
repeatedly. What are we waiting for? The real challenge, today, should be how best to
utilise the available imaging power to us in the most efficient way.
Finally, for a proper outcome of perfusion measurements, it is crucial to have enough
experience of the techniques including indications, possible options, pitfalls, artefacts and
limitations. Awareness of the physiological meanings of each parameter is the key
element for proper interpretation. It is important also to be updated as well as to set up
quality assurance measures. Care must be taken when comparing with results from
different studies, centres or methods because perfusion range for a tumour subtype and
thresholds are affected by the methods.
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Table 40:List of Scientists
The table lists the scientists whom contributed to the development of perfusion MRI
Species

Technique

References

Rat

CASL

Detre et al., 1992147

Rat

CASL

Williams et al., 199232

Rat

CASL

Zhang et al., 1992559

Human

CASL

Roberts et al., 1994560

Human

DSC-MRI

Rempp et al., 1994146

Human

EPISTAR

Edelman RR 1994366

Human

FAIR

Kwong et al., 1995371

Human

FAIR

Kim 1995372

Human

CASL

Alsop et al., 1996382

Human

DSC-MRI

Østergaard et al., 1996265

Human

QUIPSS

Wong et al., 1998388

Human

PULSAR

Golay et al,2004416

Human

pCASL

Garcia et al. 2005378

Human

VS-ASL

Wong et al, 2006373

Human

QUASAR

Petersenet al, 2006380
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Table 41; The correlations between parameters, with out the outlier
The table demonstrates the correlation coeffecients between DSC,DCE and ASL parameters, the
coeffecients in blue shade are either between paarameters ROIa X ROIa or ROIa X ROIc. the
coeffecients in grey shade are either between paarameters ROIb X ROIb or ROIb X ROIc.
DSC
rCBF

DSC-rCBF

DCE

rCBV

MTT

rMT
T

AUC

PS

VE

Ktrans

KEP

vp

Peak

CBF

0.96

0.31

0.20

0.52

0.38

0.20

0.37

0.09

0.68

0.65

0.81

0.29

0.25

0.51

0.44

0.09

0.40

0.12

0.77

0.71

0.87

0.90

0.03

0.58

-0.02

-0.04

0.42

0.49

0.48

0.43

-0.07

0.73

-0.15

0.19

0.69

0.51

0.44

0.37

0.53

0.77

0.59

-0.02

0.61

0.84

0.52

0.28

0.98

0.66

0.77

0.74

0.45

0.41

-0.21

0.28

0.48

0.02

0.71

0.71

0.68

0.43

0.27

0.23

0.31

0.88

0.79

DSC-rCBV

0.95

DSC-MTT

0.31

0.29

DSC-rMTT

0.20

0.25

0.90

DCE-AUC

0.54

0.52

0.42

0.26

PS

0.35

0.38

-0.05

0.19

0.64

DCE-VE

ASL

0.27

0.22

-0.16

-0.30

0.79

0.28

trans

0.36

0.39

0.57

0.75

0.47

0.99

0.22

DCE-KEP

0.02

0.05

0.27

0.60

0.23

0.45

-0.28

0.71

DCE-vp

0.75

0.78

0.01

0.08

0.70

0.72

0.42

0.69

0.22

PEAK

0.56

0.59

0.04

0.06

0.85

0.73

0.50

0.70

0.17

0.86

ASL-CBF

0.78

0.80

0.12

0.01

0.59

0.41

0.14

0.41

0.16

0.75

DCE-K

0.75
0.78
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Figure 45: Scatter Plots, without the outlier
Scatter plots show the relationships between perfusion indices.
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Table 42: Post-hoc analysis

Dependent Variable

(I)
Type

HGA

HGO
rCBF

Bonferroni
LGA

LGO

HGA

HGO
rCBV

Bonferroni
LGA

LGO

HGA

HGO
MTT

Bonferroni
LGA

LGO

AUC

Bonferroni

HGA

95% Confidence
Interval

(J)
Type

Mean
Difference
(I-J)

HGO

-0.33

0.98

1

-3.3

2.6

LGA

2.45

0.95

0.122

-0.4

5.3

LGO

1.34

0.95

1.000

-1.5

4.2

HGA

0.33

0.98

1.000

-2.6

3.3

LGA

2.78

0.82

0.021

0.3

5.2

LGO

1.67

0.82

0.343

-0.8

4.1

HGA

-2.45

0.95

0.122

-5.3

0.4

HGO

-2.78

0.82

0.021

-5.2

-0.3

LGO

-1.11

0.78

1

-3.5

1.2

HGA

-1.34

0.95

1

-4.2

1.5

HGO

-1.67

0.82

0.343

-4.1

0.8

LGA

1.11

0.78

1.000

-1.2

3.5

HGO

-0.52

1.00

1.000

-3.5

2.5

LGA

2.42

0.97

0.141

-0.5

5.3

LGO

1.30

0.97

1

-1.6

4.2

HGA

0.52

1.00

1

-2.5

3.5

LGA

2.94

0.83

0.016

0.5

5.4

LGO

1.82

0.83

0.261

-0.7

4.3

HGA

-2.42

0.97

0.141

-5.3

0.5

HGO

-2.94

0.83

0.016

-5.4

-0.5

LGO

-1.13

0.79

1

-3.5

1.2

HGA

-1.30

0.97

1

-4.2

1.6

HGO

-1.82

0.83

0.261

-4.3

0.7

LGA

1.13

0.79

1

-1.2

3.5

HGO

-0.21

1.02

1

-3.3

2.9

LGA

0.80

0.99

1

-2.2

3.8

LGO

0.18

0.99

1

-2.8

3.2

HGA

0.21

1.02

1

-2.9

3.3

LGA

1.01

0.85

1

-1.5

3.6

LGO

0.39

0.85

1

-2.2

2.9

HGA

-0.80

0.99

1

-3.8

2.2

HGO

-1.01

0.85

1

-3.6

1.5

LGO

-0.63

0.81

1

-3.1

1.8

HGA

-0.18

0.99

1

-3.2

2.8

HGO

-0.39

0.85

1

-2.9

2.2

LGA

0.63

0.81

1

-1.8

3.1

HGO

-5816

2560

0.223

-13517

1885

LGA

3164

2479

1

-4293

10620

Std.
Error

Sig.

Lower
Bound

Upper
Bound
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HGO

LGA

LGO

HGA

HGO
ve

Bonferroni
LGA

LGO

HGA

HGO
Ktrans

Bonferroni
LGA

LGO

HGA

Kep

Bonferroni

HGO

LGA

LGO

2320

2479

1

-5137

9776

HGA

5816

2560

0.223

-1885

13517

LGA

8979

2123

0.004

2594

15365

LGO

8135

2123

0.009

1750

14521

HGA

-3164

2479

1

-10620

4293

HGO

-8979

2123

0.004

-15365

-2594

LGO

-844

2024

1.000

-6932

5244

HGA

-2320

2479

1

-9776

5137

HGO

-8135

2123

0.009

-14521

-1750

LGA

844

2024

1

-5244

6932

HGO

-0.83

0.42

0.396

-2.1

0.4

LGA

-0.03

0.41

1

-1.3

1.2

LGO

-0.01

0.41

1

-1.2

1.2

HGA

0.83

0.42

0.396

-0.4

2.1

LGA

0.80

0.35

0.212

-0.2

1.9

LGO

0.82

0.35

0.191

-0.2

1.9

HGA

0.03

0.41

1.000

-1.2

1.3

HGO

-0.80

0.35

0.212

-1.9

0.2

LGO

0.02

0.33

1

-1.0

1.0

HGA

0.01

0.41

1

-1.2

1.2

HGO

-0.82

0.35

0.191

-1.9

0.2

LGA

-0.02

0.33

1.000

-1.0

1.0

HGO

-0.32

0.14

0.208

-0.7

0.1

LGA

0.03

0.14

1

-0.4

0.4

LGO

-0.12

0.14

1

-0.5

0.3

HGA

0.32

0.14

0.208

-0.1

0.7

LGA

0.36

0.12

0.044

0.0

0.7

LGO

0.21

0.12

0.553

-0.1

0.6

HGA

-0.03

0.14

1

-0.4

0.4

HGO

-0.36

0.12

0.044

-0.7

0.0

LGO

-0.15

0.11

1

-0.5

0.2

HGA

0.12

0.14

1.000

-0.3

0.5

HGO

-0.21

0.12

0.553

-0.6

0.1

LGA

0.15

0.11

1

-0.2

0.5

HGO

-0.67

0.56

1

-2.4

1.0

LGA

0.17

0.54

1

-1.5

1.8

LGO

-0.27

0.54

1

-1.9

1.4

HGA

0.67

0.56

1

-1.0

2.4

LGA

0.83

0.47

0.554

-0.6

2.2

LGO

0.39

0.47

1

-1.0

1.8

HGA

-0.17

0.54

1

-1.8

1.5

HGO

-0.83

0.47

0.554

-2.2

0.6

LGO

-0.44

0.44

1

-1.8

0.9
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LGO

HGA

HGO
vp

Bonferroni
LGA

LGO

HGA

HGO
Peak

Bonferroni
LGA

LGO

HGA

HGO
ASL

Bonferroni
LGA

LGO

TTP

Bonferroni

HGA
HGO

HGA

0.27

0.54

1

-1.4

1.9

HGO

-0.39

0.47

1

-1.8

1.0

LGA

0.44

0.44

1

-0.9

1.8

HGO

-0.20

0.09

0.253

-0.5

0.1

LGA

0.19

0.09

0.278

-0.1

0.5

LGO

0.13

0.09

0.984

-0.1

0.4

HGA

0.20

0.09

0.253

-0.1

0.5

LGA

0.39

0.08

0.001

0.2

0.6

LGO

0.33

0.08

0.003

0.1

0.6

HGA

-0.19

0.09

0.278

-0.5

0.1

HGO

-0.39

0.08

0.001

-0.6

-0.2

LGO

-0.06

0.07

1

-0.3

0.2

HGA

-0.13

0.09

0.984

-0.4

0.1

HGO

-0.33

0.08

0.003

-0.6

-0.1

LGA

0.06

0.07

1

-0.2

0.3

HGO

-20.80

13.51

0.859

-61.5

19.8

LGA

24.31

13.08

0.490

-15.0

63.7

LGO

16.18

13.08

1

-23.2

55.5

HGA

20.80

13.51

0.859

-19.8

61.5

LGA

45.12

11.20

0.006

11.4

78.8

LGO

36.98

11.20

0.027

3.3

70.7

HGA

-24.31

13.08

0.490

-63.7

15.0

HGO

-45.12

11.20

0.006

-78.8

-11.4

LGO

-8.14

10.68

1

-40.3

24.0

HGA

-16.18

13.08

1

-55.5

23.2

HGO

-36.98

11.20

0.027

-70.7

-3.3

LGA

8.14

10.68

1

-24.0

40.3

HGO

-7.00

15.22

1

-52.8

38.8

LGA

62.83

14.73

0.004

18.5

107.2

LGO

33.67

14.73

0.218

-10.7

78.0

HGA

7.00

15.22

1

-38.8

52.8

LGA

69.83

12.62

0.000

31.9

107.8

LGO

40.67

12.62

0.032

2.7

78.6

HGA

-62.83

14.73

0.004

-107.2

-18.5

HGO

-69.83

12.62

0.000

-107.8

-31.9

LGO

-29.17

12.03

0.165

-65.4

7.0

HGA

-33.67

14.73

0.218

-78.0

10.7

HGO

-40.67

12.62

0.032

-78.6

-2.7

LGA

29.17

12.03

0.165

-7.0

65.4

HGO

0.97

2.73

1

-7.2

9.2

LGA

1.80

2.64

1

-6.2

9.8

LGO

-0.07

2.64

1

-8.0

7.9

HGA

-0.97

2.73

1

-9.2

7.2
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LGA

LGO

HGA

HGO
TEM

Bonferroni
LGA

LGO

LGA

0.83

2.26

1

-6.0

7.6

LGO

-1.03

2.26

1

-7.8

5.8

HGA

-1.80

2.64

1

-9.8

6.2

HGO

-0.83

2.26

1

-7.6

6.0

LGO

-1.86

2.16

1

-8.4

4.6

HGA

0.07

2.64

1

-7.9

8.0

HGO

1.03

2.26

1

-5.8

7.8

LGA

1.86

2.16

1

-4.6

8.4

HGO

-65.03

53.23

1

-225.1

95.1

LGA

0.23

51.53

1

-154.8

155.3

LGO

1.08

51.53

1

-154.0

156.1

HGA

65.03

53.23

1

-95.1

225.1

LGA

65.26

44.13

0.952

-67.5

198.0

LGO

66.11

44.13

0.922

-66.7

198.9

HGA

-0.23

51.53

1

-155.3

154.8

HGO

-65.26

44.13

0.952

-198.0

67.5

LGO

0.85

42.08

1

-125.7

127.4

HGA

-1.08

51.53

1

-156.1

154.0

HGO

-66.11

44.13

0.922

-198.9

66.7

LGA

-0.85

42.08

1

-127.4

125.7
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Figure 46: Box plots of DSC and ASL parameters.
HGA, anaplastic astrocytoma; LGA, low-grade astrocytomas; HGO, anaplastic oligodendro
/oligoastrocytoma; LGO, low-grade oligodendro /oligoastrocytoma; Mets, metastasis; RTN, radiation
necrosis; HMB, haemangioblastoma
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Figure 47: Box plots of DCE parameters.
HGA, anaplastic astrocytoma; LGA, low-grade astrocytomas; HGO, anaplastic oligodendro /oligoastrocytoma; LGO, low-grade oligodendro /oligoastrocytoma; Mets,
metastasis; RTN, radiation necrosis; HMB, haemangioblastoma
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