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There are many different causes of intracranial lesions including infection, inflammation, stroke,
tumors, and trauma. To investigate the nature of a lesion, various MR (magnetic resonance)
and PET (positron emission tomography) techniques are used that can give information about
the anatomical, physiological, and metabolic properties of the lesion and thereby aid in the
differential diagnostic procedure. The treatment for brain tumors can include radiation therapy,
which can induce brain changes that are difficult to differentiate from a recurring tumor. This
thesis evaluates the investigation of intracranial lesions with several MR and PET techniques.

Paper I delt with an evaluation of how much additional information MRS (magnetic resonance
spectroscopy) provides in clinical patients compared to MRI (magnetic resonance imaging). In
this study that included 208 cases, it was found that the additional information gained from
MRS was beneficial or very beneficial in 15% of the cases and misleading in 17% of the cases.
In Paper II, a sub-population (n = 100) of the patients in Paper I was investigated. In this paper,
use of a decision-support system, INTERPRET DSS 3.1, was compared with conventional
analysis of MRS with regard to the correct evaluation of focal lesions. Comparing INTERPRET
DSS with conventionally analyzed MRS and MRI, the diagnostic category was correct in
67/58/52 cases, indeterminate in 5/8/20 cases, and incorrect in 28/34/28 cases. In Papers 11—
1V, the differentiation of tumor recurrence from treatment-induced changes was evaluated.
In Paper III, MR examinations were performed for calculation of the perfusion fraction (f)
using the intravoxel incoherent motion imaging (IVIM) technique and for the relative cerebral
blood volume (rCBV) using dynamic susceptibility contrast (DSC) perfusion in 60 patients.
The accuracy of the IVIM parameter f was similar to that of rCBV in differentiating tumor
recurrence from treatment-induced changes. In Paper IV, two PET techniques (11C-methionine
and 18F-fluorothymidine) were compared in 48 patients. Both techniques had similar efficacy
in differential diagnosis between recurrent intracranial tumor and treatment-induced changes.

In conclusion, conventionally analyzed MRS did not add to the diagnostic value of MRI in
general. In focal lesions, the INTERPRET DSS system did not improve the categorization of
the lesions significantly compared to conventional analysis of MRS but did so compared to
MR imaging alone. IVIM can be used to differentiate tumor recurrence from treatment-induced
changes. The PET tracers 11C-methionine and 18F-fluorothymidine have a similar diagnostic
ability to separate tumor recurrence from treatment-induced changes.
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Introduction

Intracranial lesions

There are many different causes of intracranial lesions including infection, in-
flammation, stroke, tumors and trauma. To investigate the nature of a lesion,
several different MR (magnetic resonance) and PET (positron emission to-
mography) techniques are used that can give information about the anatomi-
cal, physiological and metabolic properties of the lesion and thereby aid in the
differential diagnostic procedure. In the studies presented in this doctoral the-
sis, the majority of the patients had intracranial tumors, either high-grade or
low-grade.

Intracranial tumors

Intracranial tumors may involve the brain, meninges or other intracranial
structures. The annual global age-standardized incidence of primary malig-
nant intracranial tumors is about 3.7 / 100 000 for males and 2.6 / 100 000 for
females. Females generally have higher rates of non-malignant tumors, pri-
marily meningiomas. In Sweden, medulloblastoma (23.5%) and low-grade
glioma (31.7%) are the most common types of tumors in patients under 15
years of age, as opposed to adults where high-grade glioma (30.5%) and men-
ingioma (29.4%) are the most common primary intracranial tumors '. The
radiological workup of intracranial tumors is generally performed with MRI
(magnetic resonance imaging) but computed tomography (CT) is also used.
The definitive diagnosis is made by neuropathological examination of the tu-
mor, tissue sample being obtained through stereotactic biopsy or open surgery
2. For stereotactic biopsies a morbidity rate of 3.5%, mortality rate of 0.7%
and diagnostic yield of 91% have been reported °. The type and grade of the
tumor obtained with the neuropathological examination are reported accord-
ing to the World Health Organization (WHO) classification of tumors of the
central nervous system. At the start of the investigations presented in this the-
sis the classification was from 2007 * but later the one from 2016 °. The current
version is WHO 2021 °. Brain tumors have different prognosis depending on
tumor type, with good prognosis for pilocytic astrocytoma with a 5-year sur-
vival rate of 94.2 % as compared to 5.5% for glioblastoma .
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The preferred treatment for brain tumors is surgery followed by radiother-
apy and chemotherapy. Depending on the status of the patient and the charac-
teristics of the tumor, different combinations of the treatment options could be
preferred ®. In chemotherapy, for temozolomide, the methylation status of the
06-methylguanine-DNA methyltransferase promotor is a biomarker indicat-
ing benefit from treatment in glioblastomas °. Thrombocytopenia is the main
dose-limiting toxicity for this oral DNA alkylating agent. Complications to
the radiotherapy can be pseudoprogression or radiation necrosis, which are
difficult to differentiate from tumor recurrence, but studies have been per-
formed with MRI, MRS (magnetic resonance spectroscopy) and PET '°. These
modalities cannot alone distinguish between radiation necrosis and tumor re-
currence with a high enough accuracy, but can alone or in combination result
in different levels of sensitivity and specificity. There are several treatment
options for the sequelae of radiation therapy including corticosteroids and sur-

gery !!

Radiotherapy

For gliomas in adult patients guidelines for the treatment has been published
2 In the guidelines it is described that for most patients photon-based radio-
therapy is recommended, but for some patients with grade 2 gliomas a wait
and see approach can be used instead of radiotherapy. The radiotherapy should
be started within 3-5 weeks after surgery and is commonly administrated in
1.8-2 Gy daily fractions up to a total dose of 50-60 Gy. The dose is delivered
to the volume of the brain that includes the surgical bed plus any residual tu-
mor area, a small extra margin to include any microinvasion and another mar-
gin to account for uncertainties in the patient set-up and dose delivery. Care is
taken to avoid irradiation of structures with a higher risk of toxicity, and in
some cases proton radiotherapy is the method of choice instead. For patients
with metastatic disease surgery, whole brain radiation therapy and gamma
knife stereotactic radiosurgery could be used as treatment options. The use of
gamma knife radiosurgery has the advantage, compared to whole brain radia-
tion therapy, that the delivered dose is local and can spare normal brain tissue.
Gamma knife radiosurgery thereby minimize the adverse effects on the brain
such as neurocognitive decline "°.
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Treatment-induced changes / Radiation-induced injury /
Radiation necrosis

Terminology

There are multiple terms used for the changes that are seen in the brain fol-
lowing radiation therapy. The term used depends on the reversibility of the
changes and when in time they appear. Classically the term necrosis has been
used to describe changes that are not tumor tissue, but since these changes also
can be reversible and not represent true tissue necrosis, other terms are now
also used '"*. During, or right, after the completion of radiation therapy, acute
changes can be seen in the brain — these are reversible. The changes seen can
increase in size during the first months, and these changes can be mistaken for
true progression, hence the term “pseudoprogression” or “early delayed in-
jury”, which describes the treatment-induced changes that can be seen up to
about 3-6 months after radiation therapy. These changes are reversible. The
changes in the brain that appear 6 months after radiation therapy are called
“late delayed injury” or “radiation necrosis”, the latter term is used if necrosis
can be found in the lesions. These changes are usually irreversible and can
progress and impact the patient’s condition '°. The term “treatment-induced
changes” is nowadays usually used instead of “injury”; the word injury is
somewhat of a misnomer because the radiation oncologist does not intend to
inflict injury upon the brain. The word “treatment-induced” is also favorable
because the changes seen in the brain can also come from chemotherapy.

Clinical features

Cognitive dysfunction is the most common symptom of radiation-induced
brain injury. This can be expressed in the form of lack of initiative, change in
personality or impairment of memory for instance. Depending on the location
of the lesion in the brain, also more focal neurological deficits can occur such
as speech impairment or numbness in the extremities ',

Incidence

The precise incidence of treatment-induced changes is difficult to estimate.
This is because the gold standard for diagnosing them, is biopsy, and that is
something that should be avoided as much as possible because of the inherit
risks with biopsy. There is a relationship with the dose given. Higher radiation
doses increase the risk of inducing treatment-related changes, which has been
shown in studies of both humans'® and animals'’.

13



Diagnosis

The gold standard for diagnosing treatment-induced changes is biopsy or a
surgical specimen. In practice, the diagnosis is most often made based on MRI
and/or nuclear medicine examinations. On MRI, the lesion can have various
appearances such as a ring-enhancing lesion, which is also consistent with the
appearance of a tumor. Therefore, more information regarding the lesion is
often obtained via perfusion examinations, or examinations providing other
physiological or metabolic information about the lesion. Table 1 shows what
information the pathologist uses to separate treatment effects from tumor pro-
gression.

14



orwse[dojAo/snojonu=7/N omyeN 103urids (9007) ¢17-L61 ‘T11
[oyredoInaN 810V "2InjeIolI] AUl JO Mmaradl pue 9jepdn ue :A3ojoypedoinau SN pojerdosse-Adelay) 1ooue)) gy IPIuyoS 'y ‘A1od woij s[qe],

(ope13 ySiy st Jowny Jr) Juonbaij ey saIn31y o1OIN
wiseld
oner /N YSIH -01A0 juepunge pue I[Q[onu oLezlg eidKye 01301014)
oA0Qe
poIsi] saSueyo JIe[noseA M O1O BUWAYD
S[[99 JouIn) [ENPIAIPUI Aq pajen[Iul Jo [euiou A[1eaN -1[3 pue ‘ofed ‘pajejondeA Jo parjarey -uoted urelq Juddelpy
01)0I0JUOITUY
paziurjeAy
(paxoAemnu pue pagie[us) eisejdiodAy [erjoypopuy plilablinii ] S[9SS9A poo[g
suon
-eoyj1o[eo oydonsAp pue so3ps Ien|
sa3pa Jurpesijedopnasd 10 re[ny[eo10dAy yam 100J o1dodsoror 10 9318 -[090dAY YIIm SoUO0Z oI J0IBJul 9516 SISOIDON
u01SS3.130.1d/20UA.LINIAI Jowin |, $)99JJ9 uonEIpLy 2.1n)83J JI30[0ISTH

'$109]J0 UOIJRIPEI WO} 90UdLINOAI Jown) Suneredos soxmjes y ‘1 o[qe]



Perfusion MRI findings can be used to differentiate radiation effects from tu-
mor recurrence. Blood vessels are enlarged in the tumors, and various
measures obtained with perfusion MRI are used to characterize blood vessels.
These can be obtained via measures of cerebral blood flow and blood volume.
Another difference between the diagnosis groups that is noted in Table 1 is
that mitotic figures can be frequently be found in the tumors. This is a reflec-
tion of cell dividing / turnover / protein synthesis. This can be examined via
for instance via MRS, where a high choline (Cho) peak indicates cell turnover
or via different PET techniques, for instance ''C-methionine (MET)-PET be-
cause the uptake of the essential amino acid is increased in tumors '®.

Magnetic resonance imaging

MRI is the most widely used method for characterization of intracranial le-
sions, providing excellent soft tissue delineation. Magnetic resonance tech-
niques also have the ability to provide physiological and metabolic infor-
mation.

An MR scanner consists of a powerful magnet in which the patient lies.
The hydrogen nucleus, 'H, is abundant in the body and has the property known
as spin. When these nuclei are placed in a strong magnetic field they will align
either parallel or anti-parallel with the field (the nuclei are in a simplified way
described as behaving as bar magnets). This will result in a net magnetization
vector which also precess along the magnetic field. With the application of a
magnetic field that is perpendicular of the first one, the nuclei go into another
energy state and when they return to their previous state the emitted energy
can induce a voltage in a coil of wire, which is then recorded as a signal. A
radio wave antenna is used to send (apply the magnetic field that is perpen-
dicular to the first strong field) and retrieve signals from the body of the pa-
tient. The retrieved signals are converted in a computer via mathematical cal-
culations into images '°. These images can be of any part of the body and in
any plane. To facilitate contrast between normal tissue and abnormal tissue
different weightings are used in the examination that are determined by the
pulse sequence. Examples of such weightings are T1, T2, proton density and
diffusion, which can give answers as to the nature of the constituents of a le-
sion and if there is hypercellularity, it can lead to restricted diffusion. A T1-
weighted image can be obtained with short time to echo(TE) and time to rep-
etition (TR), but the intrinsic parameter T2 of the tissue also contributes to the
signal in a T1-weighted image.

In 1977, the first human MR images were reported by Mansfield *°. Mans-
field and Lauterbur received the Nobel prize in 2003 for their discoveries con-
cerning MRI. In the early days of this technology, MRI was only an anatomic
imaging method, but in 1986 le Bihan published the first images with diffusion
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weighting *', allowing the examination to also provide physiological infor-
mation. Diffusion-weighted imaging remains the imaging method of choice
for patients with cerebral infarction and abscess. It can also be used to grade
brain tumors. Physiological information can also be retrieved from perfusion
imaging, where parameters such as blood volume, blood flow, mean transit
time and time to peak for the lesion can be investigated. Perfusion imaging
can be performed both with and without the use of an intravenous contrast
agent >,

Dynamic susceptibility contrast perfusion

When a gadolinium-based contrast agent is injected, there is susceptibility-
derived loss in signal in T2/T2*-weighted sequences. Gadolinium is paramag-
netic and when it passes through the blood vessels it will produce a local mag-
netic field distortion (susceptibility effect). To obtain perfusion measurements
with this technique patients are scanned with rapid T2/T2*-sequences in a cine
fashion and the resulting signal loss can be plotted against the time, from
which parameters such as the cerebral blood volume can be derived. The quan-
tified values for the CBV (cerebral blood volume) depends on the speed and
amount of the delivered contrast agent, hence these values can differ between
different scans. The CBV values are therefore often normalized to contrala-
teral white matter in the scanning, yielding the relative cerebral blood volume.
There are published recommendations for how these examinations should be
performed ** and these include the use of gradient-echo echo-planar imaging
with TR 1-1.5 s, TE 40-45 ms at 1.5T and TE 25-35 ms at 3T. The slice thick-
ness should be 3-5 mm and the total acquisition time approximately 2 minutes.
The relative cerebral blood volume (rCBV) correlates with tumor grade in gli-
omas >, enabling the differentiation between both low- and high-grade glio-
mas, and between grade 3 and grade 4 tumors. The rCBV has also been re-
ported to be higher in tumor recurrence than in radiation necrosis *>*°. In a
head-to-head comparison of the grading of gliomas as high-grade or low-
grade, the rCBV had a higher AUC of 0.79 than MRS with a AUC 0.67 %
Dynamic susceptibility contrast (DSC) perfusion is the most common MRI
perfusion technique, but there are others such as dynamic contrast-enhanced
MRI and arterial spin-labeling. **

Intravoxel incoherent motion

Another MRI method that can be used for estimation of perfusion is intravoxel
incoherent motion (IVIM). This method is not in clinical use but is used in
research settings. An advantage of the method compared to conventional per-
fusion measurements, such as rCBV, is that no intravenous contrast agent
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needs to be injected. Another advantage of the IVIM imaging method is that
it allows simultaneous registration of diffusion and perfusion parameters.
IVIM is based on diffusion-weighted sequences scanned with different, pri-
marily low, b-values which enables the perfusion and diffusion effects on sig-
nal change to be estimated separately. At higher b-values (stronger motion
sensitizing gradients), the signal loss comes primarily from diffusion effects,
whereas at lower b-values (weaker motion sensitizing gradients), the micro-
circulation of blood in capillaries (i.e., perfusion) also contributes to signal
loss. The signal loss can therefore be described via a bi-exponential model
taking both perfusion and diffusion effects into account » for different b-val-
ues via the equation: **!

Siz (1 _f)e—bD + fe—b(D*+D)
0

From the equation, f (percent of voxel occupied by capillaries) can be esti-
mated. This is the IVIM parameter that in theory could be used to assess the
CBYV, but the CBV measures are also influenced by larger vessels than capil-
laries. Other IVIM parameters are D and D*, where D is the coefficient for
true molecular diffusion (the water diffusion coefficient), that takes place and
D* is the pseudodiffusion coefficient (reflects dephasing due to perfusion in
semi-randomly organized capillaries). An example of images of an examina-
tion of the brain can be seen in Fig. 1. Some research groups have reported
good results in differentiating between recurrent tumor and treatment effects
when the 90th percentile value for fis used **>*.

Figure 1. Example of a recurrent tumor. The f map (a) and rCBV map (b) show visual
increase in their respective values in the lesion located close to the midline. A contrast-
enhanced T1-weighted image (c) at the same level as the perfusions maps.
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Magnetic resonance spectroscopy

Magnetic resonance spectroscopy is a non-invasive technique that can acquire
metabolic information from a volume of interest in the form of a spectrum
with peaks for different metabolites, as opposed to MRI which most often just
provides morphological information about the examined area. An examination
with MRI precedes the MRS examination to allow for placement of voxels to
be analyzed. The hardware is the same as that used in a conventional MRI
examination.

MRS is based on the principle that when nuclear magnetic resonance active
nuclei (which have a non-zero spin and a magnetic moment), are placed in a
strong external magnetic field (Bo) they assume one of two spin states; aligned
with the direction of the field By or in the opposite direction of By, with a net
magnetization as result. Examples of such nuclear magnetic resonance-active
nuclei are the proton (‘-H, the most common one used in brain examinations),
"*_Carbon and *'-Phosphorous. The net magnetization in the direction of the
external magnetic field can then be made to precess in the transverse plane
with a radiofrequency pulse. The frequency with which the nuclei precess is
slightly different from the normal Larmor frequency for, for example protons,
depending on the microenvironment (electron shielding) of the nuclei. This
electron shielding gives a chemical shift in the frequency with which the nu-
clei precess and this shift can be related to a known substance, e.g. tetrame-
thylsilane. The shift can be expressed in parts per million and be independent
of the field strength. A spectrum of metabolites in the brain is obtained from
the examination, their respective concentrations being found from the area un-
der the curve of the peaks. The concentrations of these metabolites are in the
millimolar level, as compared to water which is about 80 molar in the brain.
Because protons in the body are mostly found in water molecules one needs
to use water suppression, otherwise effectively only the water peak would be
visible in the spectrum. An example of a pathological spectrum from brain is
shown in Fig. 2.
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Figure 2. '"H-MRS spectrum from a patient with an astrocytoma grade II. The image
is taken from the spectrum analysis software LCModel (TR/TE 1500/20 ms) and
shows the residuals at the top. The red curve is the LCModel fit to the data (the real
part of the frequency domain data, plotted on top of the red curve) and the baseline at
the bottom.

The first study of the use of MRS in biological tissue was reported by Moon
and Richards in 1973. They examined the intracellular pH in erythrocytes by
31-P magnetic resonance *. Today, with the use of proton-MRS in the brain,
the technical standard for how to perform an MRS examination is not as clear
as for a conventional MRI examination. With different echo times, specific
peaks can be made more or less visible and baseline distortions and the signal
to noise ratio can be affected by the sequence type. Various techniques are
used in MRS, either one voxel is used (single voxel spectroscopy, Fig.3) or
multiple voxels are used (chemical shift imaging (CSI) / MR spectroscopic
imaging, Fig.4). If a single voxel is examined, a greater signal can usually be
obtained with a large voxel size. In multivoxel techniques in which many but
smaller voxels are used, a larger and even heterogeneous area can be exam-
ined. The larger examination can be used to detect abnormalities in the normal
appearing tissue outside the area with a morphological pathological appear-
ance.
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Figure 3. Single voxel spectroscopy. The borders of the examined area are yellow.
Voxel location is shown in transverse (left), sagittal (upper right) and coronal (lower
right)
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Figure 4. Example of chemical shift imaging. Transverse (left), coronal (upper right)
and sagittal (lower right) images of the brain. The area inside the green borders is
examined and a separate spectrum achieved in every cube in that area.

The three most important metabolites, seen with all "H-MRS techniques are
as follows:
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Choline at 3.22 ppm is a marker of cell membrane turnover. Cho-
line is increased for instance in tumors where the height of the peak
correlates with the degree of malignancy and reflects cellularity in
the tumor. Increased Cho can also be seen in infarction (from glio-
sis), inflammation and demyelination. It is therefore considered
non-specific.

Creatine (Cr) at 3.02 ppm is a marker of energetic systems and in-
tracellular metabolism. The concentration of creatine is relatively
constant. It is therefore used as an internal reference for calculating
metabolite ratios.

N-acetylaspartate (NAA) at 2.02 ppm is synthesized in the mito-
chondria of neurons and is only found in neurons. It is a marker of
neuronal and axonal viability and density. Absence or decreased
concentration of NAA is a sign of neuronal loss or degradation,
which can be the result of e.g. a brain tumor. White matter diseases
and any disease decreasing neuronal function can also result in a
decreased concentration of NAA. NAA is not found in extra-axial
lesions.



Many other metabolites can be used for diagnostic purposes, but they are more
technique dependent and the position of the peaks of many of them is almost
the same. Myoinositol at 3.56 ppm is seen as a high peak in short TE MRS. It
is mainly found in glial cells. Consequently, it is elevated in glial tumors but
also in gliosis. With short TE (time to echo) techniques, the glutamine-gluta-
mate complex is shown as peaks at 2.50-2.05 ppm, alanine as a doublet peak
at 1.48 ppm, lipid peaks at 1.3 ppm and 0.9 ppm. Lactate, a marker for anaer-
obic metabolism, makes a doublet peak at 1.33 ppm upwards with a short and
long TE MRS but downwards with a semilong TE. That helps to distinguish
lactate from other metabolites in the same area *°

MRS in tumor diagnosis

Although MRS has been performed for many years, its use differs between
diagnostic centers. There are different opinions on how much additional in-
formation MRS provides.

In previous studies MRS has most often been utilized in tumor diagnosis,
often to separate defined tumors from each other >’*'. Good results have then
been achieved but there are also reports of MRS not being able to grade glio-
mas adequately ***°. Examining only tumors, for instance gliomas, in a re-
search setting is much different than the situation in clinical practice where
one cannot know if the lesion is a glioma, some other tumor or even a non-
neoplastic lesion. A meta-analysis of studies in which MRS was used to diag-
nose tumors, mostly gliomas, concluded that “MRS may be a valuable adjunct
to magnetic resonance imaging for diagnosing brain tumors, but requires se-
lection of suitable technique and TE value” *. In that study higher values for
sensitivity and specificity were reported when children were examined. An-
other study published after the meta-analysis reported that among 120 children
with a brain tumor tumor type assessed with MRS was correct in 87 % of the
cases as compared to 71% of cases when only MRI was used *’. MRS has been
used to differentiate between tumors and non-neoplastic lesions***’ and with
a higher accuracy than MRI (78% vs 66%)*°. In a study of 27 pediatric pa-
tients (of which 21 had gliomas), the data from MRS and 18F-dihydroxy-
phenylalanine PET were positively correlated and both methods could be used
to separate low from high-grade glioma °'. A recent study has reported that
the average value for the myoinositol/total choline-ratio for the voxels in the
affected hemisphere in patients with low-grade gliomas, high-grade gliomas
or metastases can be used to assess the prognosis of overall survival , with low
values (<1.29) predicting worse overall survival 2.

A clinically important task for radiologists is the differential diagnosis be-
tween radiation necrosis and tumor recurrence. MRS is one method that can
be used and a ratio of 1.8 for either Cho/NAA or Cho/Cr have been suggested
as a cut-off value, the larger values indicating a tumor. A non-normalized ratio
has been the best discriminator *>.
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In some studies of tumors, a short TE has given better results, or the com-
bination of two TEs has been recommended **>’. CSI is more accurate in de-
fining distinct tumor boundaries than conventional MRI, as shown by histo-
pathologic analyses in untreated patients with low- and high-grade gliomas .

Use of MRS in non-neoplastic lesions

Good results with MRS have been reported particularly in temporal lobe epi-
lepsy ¢'%2. MRS is an efficient tool to diagnose non-treated abscesses **%%4,
but has been replaced by diffusion-weighted imaging (DWI) in clinical prac-
tice. MRS can be helpful in the diagnosis of some metabolic diseases. In Ca-
navan’s disease, the NAA peak is increased ®, and in Salla disease, a peak
from a metabolite sialic acid is found at the same chemical shift as NAA . In
creatine deficiency syndrome, a very low or absent peak is found for creatine.
In mitochondrial diseases, lactate can be elevated in active phases of the dis-
ease. In neonates, a proton MRS of thalamic nuclei had the highest accuracy
among MR biomarkers to predict neurodevelopment in patients with neonatal
encephalopathy and therapeutic hypothermia ’. In Alzheimer’s disease, a re-
duction of NAA and an increase in myoinositol have been reported *® but also
other neurodegenerative diseases affecting neuronal function can cause a re-
duction in NAA ©.

Current use of MRS

MRS has often been used in selected patient populations with good results.
Despite this, MRS is not used as part of routine diagnostics at many centers.
This may be because many centers do not experience added clinical value
from MRS and the overwhelming number of positive results for MRS in the
literature could be because positive results are more likely to get published
7071 "1t is therefore of importance to evaluate the use of MRS in unselected
patient populations and evaluate the added clinical benefit. In a recent meta-
analysis > MRS was among the best performing radiological methods in the
differentiation between tumor recurrence and radiation necrosis but others
have reported that MRS is probably not applicable in routine clinical practice
73

Decision support systems

Decision supports systems (DSS) have been used in medicine since the 1970s.
They consist of manual or computer-based tools to assist in decision-making.
The underlying principle can be rule-based, case-based, be based on Bayesian
networks or on neural networks. Neural networks are a hot research topic.
They have the advantage that they can learn from presented data but the
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downside is that the rational for the decision is difficult for a human to com-
prehend. ™. The decision support system INTERPRET DSS 3.1
(http://gabrmn.uab.es/dss), is a case-based system developed for MRS analy-
sis. In this software, a database of spectra from a variety of lesions can be
found and via graphical interface, the user can test which lesion spectrum from
the database best fits with the one seen in a patient. The project to develop the
software was funded by the European commission. It has not been tested in
large, unselected patient populations.

Positron emission tomography

Positron emission tomography (PET) allows quantification of radioactivity in
the body. If radioactive pharmaceuticals that are bound to a ligand of interest
are injected into the body, they accumulate at certain positions in the body.
The radiopharmaceutical is positron-emitting via beta-decay. When the posi-
tron meets an electron (which is very close in distance to its origin) an annihi-
lation reaction occurs with the formation of two high-energy photons that
travel in the opposite direction. These photons can be detected by the PET-
camera and if there is detection at opposite detectors in a tight enough time
space it can be said that the reaction must have occurred on that line between
the detectors. The most commonly used radiolabeled biological compound in
oncological settings is 18F-fluorodeoxyglucose, which accumulate at posi-
tions in the body with high glucometabolic rate. The brain has a high back-
ground level of consumption of glucose which is the reason why it is common
for brain examinations to use other radiolabeled biological compounds, for
example methionine or fluorothymidine, an analogue to the nucleotide thymi-
dine. Methionine is an essential amino acid and inclusion of methionine in a
compound will accumulate where there is a large protein synthesis. A com-
pound with fluorothymidine will accumulate where this is cell turnover / DNA
synthesis.

PET in some neurological disorders

PET can be used in the diagnosis of diseases such as Parkinson’s disease. The
clinical symptoms of the disease are tremor, rigidity and slow movements and
is caused by dysfunction in the dopamine pathway. A way to investigate the
integrity of the pathway via PET is use of dopamine transporter imaging where
a reduced signal indicates neuronal degradation. PET can also be a part in the
diagnostic work-up of Alzheimer’s disease, where a reduced uptake in the hip-
pocampal zone compared to other cortical areas can be seen using 18F-flu-
ourodeoxyglucose-PET. It is also possible via PET imaging techniques to im-
age amyloid proteins and tau proteins. Aberrant metabolism and accumulation
of amyloid beta peptides can lead to plaque formation and tau proteins can
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lead to fibrillar formation within neurons, both these processes are thought to
be catalyst of the advancement of the disease ”°.

PET in tumor diagnosis

18F-fluorodeoxyglucose-PET can be used in applications in the brain but be-
cause of the high uptake in normal cortex its use is limited. Other diseases of
the brain such as inflammations and treatment-induced changes also has a high
level of glucose consumption making the differential diagnosis challenging.
To overcome this other tracers are being used and developed such as those
used in amino acid PET. The most popular of these is 11C-methionine (MET),
which provide a high detection rate for brain tumors and a low physiological
uptake in the normal brain ’°. A meta-analysis that included both treated and
untreated brain tumors yielded a sensitivity of 91% and a specificity of 86%
with the use of MET-PET in the differentiation of brain tumors ”’. For the
differentiation between glioma recurrence and treatment-induced changes a
summary sensitivity of 70% and specificity of 93% has been reported . A
disadvantage of 11C is that is has a short half-life and because of that other
amino acid tracers labeled to 18F, for instance FDOPA (fluorodopa) can be
used. The advantage of both MET-PET and FDOPA-PET is that they do not
depend on the blood brain barrier for uptake in tumors. This is in contrast to
18F-FLT-PET where uptake is seen if there is breakdown of the blood brain
barrier and therefore it is not suitable for use in low-grade gliomas.
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Aims

General aim

To differentiate intracranial lesions based on their anatomical, physiological
and metabolic properties using some MR and PET techniques.

Specific aims
Paper 1

To evaluate how much additional information MRS gives in comparison to
MRI in non-selected clinical patients.

Paper 11

To evaluate the diagnostic utility of INTERPRET DSS 3.1 in a clinical setting
and compare the results to those achieved on MRI and MRS without using a
DSS.

Paper III

To compare IVIM to DSC perfusion MRI in differentiating tumor recurrence
from treatment-induced changes, focusing measurements in the area with the
highest perfusion or blood volume.

Paper IV

To compare the diagnostic usefulness of FLT-PET and MET-PET to differen-
tiate recurrent intracranial tumors from treatment-induced changes.
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Materials and Methods

Paper I-11

Inclusion and categorization

The clinical archive of the radiology department (i.e. examinations for re-
search purposes were not included) was searched for use of MR spectroscopy
of the brain performed from January 2004 to April 2014, yielding 443 exami-
nations. After the exclusions (which for instance could be due to low spectral
quality or uncertain final diagnosis) a total of 208 examinations were included
in the retrospective study in Paper I. An experienced neuroradiologist was
used as the reader for the radiological evaluation, and the examinations were
evaluated in the same way as they are in routine clinical practice. That is, first
the MR images were evaluated and then the MRS data were added. A second
reader also evaluated the examinations to determine the inter-rater reliability.
The MRS technique was not consistent over the years that the MRS examina-
tions were performed, but varied according to the clinical indication for the
study and the clinical protocol for the years in question. The standard tech-
nique was a combination of single voxel spectroscopy (SVS) using a long TR
and a short TE and chemical shift imaging (CSI) using a semi-long TE. SVS
using a short TE was chosen to better demonstrate metabolites like myoinosi-
tol and lipids. CSI was used to analyse a larger area and to demonstrate the
extent and heterogeneity of the pathologic area, e.g. locations of hot spots be-
fore biopsy. Both single voxel spectroscopy and chemical shift imaging were
successively performed in 105/208 examinations. Only SVS was performed
in 54 examinations and only CSI in 49 examinations.

The final diagnoses were divided into three clinically relevant categories:
primary high-grade CNS tumors (WHO grades III-1V) or metastasis, low-
grade tumors (WHO grades I-II), and non-neoplastic lesions/diseases. The
MRI and MRS diagnoses were classified as follows in regard to the diagnosis
categories:

e Correct category

e Indeterminate: The diagnosis was categorized correctly, but also an
incorrect category was given as an alternative.

e Incorrect category
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We also classified the degree of additional information that had been given
the referring clinician with the addition of the MRS data. For this classification
the reports for MRI and MRS were individually compared with the final diag-
nosis. The labels were as follows:

e Very beneficial: The MRS report gave a correct diagnosis/diagnostic
category or correct spatial location for a lesion, whereas the MRI re-
port did not.

¢ Beneficial: The MRS report ruled out one or some of the earlier sus-
pected diseases/conditions or was more specific than the MRI report.

e Inconsequential: Same level of diagnostic information in both reports.

e Misleading: The spectroscopic report contained less or incorrect in-
formation.

In Paper II a subpopulation of the cases from Paper I was studied with a total
of 100 cases. The radiological evaluation of MRI and conventional MRS anal-
ysis was done in the same way as in Paper I by an experienced neuroradiolo-
gist and in the same way as in routine clinical practice, with the MR images
first and then with the addition of MRS. For the use of INTERPRET-DSS, a
software developed so that even a person with minimal knowledge of MR
spectra can use it for spectrum interpretations, an MRS physicist trained a ra-
diology resident to use the software. The study patient’s spectra were checked
against all available tissue spectra in the database and one diagnosis was cho-
sen as the most likely.

In the same way as in Paper I the final diagnoses were divided into three
clinically relevant categories: primary high-grade CNS tumors (WHO grades
III-1V) or metastasis, low-grade tumors (WHO grades I-II), and non-neo-
plastic lesions/diseases. The MRI and MRS diagnoses and the diagnoses made
from INTERPRET-DSS were classified in regard to the diagnostic category:

e Correct category

e Indeterminate: The diagnosis was categorized correctly, but also an
incorrect category was given as an alternative.

e Incorrect category

The diagnoses made with INTERPET-DSS were also checked against the spe-
cific diagnoses (for example glioblastoma). The INTERPRET database con-
tains only a few spectra from children which is the reason why additional anal-
yses were also made of spectra from only adults.

29



Final diagnosis

In both Paper I and Paper II the follow-up period was chosen to be six months
and the diagnosis at that time was chosen as the final diagnosis. The diagnosis
could be either a neuropathology diagnosis according to the 2007 WHO clas-
sification of tumors of the central nervous system or a diagnosis obtained dur-
ing clinical follow-up. In the cases with a clinical follow-up the diagnosis was
made based on the notes in the medical charts.

Statistical methods

The interobserver agreements for the conventional and DSS analyses were
evaluated using kappa statistics. The results for the different diagnostic cate-
gories were compared using a y” test.

Ethical considerations

The study plan was approved by the Uppsala regional ethics committee. The
first two papers were retrospective studies, but the use of patient’s informed
consent was warranted, including written consent from children and/or both
their parents. The patients had received standard examinations and no extra
time had been needed for them to complete these examinations or to be in-
cluded in the study. The main ethical consideration was because the medical
charts of the included patients needed to be reviewed for a final diagnosis.

Paper III-1V

Paper 111

Inclusion and examination protocol
In Paper III the study subjects were prospectively enrolled in the study. All
the patients had previously had an intracranial tumor previously treated with
radiation therapy and now had a new contrast-enhancing lesion or increase in
size of a known contrast-enhancing lesion. The patients were examined with
a dedicated study protocol, including sequences enabling measurement of
IVIM parameters and performance of conventional MR perfusion sequences.
Initially 81 patients were included. The most common reason for exclusion
was IVIM data was corrupt or not available. After exclusions a total of 60
study subjects were included.

MR imaging was performed on an Avanto 1.5T system (Siemens Medical
Systems). The scanning protocol included axial diffusion-weighted images
with b-values: 0, 50, 100, 150, 200, and 1000 s/mm?2. The diffusion-weighted
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images were obtained with TR/TE 4700/89 ms, 5 mm slice thickness, in-plane
resolution 1.2 x 1.2 mm, and 4 signal averages. Axial T1-weighted image se-
ries (2D spin echo) were obtained with TR/TE 593/9.1 ms, 5 mm slice thick-
ness, 0.6 x 0.6 mm in-plane resolution, and one signal average. The gadolin-
ium contrast agent gadobutrol (Gadovist (Bayer)) was injected intravenously
in a dose of 0.1 mmol/kg body weight. A DSC perfusion study was performed
with TR/TE 1410/30 ms, 5 mm slice thickness, 1.8 x 1.8 mm in-plane resolu-
tion, and one signal average. Then an axial T1-weighted image series was ob-
tained using the same parameters as those before the gadolinium injection.
The diffusion trace images and raw DSC perfusion data were imported into
Olea Sphere 3.0 (Olea Medical). Pixels with IVIM parameter f values > 0.3
were omitted via a threshold function to not include non-physiological values.

Measurements

We performed measurements in hotspots, if such were found, otherwise in the
whole contrast-enhancing lesion. The measurements were performed by two
independent observers on the f maps, where the placed ROI had a minimum
size of seven pixels and from this ROI also the corresponding values for D*
and D were also acquired. Measurements were performed in the same way on
the CBV maps and the value was normalized with a contralateral symmetrical
ROL

Paper IV

Inclusion and examination protocol

In paper IV the same patients that were originally included for the study in
Paper III were included in Paper IV and were being examined with PET. The
reasons for exclusion could for example be that PET data was missing or the
final diagnoses needed to be balanced. After exclusions the final number of
study subjects was 48. Forty-seven of those patients had measurements from
MET-PET examinations and 20 had them from FLT-PET examinations.

Measurements

For the evaluation of 11C- MET and 18-FLT uptake in the lesion, regions of
interest (ROI) were placed measuring 16 mm? in the shape of a square. For
reference, an ROI was placed in the contralateral cortex at the level of the
basal ganglia including a 1 cm thick layer of the cortex in a slice at that level
but excluding the occipital cortex. The measurements for the reference ROI
were repeated three times and if all measurements were within a .01 difference
the last measured value was accepted, otherwise three new measurements
were performed. The mean standardized uptake (SUV) of the area of maxi-
mum uptake in the lesion was normalized to the mean SUV of the contralateral
cortex (L/N ratio). Measurements were conducted by two independent
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observers. The first observer repeated their observation, resulting in a total of
three separate observations. The means of the measurements were used in the
analysis.

Final diagnosis

The surgical specimens from the patients were identified in the database of the
Department of Surgical Pathology, Uppsala University Hospital. The samples
were re-classified, and a final diagnosis was given according to 2021 WHO
classification of tumors of the central nervous system. In the remaining cases,
data from the original evaluations were used. A neuropathological diagnosis
was obtained if the lesion was biopsied or resected, and was then used as the
final diagnosis. In the remaining cases, the clinical diagnosis 6 months after
study inclusion was used as the final diagnosis. During the follow-up period,
at least one additional MRI examination was performed. The diagnosis was
made by an oncologist, taking into account the clinical status of the patient
and the results of performed radiological examinations.

Statistical methods

The correlation between f and rCBV was assessed by Pearson’s r coefficient.

The level of agreement regarding whether a hotspot was present or not was
assessed by Cohen’s kappa.

Intraclass correlation coefficients (two-way random effects, absolute
agreement, single measurement) were reported with an estimate and CI (con-
fidence interval) for the inter- and intraobserver agreement of mean values f,
rCBV and L/N-ratio (for the PET-measurements) was given.

Welch’s t-test was used to compare f, D*, and D values in tumor recurrence
and treatment-induced changes.

Mann-Whitney U test was used for rCBV values when comparing tumor
recurrence and treatment-induced changes.

In the receiver operating characteristics analysis (ROC), cutoff points were
calculated by maximizing the sum of the sensitivity and specificity (Paper III)
and the point closest to the (0,1) in the ROC curve (Paper IV).

Wilcoxon rank-sum test was performed to evaluate the difference of the
L/N-ratios in the treatment-induced changes group compared to the tumor re-
currence group.

Ethical considerations

The study plan was approved by the Uppsala regional ethics committee. In the
study reported Paper III, patients had to spend some additional time in the MR
scanner for the patients to obtain sequences necessary for the IVIM parame-
ters. That time was approximately five minutes and because no ionizing
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radiation was used there were no ethical questions regarding potential radia-
tion risks. In the study reported in Paper IV the patients were subjected to
increased levels ionizing radiation in the PET scanner. The use of MET-PET
was a standard examination at the site but the addition of FLT-PET increased
the radiation dose. Here one must weigh the potential benefits of the study,
which includes the more widespread use of FLT-PET and a more accurate
diagnosis, against the small risk of negative long-term effects on the body.
The reported mean values for the effective radiation doses used for brain PET
examinations are 4.0-7.0 mSv ”°. This can be compared to the average yearly
background radiation dose of 3.0 mSv *.
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Results

Paper 1

The most common clinical indication for the study was “recurrent tumor vs
reaction to irradiation/chemotherapy” (n=69). The most common final diag-
nosis in the total material was tumor, which was the case for two-thirds of the
patients. There was an agreement between the two interpreters in 37/50 cases
(74%) for MRI and in 38 cases (76%) for MRS regarding diagnosis category
level. There was good agreement between interpreters with k-coefficients
0.64—0.65. For the comparison between MRI and a combination of MRI and
MRS no difference in results was found, see Table 2.

Table 2. Outcome of the radiological diagnostics of the lesions. Comparison between
the diagnoses from MRI only and when MRS information was added. No significant
difference between the outcomes for MRI and MRI + MRS, p=0.055

Radiological MRI N (%) MRI + MRS  No. of cases with the same
outcome N (%) diagnostic outcome with
both methods

Correct 130 (62%) 134 (64%) 109
Indeterminate 39 (19%) 23 (11%) 12

Incorrect 39 (19%) 51 (25%) 30

Total 208 (100%) 208 (100%) 151 (73% of 208)

In Table 2 it can be seen that the number of indefinite diagnoses was numeri-
cally lower and the number of incorrect diagnoses was higher when infor-
mation from MRS was used, but that difference was not significant (p=0.055).
MRI alone and supplemented with MRS provided a correct diagnosis category
with similar outcome (62% vs. 64%, p > 0.2). If both methods indicated the
same category (which was the case in 151/208 cases), the correct category was
found in a numerically larger proportion (72%).

Comparison of the radiological outcomes with the different spectroscopic
methods is shown in Table 3. The radiological outcome was not improved in
those cases where both SVS and CSI had been used compared to the cases
where only one of the methods had been used.
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Table 3. Radiological outcome with the different spectroscopic methods. No statisti-
cally significant differences when the outcomes for SVS + CSI were compared to SVS
or CSI only: correct vs. the others: p-value of 0.81 and 0.59, respectively and incorrect
vs. the others: p-value of 0.68 and 0.55, respectively.

Radiological out- SVS CSI SVS + CSI
come

Correct 35 33 66
Indeterminate 4 6 13
Incorrect 15 10 26

Total 54 49 105

In 15% of the cases, there was clinically beneficial additional information in
the spectroscopic report compared to the diagnostic information provided by
only MRI. The additional information from MRS was misleading in 17% of
the cases.

Paper 11

Good agreement was found between the two interpreters using INTERPRET
DSS. The same diagnosis was chosen in 60/80 (75%) cases, yielding a kappa
value of 0.71. Not all of the final diagnoses were available in the database:
only two-thirds of them could be chosen. For the diagnoses that existed in the
database, less than half of them were classified with a correct specific diagno-
sis. The diagnostic outcome on the category level for the total population of
patients showed no difference in outcome for the use of INTERPRET DSS
compared to conventional analysis of MRS together with MRI (Table 4).
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Table 4. Diagnostic outcome on a category level with use of the INTERPRET DSS,
with conventional interpretation of MRS, and with MRI alone. Diagnostic categories:
high-grade tumour, low-grade tumour, and non-neoplastic lesion. * p-value=0.19
when the outcomes correct vs others are compared for the DSS and MRI + MRS. °p-
value=0.03 when the outcomes correct vs others are compared for the DSS and MRI.

Diagnostic outcome INTERPRET DSS MRI + MRS MRI

Correct 67 (67%)™ 58 (58%)* 52 (52%)°
Indeterminate 5 (5%) 8 (8%) 20 (20%)
Incorrect 28 (28%) 34 (34%) 28 (28%)
Total 100 (100%) 100 (100%) 100 (100%)

Some patients were below 18 years of age and because the classifiers for IN-
TERPRET DSS had few spectra from children included, an analysis excluding
children’s spectra was also performed. Better results on a group level could
be achieved by the use of INTERPRET DSS when children and diagnoses not
found in the database were excluded (Table 5).

Table 5. Diagnostic outcome on a category level when cases with diagnoses not ex-
isting in INTERPRET DSS 3.1 and patients under 18 years of age were excluded.” p-
value=0.002 when the outcomes correct vs others are compared for the DSS and MRI
+ MRS. ° p-value=0.0004 when the outcomes correct vs others are compared for the
DSS and MRI

Diagnostic outcome INTERPRET DSS MRI + MRS MRI
Correct 48 (79%)» 32 (53%)* 29 (48%)°
Indeterminate 5 (8%) 5 (8%) 14 (23%)
Incorrect 8 (13%) 24 (39%) 18 (29%)
Total 61 (100%) 61 (100%) 61 (100%)
Paper 111

Interobserver agreement

f maps

A hotspot was found by reader 1 in 30 cases and by the first read of reader 2
in 32 cases. There was an agreement on whether a hotspot for f was present in
80% (48/60) of cases between reader 1 and the first read from reader 2, yield-
ing a Cohen’s kappa value of 0.6, representing moderate agreement. ICC for
the mean value for f was 0.74 (95% CI 0.60—0.84) between reader 1 and the
first observation of reader 2 and 0.59 (95% CI 0.40-0.73) between reader 1
and the second observation of reader 2. Thus, there was moderate reliability
between the two readers.
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rCBV maps

A hotspot was found by reader 1 in 32 cases and by the first read of reader 2
in 36 cases. There was agreement on whether a hotspot for rtCBV was present
in 77% (46/60) of cases between reader 1 and first read of reader 2, yielding a
Cohen’s kappa value of 0.53, representing moderate agreement. ICC for the
mean value for rCBV was 0.88 (95% CI 0.77-0.94) between reader 1 and the
first observation of reader 2, and 0.81 (95% CI 0.71-0.88) between reader 1
and the second observation of reader 2. The results for ICC regarding rCBV
measurement indicated good reliability.

Correlation between f and rCBV

The plotted individual values for the mean values of f and rCBV can be seen
in Fig. 5. There was a moderate correlation between the values.

Figure 5. Pearson’s r coefficient was 0.45 (95% CI 0.22-0.63, p = 0.0003) for the
correlation between the mean values of f and rCBV. With the outlier (the highest
rCBV value) excluded, Pearson’s r coefficient was 0.50 (95% CI 0.28-0.67, p =
0.00006). These values correspond to a moderate correlation, with and without the
outlier.
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Comparison of perfusion parameter values

The results of IVIM and DSC perfusion measurements in recurrent tumors and
treatment-induced changes are reported in Table 6. The mean f was 0.090 for
tumors and 0.058 for treatment-induced changes (p = 0.002) (Table 6). Mean
normalized rCBV was 3.52 for tumors and 1.79 for treatment-induced changes
(p =0.002). There were no significant differences in D* or D between tumors
and treatment-induced changes.
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Table 6. Comparison of [VIM parameter values and rCBV values between recurrent
tumors and treatment-induced changes. D = water diffusion coefficient, D*= pseudo-
diffusion coefficient, f = perfusion fraction, [IVIM = intravoxel incoherent motion, pctl
= percentile, rCBV = relative cerebral blood volume

f rCBV D* D
(10-3 mm2/s)  (10-3 mm?2/s)

Mean 90th Mean 90th pctl Mean 90th Mean 90th

pctl pctl pctl

Tumor 0.090 0.15 352 4.7 11.60 29.41 1.17  1.55

Treatment- 0.058 0.14 1.79 253 8.81 2745 1.15  1.44
induced
changes

p-value 0.002 0.53 0.002 0.0004 0.16 0.65 0.69 042

Receiver operating characteristics

The ROC values for the IVIM parameters and rCBV with regard to their
means and 90™ percentile values are presented in Table 7. The numerically
largest area under the curve (0.79) for a single parameter was achieved by the
90™ percentile value of rCBV, which also showed a little higher sensitivity
and accuracy.

Cutoff values of 2.26 for mean rCBV and 0.073 for mean f yielded equal
values for sensitivity (73%), specificity (75%), and accuracy (73%), whereas
the 90th percentile value of f had lower values.
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Paper IV

Interobserver agreement

There was strong agreement between all measurements by the two readers.

Comparison of lesion-to-normal values

Results in 19 patients examined with both MET-PET and FLT-PET

Median L/N for MET-PET was 1.33 for treatment-induced changes and 2.09
for tumor recurrence. The difference between the groups did not reach statis-
tical significance (p=0.053, Wilcoxon rank sum test).

Median L/N for FLT-PET was 2.69 for treatment-induced changes and 4.19
for tumor recurrence (p=0.013).

Results in the total study population of 48 patients

Forty-seven patients underwent MET-PET successfully and 20 patients un-
derwent FLT-PET successfully.

Median L/N for MET-PET was 1.58 for treatment-induced changes and
3.05 for tumor recurrence (p<0.001).

Median L/N for FLT-PET was 2.69 for treatment-induced changes and 3.87
for tumor recurrence (p=0.007).

Receiver operating characteristics

Results in 19 patients examined with both MET-PET and FLT-PET
The AUC for MET-PET was 0.77 and for FLT-PET 0.83.

Results in the total study population of 48 patients

Forty-seven patients underwent MET-PET successfully and 20 patients un-
derwent FLT-PET successfully.

The AUC for MET-PET was 0.87 and for FLT-PET 0.85. The ROC curve
can be seen in Fig. 6. The diagnostic capability for the two tracers is similar.

41



Figure 6. ROC curves for the whole material with results derived from lesion-to-nor-
mal ratio. a. Curve for the 47 patients who had undergone MET-PET successfully. b.
Curve for the 20 patients who had undergone FLT-PET successfully. AUC = area
under the curve.
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Discussion

Paper 1

With the conventional analysis of MRS in a non-selected group of patients,
the addition of MRS resulted in no improvement of categorization into non-
neoplastic disease, low-grade tumor, or high-grade tumor compared to MRI
only (64% vs. 62%). If both methods indicated the same category, it was cor-
rect in 72% of cases. When the usefulness of a diagnostic method is evaluated,
the proportion of correct diagnoses is not the only factor to consider because
other clinically important information, for example lateralization of epileptic
foci, can be obtained. In 15% of our cases, MRS was beneficial, providing
more clinically important information than MRI, but MRS was also mislead-
ing in 17% of the cases. We reached the conclusion that in general MRS does
not add to the diagnostic value of MRI.

The clinical impact of MRS in diagnostically difficult cases with indeter-
minate MRI findings has only been studied in small groups of patients. In case
series consisting of 1026 patients, MRS made significant contribution in 23—
70% 181783 All of those series were very selective regarding patient category
or the diagnosis that was studied. In our study of non-selected patients that
number was lower and beneficial information from MRS was obtained in
15%. We found no significant difference in diagnostic outcome when SVS
together with CSI or only one spectroscopic method was used.

One common clinical problem is the differential diagnosis between a re-
current tumor and a reaction to tumor therapy, including radiation necrosis.
This was the indication for MRS in one-third of our cases even though many
such patients had to be excluded because of the difficulty in making a defini-
tive diagnosis at a specific point in time. In Paper I the attempt to categorize
the patients according to their medical charts was done by the first author (JH)
but in the later papers, Papers III-IV, this was done by oncologists, which
could have resulted in more patients being retained in the studies and a clinical
diagnose being made.

Although we could include several patients because of the long time period
during which clinical MRS had been performed, the number of different spe-
cific diagnoses was rather small and we had to make the comparisons on the
level of the diagnostic category. In cases where the final diagnosis was based
on clinical follow-up including MR examinations, the interpretation of those
examinations may have influenced the definitive diagnosis. For instance, if an
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MR report clearly states tumor progression, that could also be the clinical di-
agnosis making the MR diagnosis correct in our study. The choice was made
to interpret MRS and MRI together, since the intention was to conduct an
evaluation using all the available information, and not to test each technique
individually. The heterogeneity of the lesion may have an effect on both the
MRS and neuropathological diagnoses, as has been shown in gliomas ***°.

A limitation in the study is that the examination technique varied over the
years that the study examinations were performed. This is natural because of
new developments and study indications in the clinical day-to-day workflow,
but this also meant that the study protocol was not the same for all diagnoses.

Paper 11

The INTERPRET DSS was developed to achieve a specific diagnosis, espe-
cially for tumors. When the spectra from focal lesions were analyzed using
the INTERPRET DSS a correct specific diagnosis was made in 31% of the
lesions. In 67% of the lesions, the diagnosis was in the right category. About
one-third of the definitive diagnoses did not exist in the INTERPRET data-
base, which obviously hindered the possibility to find the correct diagnosis.
To test the potential effectiveness of the database, we undertook analyses of
cases where only the definitive diagnoses were included. In 46% of those
cases, the correct specific diagnoses were given, and the diagnostic category
was correct in 79%. The size of the INTERPRET database (number of spectra
from different diagnoses) is thus a limiting factor. However, even in cases
where the specific diagnosis is not an option in the INTERPRET database,
exclusion of a certain diagnosis can be valuable. An option to choose in the
database that would have been valuable was the diagnosis treatment-induced
changes, as this was the clinical questions in 20 cases. In our study, the use of
the INTERPRET DSS 3.1 did not improve results regarding choice of the right
diagnostic category in the total material compared to conventional MRS but
did so compared to MRI (67% vs. 58% and 52%, respectively). Previous stud-
ies 37,86 have shown similar results, i.e. that the use of the INTERPRET DSS
improved the diagnoses compared to MRI. When we excluded diagnoses not
found in the database, our outcome for the DSS was significantly better than
for conventional MRS, indicating the possible potential of a larger database
with more diagnoses. The development of the database however seems to have
stopped and the project’s webpage could not be retrieved at the time of writ-
ing.

Interpreters with no prior training in MRS can learn to use the INTERPRET
DSS software and achieve a substantial agreement in diagnoses in a short pe-
riod of time. Our results correspond to the aim of the software, which is to be
useful even for users with minimal knowledge of MR spectra *’.
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The need to further evaluate tumor recurrence versus
treatment-induced changes

The most common indication for an MRS study in Paper [ was “tumor recur-
rence or treatment-related changes” which indicates that this question needs
further addressing. A specific study on this matter, could be done with MRS
or some other radiological technique.

In Paper III and IV we used four different techniques/parameters (rCBV,
IVIM, MET-PET and FLT-PET) to differentiate treatment-induced changes
from tumor recurrence. All of these techniques could be used to make the dif-
ferential diagnosis.

Paper 111

In Paper III the choice was made to make measurements in hotspots, when
available. This was in an attempt to adjust for the heterogeneity that can be
found in brain lesions, with a mixture of tumor cells and radiation necrosis. If
the whole lesion is measured it is possible to downplay the influence of the
part with tumor growth. The downside of measurement in hotspots is that
there is no clear definition of what a hotspot is (our observers reviewed some
cases together to reach a consensus definition). An alternative would have
been to formulate a definition in writing. Another downside with hotspots is
that measurements were made in the whole lesion, in most published studies,
making direct comparison of results with those studies more difficult. For both
fand rCBV, a significantly higher perfusion was observed in recurrent tumors
than in treatment-induced changes, although the overlap was substantial. A
similar differential diagnostic value was achieved for the mean values of fand
rCBYV, but the accuracy was increased from 73% to 78% when the 90th per-
centile value of rCBV was used instead.

One thing that was noted in the results of Paper III was that the agreement
on whether a hotspot existed or not was not particularly strong. The actual
values that were measured had moderate to good reliability but our results
raises the question whether measurements in hotspots add any value in that
setting. The acquisition time for both DSC and IVIM is the same (approxi-
mately 5 minutes), with IVIM having the advantage of not needing injection
of a gadolinium contrast agent.
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Paper IV

Paper IV is to our knowledge the first prospective study on the comparison of
MET-PET and FLT-PET with regard to making the differential diagnosis be-
tween tumor recurrence and treatment-induced changes.

In Paper IV measurements were made by two independent observers in the
area of the lesion with maximum uptake of the lesion and the mean value from
a 16 mm? area was normalized to contralateral, mainly cortical, brain tissue.
These measurements had were high ICC values and the reliability was ex-
tremely good. An alternative way would have been to measure the maximal
value in the area of maximal uptake which has been done in some studies, but
the method in Paper 1V is in line with how these measures are performed in
the clinical setting.

We found an AUC of 0.87 for MET-PET and 0.85 for FLT-PET. These
results are in line with previously reported values in a retrospective study ** in
which the AUC value for MET-PET was 0.84 and for FLT-PET it was 0.83.
These results are of clinical interest given that FLT has the potential for use
also in facilities without cyclotron availability because of the longer half-time
of the isotope. A limitation of the study is that in only 19 cases could a direct
comparison of the two PET tracers could be made. In the total material more
patients had been examined with MET-PET than with FLT-PET and there was
an uneven distribution of the final diagnoses. Therefore the final diagnoses
needed to balanced so that they could be included in the study in which MET-
PET was used. This had the effect that it was about the same number of tumors
and treatment-induced changes as final diagnoses.

Limitations applying to Paper [-IV

In all four included Papers in the thesis the time limit / follow-up period was
6 months. This is a common clinical follow-up period but longer periods have
also been used in some studies *. The dilemma is that most high-grade tumors
will recur, and the question is then whether only treatment-induced changes
were present at a particular point in time during the follow-up period. Another
limitation that applies to all included Papers is that the final diagnosis in a
minority of cases was made on the basis of a neuropathological specimen. This
is a limitation in practically all studies with many study participants because
one wants to minimize the risks associated with surgical resection or biopsy.
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Conclusions

Conventionally analyzed MRS did not add to the diagnostic value of MRI in
general. With regard to focal lesions, the INTERPRET DSS did not improve
the categorization of the lesions significantly compared to conventional anal-
ysis of MRS, but did so compared to MRI alone. The size of the INTERPRET
database is a limiting factor because only two-thirds of the definitive diagno-
ses were available in the database. The most common indication for the addi-
tion of MRS to MRI in our study was the clinical question “tumor recurrence
versus treatment-induced changes”. IVIM can be used to differentiate tumor
recurrence from treatment-induced changes. For patients that cannot be exam-
ined using contrast agents, IVIM imaging is a potential option. In PET, the
tracers MET and FLT have a similar diagnostic ability to separate tumor re-
currence from treatment-induced changes.
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Future perspectives

Protocol standardization

One obstacle in the widespread adoption of the MRS and IVIM is the lack of
standardized imaging protocols. However, a methodological consensus was
published for MRS in 2019 ** where the use of a semi-LASER technique for
localization is preferred over point resolved spectroscopy (PRESS, which was
used in our studies), but PRESS is also mentioned as an option. The TE is
recommended to be short (typically 30 ms).

Instead of using a DSS with a limited number of spectra in a database, the
classification of spectra could be performed via machine learning techniques
if these are proven adequate in future studies. For IVIM there is need for a
consensus regarding for example how many b-values should be used, but also
for the calculation methods used for the parameters.

The advanced imaging techniques that are available for diagnosis and re-
sponse assessment of high-grade gliomas have recently been reviewed by an
expert panel °'. In that review it is mentioned that the criteria in the follow-up
assessment according to the RANO 2.0 °%, only incorporates evaluation with
contrast enhanced T1-weighted imaging and does not incorporate other ad-
vanced imaging techniques such as diffusion, perfusion, MRS or PET. The
expert panel review states that use of perfusion MRI add diagnostic value in
the routine assessment of treated high-grade gliomas, but that there is lack of
a robust threshold for rCBV measurements, which could be because of the
lack of a direct connection between imaging findings and biopsy location, and
that measurements could include tissue comprised of both tumor and post-
treatment effects. The suggested normalized rCBV cut-off value is 1.0, but
from a localized area of the lesion and not from measurement of the entire
lesion. In the review it is noted that MRS requires technical expertise, is sus-
ceptible to artifacts and that re-imbursement varies among medical insurance
companies, which affects its use in routine clinical practice. The re-imburse-
ment for amino acid tracers used in PET, which varies among countries, is
also discussed. Although good results with the use of these tracers have been
shown, studies that show improved management and cost-effectiveness are
needed. Post-operative MRI should be performed within 48 hours. RANO 2.0
recommends an MRI about 4 weeks after termination of radiation therapy. The
follow-up imaging with MRI is then performed about every 3 months.
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Liquid biopsy and non-invasive biopsy

It would be very convenient if a blood sample could be used for the follow-up
of patients treated for brain tumor. That is the idea behind the concept of liquid
biopsy, where for instance circulating tumor cells or circulating tumor DNA
can be extracted from a simple blood sample **. This could provide a mini-
mally-invasive technique, for serial follow-up of patients and also provide in-
formation on the genomic composition of the tumor, providing a way to per-
sonalized medicine. This method is still in the research phase, but could prove
valuable in the coming years. One of the challenges for the technique is that
the proportion of tumor cells/DNA in a blood sample is very small.

In the latest WHO classification of CNS tumors, the mutation status of iso-
citrate dehydrogenase is an essential discriminatory feature ®. MRS provide an
opportunity to gather metabolic information from tissue and to detect the me-
tabolite 2-hydroxyglutarate, which is found in gliomas with isocitrate dehy-
drogenase mutated lesions at 2.24 ppm **. This method has the advantage of
not being invasive but limitations are that strong magnetic fields are required
to detect the metabolite and the acquisition times are long.

Future studies

For the differentiation of tumor progression from treatment-induced changes,
no method (perfusion MRI, MRS, PET) on its own clearly outperforms the
others, and therefore, it has been suggested that a combination of them, a
multi-modal, approach would be beneficial '®.

This thesis provides some results that can be of use in the diagnostic work-
up of intracranial lesions, with a focus on tumor recurrence versus treatment-
induced changes. In the future, it would be ideal if a multi-center prospective
study with set parameter cut-off values, for the investigated techniques, could
be designed to evaluate how effective these levels are to differentiate tumor
recurrence from treatment-induced changes, with a large proportion of the di-
agnoses made from neuropathological specimen.

THE TRUTH IS OUT THERE
-Tagline of the television series The X-Files (FOX)
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Summary in Swedish (Sammanfattning pa
svenska)

Bakgrund

Det dr onskvart att kunna diagnosticera hjarntumorer, andra sjukdomstillstand
i hjarnan och effekter av given behandling med icke-invasiva radiologiska me-
toder. Behandlingen av hjarntumdrer inkluderar ofta kirurgi, strdlbehandling
och cytostatikabehandling. Det &r svart att skilja ett tumdrrecidiv fran effekter
av den givna behandlingen, tillexempel stralnekros. For hjarntumoérer vill man
ocksa kunna skilja pa deras malignitetsgrad da detta paverkar behandlingen
som é&r aktuell.

Magnetresonanstomografi (MRT) har hog kénslighet for att pavisa lesioner
i hjarnan, men de konventionella (morfologiska) sekvenser som anvands har
begransning i att skilja till exempel tumorer fran inflammationer eller andra
sjukdomstillstand. For att 6ka den diagnostiska traffsdkerheten anvénds pa
manga centra andra magnetresonanstekniker, till exempel MR spektroskopi
eller MR perfusion. Man fér via dessa tekniker ytterligare information om den
fordndring man undersoker, till exempel vilket metabolt uttryck som finns el-
ler blodvolymen i omradet. MR spektroskopi &r traditionellt inte en standard-
undersokning och resultatet man far av denna &r ett spektrum av olika meta-
boliter som finns i den undersdkta volymen. Detta skiljer sig fran de mer ana-
tomiska bilder man vanligtvis far av en radiologisk undersékning. For att for-
battra diagnostiken och gora spektroskopi-undersdkningar enklare att tolka for
ovana bedémare finns en mjukvara som kallas INTERPRET-DSS utvecklad,
men denna &r inte utvirderad i icke-selekterade material. Ett annat sétt att for-
soka skilja de tva tillstdnden &t &r sdsom ndmnts att se vilken vaskularisering
som finns i1 den undersokta fordndringen. Det finns en utbredd anvéndning av
MR -perfusion, till exempel genom DSC (dynamic susceptibility contrast) per-
fusion med métning av den relativa cerebrala blodvolymen (rCBV). Detta kra-
ver anvandning av intravendst tillfort kontrastmedel.

Det finns dven en teknik som kallas IVIM (intravoxel incoherent motion)
som inte anvénds i kliniskt bruk dir man kan méta den volym som utgors av
kapillérer inom ett omrdde. Detta genom upprepade scanningar som ar diffus-
ionsviktade men dir man som resultat kan f4 en uppfattning om perfusionen
och detta utan anvindande av intravenost kontrastmedel.

Det finns dven nuklearmedicinska metoder som anvénds for att skilja till
exempel tumorrecidiv fran behandlingsreaktioner. Tva av de tracers som
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anvinds i dessa fall 4r 11C-MET och 18F-FLT. Methionin (MET) dr en av de
essentiella aminosyror som anvénts som byggstenar till proteiner. Celler med
snabb proteinsyntes anvander sig i hogre grad av MET, vilken kan kopplas till
den radioaktiva isotopen 11C. Var detta komplex ansamlas kan sedan métas
med en PET-kamera. P4 samma sitt kan 18F-fluorotymidin, en analog till
nukleotiden tymidin, anvdndas vid nuklearmedicinska undersdkningar for att
se var det sker stor celldelning / DNA-syntes.

Delarbete 1

Syftet var att utvdrdera tilliggsinformationen fran en gjord MR spektroskopi
(MRS) i en klinisk kontext. MRT- och MRS-undersokningar omgranskades i
208 fall dir det fanns klinisk indikation for MRS (fall med oséker eller otill-
racklig information fran konventionell MRT) och en bekriftad diagnos. Dia-
gnoserna grupperades 1 kategorier som: icke-neoplastisk sjukdom, laggradig
tumor, och hoggradig tumér. Det kliniska védrdet frain MRS ansdgs mycket
fordelaktigt (very beneficial) om det gav den rétta diagnoskategorin eller lo-
kalisationen ndr MRT inte gjorde det, fordelaktigt (beneficial) om den uteslot
vissa diagnoser korrekt eller var mer specifik jamfort MRT, ovisentlig (in-
consequential) om den gav samma information som MRT, eller missvisande
(misleading) om den gav mindre eller inkorrekt information jamfort MRT.
Tilldggsinformationen fran genomford MRS i tilldgg till MRT var beneficial
eller very beneficial i 31 fall (15%) och misleading i 36 fall (17%).

Delarbete 11

Syftet var att i en klinisk kontext utvirdera INTERPRET decision-support sy-
stem (DSS). Materialet bestod av 100 undersokningar av intrakraniella for-
andringar med bekriftade diagnoser. MRT and MRS bedémdes av en under-
sOkare. DSS-analys gjordes av en annan undersdkare. Diagnoserna jamfordes
med den definitiva diagnosen. For jamforelse mellan DSS, konventionell
MRS analys, och MRT kategoriserades diagnoserna som: hoggradig tumor,
laggradig tumdr eller icke-neoplastisk lesion. Om rétt diagnoskategori gavs
raknades det som korrekt, om ritt diagnoskategori var ndmnt bland differen-
tialdiagnoserna som obestdmd (indeterminate) och om rétt diagnoskategori ej
ndmndes som inkorrekt. Resultaten med INTERPRET-DSS var inte bittre dn
med konventionell MRS analys. Endast tva tredjedelar av definitiva diagnoser
fanns med i INTERPRET-databasen.

Delarbete 111

Syftet var att jaimfora intravoxel incoherent motion (IVIM) imaging med dy-
namic susceptibility contrast (DSC) perfusion-MRT i differentieringen av tu-
moraterfall frdn behandlingsrelaterade effekter. Den prospektiva studien in-
kluderade patienter tidigare behandlade med radioterapi for intrakraniella tu-
morer, vilka senare utvecklade en ny, eller i storlek 6kande, kontrastladdande
fordandring. Den slutliga diagnosen baserades pa neuropatologi eller 6-
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manaders klinisk uppfoljning. MR-undersdkningar genomfoérdes for berdk-
ning av perfusionsfraktionen (f) med hjdlp av IVIM-teknik och den relativa
blodvolymen, relative blood volume (rCBV), med hjilp av DSC-perfusion.
Mitningar av f och rCBV gjordes av tva oberoende bedémare i sotspots nir
sddana fanns, och annars i hela kontrastladdande regionen. 60 patienter inklu-
derades. Medelvardet for f liksom for rCBV var signifikant hogre i tumorer.

Delarbete IV

Syftet var att jamfora den diagnostiska traffsdkerheten for FLT-PET jamfort
MET-PET gillande att skilja tumorrecidiv fran behandlingsrelaterade forand-
ringar. Totalt 48 patienter inkluderades, varav data fran 47 patienter under-
sokta med MET-PET och 20 patienter undersékta med FLT-PET fanns till-
gingligt. Méatningar gjordes av tva oberoende bedémare. Bade MET-PET och
FLT-PET kunde anvéndas for att skilja tumoraterfall fran behandlingsrelate-
rade fordndringar med ungefar samma traffsdkerhet.

Konklusion
Tillagg av magnetresonansspektroskopi var generellt inte till hjélp i diagnosti-
ken jamfort med endast magnetresonanstomografi. Att anvanda beslutsstodet
INTERPRET DSS vid tolkning av magnetresonansspektroskopi var inte till
hjilp jamfort med konventionell analys av magnetresonansspektroskopi.
Perfusionsfraktionen, f, frn intravoxel incoherent motion imaging och den
relativa cerebrala blodvolymen kan var for sig anvédndas for att skilja tumor-
aterfall frAn behandlingsrelaterade forédndringar.
MET-PET och FLT-PET kan var for sig anvidndas for att skilja tumoréter-
fall och behandlingsrelaterade forandringar med ungefir samma tréffsikerhet.
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