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Abstract

Positron emission tomography/computed tomography (PET/CT), a multi-
modality imaging tool, is today the golden standard in diagnosis, staging and
response monitoring of lymphoma patients, while it is investigated if
lemission tomography/magnetic resonance (PET/MR)|is superior to PET/CT
and should be the gold standard in imaging of lymphoma patients in the future.

In this study, PET/MR and PET/CT have been quantitatively compared
for imaging of lymphoma patients, by the semi-quantitative measure stan-
dardized uptake value (SUV) from the PET images and the apparent diffusion
coefficient (ADC) from diffusion-weighted MR images. The correlation be-
tween SUV from PET/MR and PET/CT and between SUV and ADC was
evaluated, as well as the PET image quality, measured by the coefficient of
variance (COV).

Fourteen lymphoma patients were included, and underwent a PET /CT ex-
amination followed by a PET/MR examination. Regions of interest (ROIs)
were made in the same forty-two lesions in the PET images of PET /MR and
PET/CT for the SUV analysis. Seven lesions were included in the ADC anal-
ysis, where six different shaped ROIs were drawn in each lesion, to see if the
shape influenced the result. COV was measured in ROIs in the liver of each
patient in the PET images.

A strong correlation was found between SUV from PET /MR and PET/CT,
and the difference in SUV was not statistically significantly. No correlation was
found between ADC and SUV, in any of the different shaped ROIs for ADC
measurements. COV was significantly increased in PET/MR, compared to
PET/CT, indicating a reduced PET image quality for PET/MR. The SUV
measurements from PET/MR are similar to those from PET/CT, hence the
two modalities are quantitatively comparable. Qualitative studies must also
be performed to determine if PET /MR is superior to PET/CT for imaging of
lymphoma patients. More lesions should be included in the ADC analysis, to
evaluate the relationship between SUV and ADC. Further work should be per-
formed to find the cause of the reduced image quality of PET images obtained
from PET/MR.




Sammendrag

Avbildningsmodaliteten positronemisjonstomografi/computertomografi (PET/CT)
er i dag ’gullstandarden’ for a diagnostisere, undersgke utbredelsen av metas-
taser og vurdere terapirespons for lymfekreftpasienter. Det gjgres forskning pa
PET /magnetisk resonanstomografi (PET/MR) for a vurdere om denne avbild-
ningsmodaliteten er overlegen PET/CT og begr veere den nye ’gullstandarden’

for avbildning av lymfekreftpasienter i fremtiden.

PET/MR og PET/CT har blitt sammenlignet ved avbildning av lymfekreft-
pasienter i dette studiet, ved hjelp av det semi-kvantitative malet standarisert
opptaksverdi (SUV), malt i PET-bildene, og den kvantitative tilsynelatende
diffusjonskoeffisienten (ADC) fra diffusjonsvektede MR bilder. Korrelasjonen
mellom SUV fra PET/MR og PET/CT, og mellom SUV og ADC, har blitt
undersgkt. I tillegg har bildekvaliteten av PET-bildene blitt malt, ved hjelp
av varianskoeffisienten (COV).

Fjorten lymfompasienter ble inkludert i studien, hvor en PET/CT under-
spkelse ble etterfulgt av en PET/MR undersgkelse. Regioner av interesse
(ROler) ble laget i de samme fortito lesjonene i PET-bildene fra PET/MR
og PET/CT, som ble brukt i SUV-analysen. Syv lesjoner ble inkludert i ADC-
analysen, hvor ROler med seks ulike former ble tegnet i hver lesjon, for a
se om formen pa ROlene hadde innvirkning pa resultatet. COV ble malt i
PET-bildene, i ROIer som var plassert i leveren pa hver pasient.

Det ble funnet en sterk korrelasjon mellom SUV fra PET/MR og PET/CT,
og forskjellen i SUV var ikke statistisk signifikant. Det ble ikke funnet korre-
lasjon mellom ADC og SUV i noen av de seks forskjellig formede ROlIene hvor
ADC ble malt. COV var signifikant hgyere for PET/MR i forhold til PET/CT,
noe som indikerer at bildekvaliten er redusert i PET-bildene fra PET/MR.

PET/MR og PET/CT er kvantitativt sammenlignbare, ettersom at SUV
er tilsvarende for PET/MR som for PET/CT. For a vurdere om PET/MR
ber erstatte PET/CT i avbildning av lymfekreftpasienter, ma ogsa kvalitative
sammenligninger gjennomfgres. For a finne en sammenheng mellom SUV og
ADC ma flere lesjoner inkluderes i ADC-analysen. Flere studier bgr gjennom-
fores for a finne arsaken til den reduserte bildekvaliteten i PET-bildene fra
PET/MR.
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Chapter I

Introduction

1 Motivation and objective

[Positron emission tomography /computed tomography (PET/CT)|is a well es-
tablished multimodality imaging tool in the clinic, which is used for diagnosis,
staging and therapy monitoring in oncology [59]. The multimodality provides
both functional /metabolic and anatomical imaging, by PET and CT, respec-
tively. PET is widely used in oncology as tumors have an increased metabolism,
which gives an increased intensity in the images, while CT is used for imaging
of injuries, tumors and other conditions, and is excellent for bone imaging.

IMagnetic resonance (MR)| imaging is also an anatomic image modality
which has a superior soft tissue contrast, and especially superior for brain
imaging, compared to CT. PET and MR have therefore also been combined
to investigate if could be superior to PET/CT for some patient
groups, especially in patient groups or parts of the body where MR is superior
to CT [59]. MR can also provide functional information such as perfusion and
diffusion, which is complementary to the information obtained from PET, and
MR spectroscopy can be used to find metabolites [1§].

Another advantage of integrated simultaneous PET /MR systems is that the
PET and MR images can be acquired simultaneously, which means that motion
correction can be done in real-time using the anatomic MR data. This is in
contrast to PET/CT where the PET and CT scan are performed sequentially
because the radiation from CT will affect the PET acquisition.

Furthermore, the radiation exposure is reduced when utilizing MR instead
of CT. In the current study lymphoma patients are included, which may be
younger people who will undergo repeated PET scans during therapy. It is
therefore important to reduce the total radiation dose, and in a study includ-
ing children with multifocal malignant diseases, the radiation exposure was
reduced by around 80% for PET/MR examinations compared to PET/CT
examinations [28].
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Staging by the use of PET has some limitations, and can cause false pos-
itive and false negative diagnosis [53]. The most used tracer in PET,
2-deoxy-D-glucose (*°F-FDG)| which is not tumor-specific, also accumulate
in inflammations and non-malignant tissue as the brain, heart and kidneys
[31]. In addition, some lymphoma subtypes are not FDG avid (low uptake
of FDG) [53], and PET/MR might be a better alternative than PET/CT in
these cases, as the excellent soft tissue contrast of anatomic MR images and
diffusion-weighted images can be used in the diagnosis.

Although MR has a lot of advantages compared to CT, and the combination
of PET/MR has shown promising results [43][28], PET/MR is not as well
established as PET/CT due to several technical challenges. One of the main
challenges is the attenuation correction of the PET images, which is much more
challenging when based on MR images compared to CT images. The quality
of the PET images is highly dependent on the attenuation correction.

A PET/MR examination is also more time consuming than a PET/CT
examination (about one hour against 20-30 minutes, respectively), which may
be uncomfortable for the patient, increasing the probability of patient motion
(causing imaging artifacts) and lowering the throughput of patients.

Further work must be done to determine the application areas of PET /MR,
and if PET /MR is inferior, superior, equal or complementary to PET/CT for
diagnosis, staging and response monitoring in different patient groups. This
work will be time consuming as all patient groups which are now referred to
PET/CT, must be included and undergo PET /MR examinations.

Both quantitative and qualitative comparisons of the two modalities are
required, however, this study will focus on quantitative measurements.
Idardized uptake value (SUV)|is a semi-quantitative measure of glucose metabolism
measured from PET images, which is increased in cancer cells and often used
for quantification of malignancy. Cancer is also characterized by increased
cellularity, which is found to be inversely correlated to [apparent diffusion co|
lefficient (ADC)| [63], a quantitative measure of random microscopic motion of
water molecules, obtained from diffusion-weighted MR imaging. As cancer is
characterized by both increased glucose metabolism and increased cellularity,
both SUV and ADC should be able to quantify malignancy, and have been used
clinically for evaluating tumor aggressiveness and treatment response. The in-
troduction of PET /MR offers the ability to combine the information from SUV
and ADC measurements, and it is therefore wanted to know if either of them is
preferred or if they provide similar or complementary information. If ADC can
be used to quantify therapy response, the radiation exposure for the patient
can be greatly reduced by replacing the repeated PET examinations with MR
examinations, as the radiation dose of FDG for instance is approximately 6
mSv for a injected dose of 300 MBq [7]. The relationship between ADC and
SUV is not yet identified [16], and varying results have been found regarding
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the correlation between ADC and SUV in lymphoma patients. Some studies
did not find a correlation [16] [63], while others found an inverse significant
correlation between ADC and SUV [62] [64].

SUV is often used in diagnosis, staging and therapy monitoring of cancer
patients, in combination with visual evaluation of PET images. The first
aim of this study was to compare SUV in lymphoma patients measured from
PET/MR and PET/CT, to evaluate if SUV is equivalent for PET/MR and
the golden standard in imaging of lymphoma patients, PET/CT. The second
aim was to investigate if SUV and ADC correlate, as it is wanted to know if
there is a relation between them.

If PET images from PET/MR can give the same information and are of
the same quality as from PET/CT, PET/MR can be used for imaging of
lymphoma patients. The last aim was therefore to evaluate the image quality
of the PET images, in terms of the |coefficient of variance (COV)| to see if the
image quality is as good for PET /MR as for PET/CT.

2 Theory

2.1 Lymphoma

Lymphoma is a tumor of lymphoid tissue which is usually malignant [49] and
the most common blood cancer [2]. The lymphatic system consists of lymph (a
fluid), lymph nodes, lymph vessels, the tonsils, the spleen, the thymus gland,
and Peyer’s patches in the intestine (Figure . The functions of the system
is to control body fluids, to transport fats from the digestive tract to the blood,
to destroy harmful microorganisms and to produce lymphocytes.

Lymphoid tissue consists primarily of lymphocytes, a type of white blood
cells, and lymphomas are caused by genetic changes within one lymphocyte,
which cause an accumulation of cells [25]. There exist different types of lym-
phoma, probably because of genetic changes at different stages of the life cycle
of the lymphocytes.

Lymphomas are broadly divided into [Hodgkin lymphoma (HL)| and non-|
I[Hodgkin lymphoma (NHL)| according to biopsy. The two main subtypes de-
velop and spread differently, and hence have different treatments [2]. Tumors
with Reed-Sternberg cells are classified as HL [42], which often affects younger
adults (15 to 35 years) and older adults (over age 50), and consist of six sub-
types [1]. HL usually starts in lymph nodes and often spread to other lymph
nodes, however, it may also spread to other organs.

NHL is more common than HL, and the incidence is in total increasing with
age and is rare among children [30]. NHL is divided into two large groups,
B-cell and T-cell lymphoma (originating from an abnormal B-lymphocytes or
T-lymphocytes, respectively), and is also described as aggressive or indolent
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Figure 2.1: The lymphatic system.

lymphoma, depending if it is fast or slow growing [2]. NHL is further divided
into at least 61 subtypes, where |diffuse large B-cell lymphoma (DLBCL)| (B-
cell, aggressive lymphoma) include 30% and [follicular lymphoma (FL)| (B-cell,
indolent lymphoma) include 22% of the cases of NHL [42] [20]. NHL may start
in lymph nodes, in specialized lymphatic organs like the spleen or in lymphoid
tissue, as found in the stomach and intestine [2]. As the lymphocytes can
circulate in lymphatic and blood vessels, the disease may spread to any part
of the body.

Nodal lymphomas affect lymph nodes or the spleen, while extranodal lym-
phoma mainly affects any other site, like gastrointestinal tract, lung, brain,
skin or kidneys.

In Norway there were 657 cases of HL in the period from 2008 to 2012, and
4593 cases of NHL [37]. Five-year relative survival for the same period was
87.0 and 69.9 for HL. and NHL, respectively.

Biopsy is always done to diagnose and determine the subtype of the lym-
phoma, and an imaging modality is used to examine the extent of metastases,
which determines the stage of the lymphoma, and the aggressiveness of the
tumors. The use of the different imaging modalities for lymphoma staging will
be discussed, but first some theory of PET, MR and CT will be presented.
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2.2 PET

PET is a functional imaging modality widely used in oncology which provides
metabolic information, but has also applications in neurology and cardiology
[5]. A radionuclide is attached to a tracer, a radiopharmaceutical, and injected
into the patient a specific time interval before data acquisition [58]. The tracer
will guide the radionuclide to the site of interest and the radiation induced by
the radionuclide will be detected by the PET detectors surrounding the patient
and this data is used to create the PET image.

The radionuclide used in PET is a positron emitter, which has an excess
of protons in the nucleus and decay by positron () decay. A proton in the
nucleus is converted to a neutron to make the nucleus more stable, and a
positron (a positive electron) and a neutrino are emitted [58]. As the positron
leaves the atom it will interact with the surrounding tissue by elastic and in-
elastic interactions with atomic electrons and nuclei [5]. This cause changes
in the direction of the positron and the inelastic interactions cause transfer of
the positron’s energy to the surrounding tissue. The positron will eventually
come to rest and it may combine with an electron, also at rest, and they will
annihilate. During annihilation, their masses are converted to electromagnetic
energy, in the form of two photons with an energy of 511 keV each, correspond-
ing to the mass of the positron and the electron to conserve the energy [14].
The two photons will travel in opposite direction, 180° apart, to conserve the
momentum. If the positron and electron is not completely at rest at the time
of annihilation, they will deviate from the 180° (in average by 40.25°).

If the annihilation photons manage to escape from the body, they can be
detected by the PET detectors, surrounding the patient. The detection of the
two photons is used to make a[line-of-response (LOR))|between the two detector
elements involved, which will intersect the annihilation site as the photons (are
assumed to) travel in opposite directions. The LOR is counted in a sinogram,
which is a matrix where each row correspond to the angle of the LOR, ¢,
and each column corresponds to the radial distance, r, from the LOR to the
center of the detector rings, as seen in Figure 2.2l The tracer is assumed to
be somewhere along the LOR, but as the positron travels a distance (typically
between 107! and 1072 cm) before the annihilation and the two photons may
not be precisely collinear, this is not exactly true, which produce an uncertainty
in the spatial position of the tracer.

If the two annihilation photons are detected within a certain time window
(e.g. 4.1 ns), have an energy within a selected energy window (e.g. 435-650
keV) and the two detectors are within a valid acceptance angle (e.g. 13.2°), a
new count is registered for that LOR in the corresponding matrix element in
the sinogram [5]. The sinogram is used to reconstruct the image, by analytic
reconstruction, like [filtered-backprojection (FBP)| or iterative reconstruction,
like fordered subset expectation maximization (OSEM). For FBP, each projec-
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Figure 2.2: A line-of-response (LOR) with its corresponding angle ¢ and dis-
tance r from the center of the detector ring [14].

tion (a row in the sinogram) is backprojected into the image, which means
that each pixel will get an intensity corresponding to the number of registered
LORs intersecting that pixel and the length of the LORs inside that pixel.

In iterative reconstruction, the algorithm first assumes an image, which usu-
ally is an uniform image [14]. The assumed image is then forward-projected
(the inverse of back-projection) to get the corresponding sinogram. The mea-
sured sinogram is then compared to the sinogram of the assumed image by the
cost function, which is a measure of the difference or similarity between them.
The cost function should be minimized or maximized, respectively, during the
reconstruction. The assumed image is updated by an update function, and
the process is iterated several times, or until a threshold of the cost function
is reached, and the assumed image finally constitute the reconstructed image.

The position of the annihilation can be better estimated by the use of
ttime-of-flight (TOF)| The time difference, At, between the arrivals of the two
annihilation photons at the detector, is then used to better locate the position
within a smaller range along the LOR [I4]. The position is calculated as the
distance d from the midpoint of the LOR,

At -c
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where c¢ is the speed of light (30 cm/ns). A good timing resolution is needed
to utilize TOF, and the uncertainty in the position is dependent on the timing
resolution of the scintillator. The LSO crystal of the Biograph mCT scanner
(Siemens) has a timing resolution of 555 ps, which gives an uncertainty in the
position of 8.3 cm along the LOR. TOF is not available at the Biograph mMR
scanner (Siemens), as the detector used have a slow response time and the
small output signal requires amplification prior to processing [57].

In addition to uncertainties in the emission process (positron range, non-
collinearity of the photons), the spatial resolution is also influenced by physical
factors in the detection process, e.g. the finite size of the crystals, the depth of
the interaction and scatter inside the scintillator [47]. Due to the ring geome-
try of the detector, the detector blocks are increasingly tilted with increasing
distance from the center of the ring [11]. This cause an increased incident area
of the detector blocks away from the center and the point response, which is
represented by the [point spread function (PSF), gets broader. The spatial in-
variant PSF' is usually measured at a great number of points in the tomograph
and compensated for in the reconstruction. The contrast of small lesions is
then improved [4].

2.2.1 Attenuation correction and scatter correction

Before reconstruction, several corrections of the raw data must be performed
in order to obtain quantitatively correct images. The most important cor-
rections are attenuation correction and scatter correction. The two photons
created during annihilation inside the patient, will travel through several types
of tissue (and possibly obstacles inside the scanner bore) before the detector is
reached. There exist a relatively high probability that the annihilation photons
with an energy of 511 keV will interact with the tissue, mostly by Compton
interactions [I4]. Some of the photon’s energy is then transferred to a free or
loosely bound atomic electron, which is ejected and the photon is scattered,
its direction is changed. The reduction in energy may cause the photon to
not reach the detector, especially photons originating from deeper tissue. The
lack of detections and the scattering of the photons must be compensated for,
which is done by attenuation correction and scatter correction, respectively.
An attenuation map (pu-map) is made for attenuation correction, where
each pixel represent the probability of interaction per unit distance travelled
by the 511 keV photons, called [linear attenuation coefficient (LAC)| or p [14].
Also LAGs for all fixed objects inside the scanner, like beds and coils (for MR
imaging), can be included in this map. For stand-alone PET scanners, the
pu-map is made from a transmission scan, where rod sources circulate around
the patient, and a blank scan without the patient. In PET/CT and PET/MR
scanners the attenuation maps are made from a low-dose CT image and usually
from MR images, respectively. These methods will be further described in
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following sections. The attenuation map is multiplied with the sinogram before
reconstruction, to correct for attenuation.

If none of the two photons from the same annihilation is scattered, and they
both reach the detector and are accepted as a LOR according to the criteria,
this event will constitute a true coincidence, as seen in Figure 2.3 If one or
both of the photons detected as a LOR are scattered, this is called a scattered
coincidence which will cause an incorrect LOR that produce noise in the image.
If two photons from distinct annihilations reach the detector within the time
window and are within the criteria, this will cause a random coincidence, also
producing an incorrect LOR. If more than two photons are detected within the
same time window, a multiple coincidence, the coincidence will be discarded.

True Coincidence Scattered Coincidence

@{Wﬂﬁﬂﬁﬁw@@ @Q\Xﬂmﬂﬂﬂﬁﬁg@@
S 2 & 2
S 2 8 2
2 & &
7 O ) N
US> s
@@“ﬂﬂﬂﬂﬂﬁﬁ
S
S /G
= =]

Figure 2.3: True, scattered, random and multiple concidences [13].

The contributions from scattered coincidences are reduced by the use of an
energy window (usually 435-650 keV), as scattered photons have lower energy.
In addition, scatter correction is performed, by different approaches, for in-
stance by simulations based on the sinogram data and the u-map. The scatter
correction should be done before the attenuation correction [14].

2.2.2 The PET detector

A PET detector is usually made by several detector rings (4 on the Biograph
mCT), which consists of detector blocks. These blocks are made of scintillation
material, which are cut into smaller elements divided by reflecting material,
as seen in Figure [14]. When a photon interacts with the scintillation
material, the photon will be absorbed by the scintillator, which is excited and
isotropically emits light photons, proportional to the energy of the annihilation
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2. Theory

photon. Four [photomultiplier tubes (PMTs)| are usually placed behind one
detector block, which convert the incoming light into an electric current. A
light photon that enters a PMT will excite a photocathode, and an electron will
be emitted with a probability of 15% to 20%. The electron will be accelerated
by a potential difference and hit several dynodes on the way, which emits 3-4
electrons per incident electron, inducing a cascade of electrons and produce
an easily detectable current at the PMT output. Each incoming annihilation
photon produce an electric pulse with an amplitude determined by the number
of light photons emitted by the scintillator, hence proportional to the energy
of the annihilation photon.

SEGMENTED BLOCK OF BGO T \\\ = =
OR LSO SCINTILLATOR > ’ ‘
REFLECTOR MATERIAL \ ‘ ‘
FOUR SINGLE CHANNEL
PHOTOMULTIPLIER TUBES
v
Sc
Y Sa

Figure 2.4: A detector block, scintillator material is cut into smaller segments
and connected to four PMTs [14].

The distribution of the light photons among the four PMTs is used to determine
the position of the incident annihilation photon [I4]. The saw cuts in the
middle of the block are shallow so that the light photons entering here are
more uniformly spread among the four underlying PMTs. The saw cuts are
deeper at the edges of the block, to direct the entering light photons mostly
to one PMT. The coordinates of the incoming photon are determined by the
signal from the four PMTs, Sy, Sg, Sc, Sp, as

_ Sa+Sp—Se—Sp s _ Sa+Sc—Sp—Sp
 Su+Sg+Sc+Sp  Sa+ S+ Se+Sp

(2)

PMTs are usually implemented in stand-alone PET scanner and the earlier
generation PET/CT scanners. Digital PET detectors (SiPM, APD) are now
replacing PMTs in new PET/CT scanners, and are used in PET /MR scanners
as these detectors are not affected by the magnetic field of the MR scanner.
These detectors are further explained in 2.6.2 Detectors.
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2.2.3 PET tracers

Many tracers are used in PET imaging, but a fluorinated glucose analog,
E'DG] is most used as it is a very effective and powerful radiopharmaceutical.
Other tracers are for instance "O-water, *N-ammonia and %?Rb, which are
widely used for myocardial blood flow imaging [24]. The half-life (the time it
takes for half the nuclei in a sample to decay) of 1®F is relatively long, 109.8
min, which is convenient as the tracer is often transported a distance from the
production cite, the cyclotron, to the hospital.

BER-FDG is widely used for staging, recurrence assessment and follow-up in
oncology, as tumors have an increased uptake of glucose compared to normal
tissue as the metabolic rate is abnormally high [31]. However, this tracer can
also be used to study brain metabolism, cardiac function and sites of infection.
BF-FDG is given to the patient intravenously approximately 60 minutes before
the PET acquisition to be distributed in the body and transported into cells
by glucose membrane transporters, before imaging. Inside the cell, FDG is
phosphorylated to FDG-6-phosphate which will stay in the cell as it is not
able to enter the glycolysis or leave the cell. As tumor cells have an increased
number of glucose transporter molecules and a low concentration of glucose-6-
phosphatase, they will accumulate ®¥F-FDG.

The uptake of 8F-FDG is also dependent on factors like the blood glucose
level, tissue oxygenation, regional blood flow, fat and muscle volume, recent
activity and body temperature. It is therefore important that the patients fast
for a period (6 h) before the examination, and are relaxed and not freezing
after the injection of the tracer. F-FDG is not a tumor-specific tracer and is
also taken up by glucose consuming organs like the heart, brain and kidneys,
and is excreted by the bladder which also shows an increased uptake [31].
Inflammations may also cause an increased uptake of *®*F-FDG, which can be
present in tumor cells or in the surrounding tissue, as a result of radiation
therapy or chemotherapy.

2.2.4 Semi-quantitative measurement in PET: Standardized uptake
value

For quantification of the 1F-FDG uptake in PET imaging, standardized uptake
value (SUV) is normally used [42], which is a semi-quantitative measure of
the FDG uptake [B], and hence an estimate of glucose metabolic activity. In
the clinic, PET staging is usually performed only by visual evaluation of the
PET images or visually together with SUV measurements. SUV can provide
additional information about the aggressiveness of the tumors, which can be
taken into account during the visual evaluation [64].

SUV is also used to quantify treatment response [42], especially in early
treatment response when anatomical changes may not be visible [4]. Clinical
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studies have found a decrease in SUV by 20-40% in most tumors responding
to therapy, early in the treatment course [4]. SUV is calculated as

C

(A/w)

SUV = (3)

where

A= Aoe_kt, A=1In 2/131/2, (4)

¢ is the measured activity (e.g. mean, maximum) in a fregion-of-interest (ROI)|
in the image [kBq/ml], A is the injected activity of 8F-FDG corrected for
decay [MBq] and w is the body weight of the patient |[kg] [33]. Ag is the
injected activity at the time of injection, ¢ is the time between injection and
imaging (uptake time) and t;/, is the half-life of the radionuclide. If it is
assumed that 1 ml of tissue weighs 1 g, SUV is dimensionless. Other measures
than weight, lean body mass or body surface area, may also be used as an
estimate of the volume distribution of the tracer, w. Weight is mostly used,
however, lean body mass or body surface area may be better in some cases,
for instance if weight differ a lot from one examination to the next. Weight
reduction due to the disease is not that often seen in lymphoma patients as for
lung patients, for instance, and it is therefore not a problem to use weight in
the SUV calculations in lymphoma patients.

The use of SUV to diagnose tumors is not widely accepted, as there is a
large variation in the value due to potential physical and biological errors, and
variations in acquisition, corrections and reconstruction [33]. Inflammations
and infections may have a high SUV and indolent or slowly developing malig-
nant sites may have a low SUV. For these reasons, SUV must be used with
care and biological factors and imaging parameters should be kept as constant
as possible.

Reference measurements are usually done in the aorta and the liver of the
patient, to check that the FDG uptake in general is not abnormally high or
low [40]. The SUV in the liver should be in the interval 2-4, and SUV in the
aorta about 1 below the liver value.

SUV is usually calculated from the mean or maximum activity in a ROI,
SUVmean or SUVmax, which both have advantages and disadvantages. SU-
Vmean may not be a proper way to measure SUV due to image noise and the
limited resolution of PET images which makes the delineation of the tumor
challenging and physician-dependent [33]. However, as the measurement is
obtained from several voxels, it is less sensitive to noise [4]. Partial volume
effects can cause errors in the measure of SUVmean if the region is less than
approximately 3 c¢m, hence the ROI should be placed in the central part of a
relatively large lesion, and the distribution in the lesion should be uniform.

In a small lesion, SUVmax is a more precise estimate of the true SUV, and
is found to be more reproducible than SUVmean [33]. However, SUVmax is
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highly dependent on statistical noise in the image and the size of the image
pixel [61]. SUVmax is more used than SUVmean, since it is less dependent on
the physician and more reproducible [4], and it is shown in several studies that
SUVmax is a good measure for treatment response [33]. SUVmax represent
the site of strongest glucose metabolism within the tumor and is correlated
with tumor aggressiveness and prognosis [55].

Another measure, SUVpeak, was introduced to maintain the advantages
of SUVmean and SUVmax, the noise reduction and the reproducibility, and
is recommended by some groups [4]. SUVpeak is the mean SUV in a ROI of
fixed volume (for instance 3x3 pixels or 1 cm?), centered at the maximum pixel
in a lesion.

To summarize, the SUV measurements are:

e SUVmax: maximum SUV in a ROI representing the lesion
e SUVmean: mean SUV in a ROI representing the lesion

e SUVpeak: mean SUV in a small ROI of fixed volume (3x3 pixels or 1

cm?®) centered at the maximum pixel in the lesion

2.2.,5 COV

COV is a measure of image quality, obtained from the reconstructed PET
image. COV is measured in a ROI in an area assumed to have an uniform
uptake of ®F-FDG, usually in the liver, to evaluate the image quality by
the variance in the image. COV is calculated from the mean counts and the
standard deviation (std) of the counts in the ROI [30], as

cov(r) = — 00 (5)

mean counts

2.3 MR

MR imaging is an anatomical imaging modality with excellent soft tissue con-
trast. The patient lays inside the bore of the scanner where a static magnetic
field (usually 1.5 T or 3 T), By, cause the magnetic moments of the atomic
nuclei in the body to be aligned, either along or against the magnetic field
[10]. The nuclear spins precess around the By field with a frequency, called the
Larmor frequency, found by

w = 7307 (6)

where 7 ~ 42.58 MHz/T for protons [52]. The proton in hydrogen is the
dominant nucleus in MR imaging [23]. The sum of all the magnetic moments
cause a net magnetization in the direction of the By field, z-direction, as there
is a small excess of nuclei in the parallel state (lower energy level) than in
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the antiparallel state (higher energy level). A [radio frequency (RF)| pulse,
By, with the same frequency w as the nuclei, is transmitted orthogonal to the
By field to apply a torque on the precessing nuclei. This field force the net
magnetization towards the transverse plane, orthogonal to the z-direction. If
the magnetization is flipped all the way to the z-y plane, the RF pulse is called
a 90°-pulse, as the flip angle is 90°. The net magnetization then precesses in the
x-y plane and induces a current in a receive coil which constitute the MR signal,
called [free induction decay (FID)| The flip angle, AO, of the magnetization
with respect to the z-direction, is determined by the Bj field and the duration
of the RF pulse, 7, as

AO = yByT. (7)

The spins will interact with the surroundings, which will cause energy transfer
and decay of the signal as the net magnetization will go back to the z-direction.
The time it takes to regrow the magnetization in the z-direction is dependent
on the tissue and is represented by the longitudinal relaxation time or spin-
lattice relaxation time, Ty [8]. Tj is the time it takes before 63% of the net
magnetization is regrown in the z-direction.

Due to differences in the local fields for the spins, which is a combination
of the external fields and the field produced by the neighbouring spins, they
will have slightly different Larmor frequency [23]. Immediately after the RF
pulse is transmitted, the spins will be coherent, but as the time pass, they
will dephase and the signal will decay, without any energy loss. The time it
takes for 63% of the signal to be lost, is the spin-spin relaxation time or the
transverse relaxation time, 75, which is shorter than 7%. 75 is dependent on
local, random and time-dependent field variations.

In practice, inhomogeneities in the external field also cause dephasing and
decay of the signal, and this is represented by the relaxation time Ty [23]. The
overall transverse relaxation time, 77, is defined as

1 1 1
e 8
Ty T3 * T (®)
The differences in 77 and T can be utilized to distinguish different tissue
types and make different contrasts in the image by adjusting the different

parameters in the various MR-sequences.

2.3.1 Gradients

In order to obtain spatial information, gradient magnetic fields are applied in
addition to the static By field, and cause spatial variations in the precession
frequency [23]. If a linear gradient, with strength G, is applied in the z-
direction, the spins will have a Larmor frequency increasing with the position
z, as the magnetic field is linear proportional to z,

w(z) =7 (Bo + 2G). (9)
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One gradient is applied during the transmit of the RF pulse, and is called
the slice selection gradient (G, sg in Figure . The RF pulse has a limited
bandwidth and will only excite nuclei with frequencies within that bandwidth,
which cause the selection of a slice perpendicular to the direction of the gra-
dient with a certain thickness. The central frequency of the pulse determines
the position of the slice, and the thickness of the slice, TH, depends on the
bandwidth of the pulse (Aw = Af) and the gradient strength, GG, as seen in

Figure

¥(B.+G,z,) 58

¥B,

laboratory frame frequency f

0 7,
slice select position z

Figure 2.5: The slice thickness, T H, is determined by the bandwidth, A f, and
the strength of the gradient, G [23].

The measured signal, s(k), and the image, p(z), are a Fourier transform pair,
which means that the Fourier transform, a mathematical tool, can be used to
calculate the other when one of them is known [23]. The image can be found
by the inverse Fourier transform of the signal by

p(z) = /dk s(k)e'mh= (10)

for aone-dimensional (1D)| case.

The measured data are collected in k-space (Figure , which is in the
spatial frequency domain, and the coverage of k-space must be sufficient to do
the inverse Fourier transform, to obtain the image [23]. If a constant gradient,
(G, and a constant time interval, At, is used during sampling of the signal, the
sample points in k-space will be uniformly distributed with an interval of

Ak = yGAL, (11)

Another gradient, called frequency encoding gradient or readout gradient (G,
in Figure[2.7), is applied during the readout of the signal, perpendicular to the
slice selection gradient, to move in the readout direction (k) in k-space, as
seen in Figure [23]. An additional gradient, the phase encoding gradient
(Gy,pr in Figure , is applied perpendicular to the other two, before the
readout, to move in the phase direction (k,) in k-space. In order to move

14



2. Theory

several steps in the phase direction, several RF pulses are transmitted with
a time interval called the repetition time, TR, as seen in Figure [2.6] while
the strength of the phase encoding gradient is increased for each RF pulse.
Movement in the negative direction in k-space can be done by changing the
polarity of the gradient.

In this way, k-space is discretely sampled in two dimensions by the read-
out gradient and the phase encoding gradient, and in three dimensions if this
is repeated with increasing/decreasing slice selection gradient. A discrete in-
verse Fourier transform can be used if the sample points in k-space are on a
rectangular grid, symmetrically distributed around the origin. If the sample
points are not sampled on a rectangular grid, they can be interpolated to such
a grid afterwards. Different sampling approaches are used, and modifications
can be done after sampling to obtain a symmetric distribution in k-space. As

k
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Figure 2.6: K-space. The readout gradient cause movement in the readout
direction (k;), and repeated RF pulses with increasing strength of the phase
encoding gradient cause movement in the phase direction (k,) [L5].

the signal will be sampled discretely and during a finite amount of time, a
discrete Fourier transform will be used, instead of the continuous transform in
equation[10] The discrete sampling cause a limited [field of view (FOV)|and the
truncated data cause a limited spatial resolution of the image and potentially
artifacts in the image [23].

2.3.2 MR sequences

The two most basic sequences used in MR imaging are the spin echo and the
gradient echo sequence [23]. The FID signal following a 90°-pulse is dephased
relatively fast, and a 180°-pulse or a gradient can be used to rephase the spins
to get an echo and easier measure the signal.

In the spin echo sequence a 90°-pulse is followed by a 180°-pulse, as shown
in Figure 2.7 The 180°-pulse flips the spins 180°, and the spins with highest
frequency will catch up with the spins with slower frequencies and create an
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echo. The echo will occur at the time TE (the echo time), when the time
interval between the two pulses is TE/2. Magnetic field inhomogeneities are
eliminated by the 180°-pulse and the echo decays by T5 effects.

Wy

G | ’—I—

-— Ts—u

Figure 2.7: Sequence diagram for a [two-dimensional (2D)| spin echo imaging
sequence [23]. A 90° (7/2) and a 180° (7) RF pulse is transmitted, which are
sinc pulses in the time domain. The slice selection gradient (G, sg) is applied
during the RF pulses. The phase encoding gradient (G, pg) is applied before
readout, with decreasing strength for each repetition (causing movement in
the positive phase direction, due to the 180°-pulse), and the readout gradient
(G r) is applied during readout. The readout is represented by the
digital converter (ADC)| and have a duration of Ts. The negative lobe at the
slice selection gradient is applied to rephase the dephasing that occurs during
the RF pulse. The first lobe at the readout gradient is applied to move in
the negative direction in the readout direction (inversed by the 180°-pulse), so
that the readout is symmetric about the k,-axis.

In the gradient echo sequence, a flip angle usually below 90° RF pulse is applied.
The readout gradient is used to increase the frequency differences of the spins
to dephase the signal, and then changing the polarity of the gradient to rephase
the spins and construct an echo (Figure . The gradient echo do not rephase
static magnetic inhomogeneities, and hence decays by 75 effects.
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0

Gye

X,

Figure 2.8: Sequence diagram for a 2D gradient echo imaging sequence [23]. A
90° (7/2) RF pulse is transmitted, which is a sinc pulse in the time domain.
The slice selection gradient (G, ss) is applied during the RF pulse. The phase
encoding gradient (G, pg) is applied before readout, with increasing strength
for each repetition (causing movement in the positive phase direction). The
signal is dephased by the negative readout gradient (G, gr) lobe and rephased
by half the positive lobe and an echo is formed at time t’=0. The readout is
represented by the ADC, and have a duration of Ts. The negative lobe at the
slice selection gradient is applied to rephase the dephasing that occurs during
the RF pulse.
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2.3.3 Diffusion weighted imaging and apparent diffusion coefficient
- a MR quantitative measurement

Random thermal motion (Brownian motion) cause the molecules in a fluid or
gas to move, a motion called diffusion, which is characterized by the diffusion
coefficient, D, given in mm?s~! [§]. In [diffusion weighted imaging (DWT)] the
diffusion of hydrogen nuclei in the body (in different types of tissue) is used to
make the contrast in the MR images, and we can use the images to calculate
the diffusion coefficient in the body.

In a DWI sequence, two symmetric gradient pulses are applied before and
after the 180°-pulse in a spin echo sequence [32]. Stationary spins will then be
dephased and fully rephased by the two gradient pulses and produce a high
signal. Spins that are moving in the same direction as the gradient, will not
be fully rephased at the echo time, which reduce the signal and produce a
lower intensity in the image. If S(0) is the original signal amplitude, the DWI
sequence will produce a signal amplitude equal

S(b) = S(0)e P (12)

where

b=~20°G*(A —§/3), (13)

0 is the duration and G is the amplitude of the gradient pulse, and A is the time
between the two gradient pulses as seen in the sequence diagram in Figure [2.9]
b represent the signal sensitivity to motion, as the signal loss due to diffusion
will increase as b increase.

180°
90°

RF .,ﬁv Aunu..
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G

Gradient !
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Signal J\/\,\

Figure 2.9: A DWI sequence, consisting of a spin echo sequence with diffusion
sensitive gradients applied before and after the 180°-pulse. G is the amplitude
and ¢ is the duration of the gradient pulses, and A is the time interval between
the two pulses.

From two or more diffusion-weighted images with different b-values (for in-
stance b; = 50 mm?s~! and b, = 800 mm?s™!), an image called an ADC map
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can be calculated as

_ 111(81/82)
ADC = - = (14)
where
S; = S(0)e P (15)
Sy = S(0)e b2, (16)

Regions with a low ADC value will have a restricted diffusion, while freely
moving spins have a high ADC value.

For lymphoma patients ADC values can be used to study if the diffusion
in the lymph nodes is restricted due to high density of cancer cells. ADC
is a marker for tumor microstructure [17] and detects microscopic changes
in mobility of water [I6]. The minimum ADC value in a tumor, ADCmin,
represents the most malignant site within the tumor [64]. ADC can reflect the
effect of anti-cancer treatment, which may cause the cell membrane to rupture
and cell necrosis which increase the water mobility and hence increasing ADC
values.

24 CT

CT is an anatomical imaging modality, where x-rays are emitted from a source
and pass through the patient. The photons are attenuated by the tissue and
detected by detectors on the opposite side, if their energy is sufficient [54]. The
transmission of the x-rays or the attenuation coefficients are calculated from
electrical signals from the detectors. In todays CT scanners the source and the
detector is usually rotated continuously while the patient is moved through the
scanner, which is called spiral CT (Figure . The x-ray beam is usually
fan shaped (or may be cone shaped), and one rotation takes about a second
or less.

Figure 2.10: Principle of CT. A fan beam of x-rays are rotated around the
patient while the table is moving.

Scintillator detectors, coupled to PMTs or photo-diodes, are used in almost all
CT scanners today [9].
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CT is used for diagnosis of diseases, for imaging of traumas and other ab-
normalities. It is also used in planning of interventions and radiation therapy,
and for monitoring therapy response. CT has many advantages, the examina-
tion is fast and standardized, and it is excellent for bone imaging. Still, the
soft tissue contrast is limited and the radiation doses for diagnostic whole-body
imaging is high (over 10 mSv) [10].

2.5 PET/CT

The first integrated PET/CT system was introduced in 1998 and was used in
the clinic from early 2001 [59]. Today, PET/CT scanners have replaced the
standalone PET scanners [18], as the CT scan provides a faster attenuation
correction and anatomical information. During a PET/CT examination, a
fast, low-dose CT scan is followed by the PET scan (in addition to diagnostic
CT when acquired) [59]. The functional PET image can be fused with the
anatomical CT image to better locate lesions found in the PET image. As
mentioned, PET/CT is an important tool for diagnosis, staging and therapy
monitoring in oncology.

2.5.1 Attenuation correction

In PET/CT scanners, an attenuation map (u-map) is made from the low-dose
CT image by transformation of the [Hounsfield units (HU)| in the CT image
(which is usually for energy around 70 keV) to attenuation coefficients for 511
keV photons by a bilinear curve, shown in Figure [2.11]

CT-based attenuation correction is considered as the gold standard in at-
tenuation correction [10], as transmission scans are noisier and more time con-
suming than low-dose CT images [5]. A PET/CT examination is performed
about 25-30% faster than an examination at a stand-alone PET scanner.

Conversion from CT values to attenuation
coefficients for 511 keV

®173 Cortical bone
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Figure 2.11: Bilinear curve for transformation from CT Hounsfield units to
attenuation coefficient for annihilation photons of 511 keV.
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2.6 PET/MR

The combination of PET and MR has been challenging, as the two modalities
have detrimental effect on each other’s performance [10]. Especially the de-
velopment of PET detectors capable to operate in a magnetic field, has been
time consuming process.

The first simultaneous PET /MR examination of a patient (human brain)
was performed in 2006, where a MR compatible PET detector ring was placed
inside a MR scanner [51], and the first clinical simultaneous whole-body scan-
ner was introduced in 2010 [19]. In Norway, there is one PET /MR scanner,
installed autumn 2013, which is still only used for research.

2.6.1 Attenuation correction

The attenuation correction in PET/MR is quite challenging, as the MR im-
age represent the proton density and tissue relaxation properties rather than
electron density, which the attenuation is proportional to [42]. Both air and
cortical bone give no signal in a conventional MR image, however, air does not
attenuate the annihilation photons whereas bone have the highest attenuation
coefficient in the body [6]. Incorporation of CT-based attenuation correction
in the PET/MR scanner is not an option as the space is limited and due to
crosstalk between CT and the magnetic field.

Different approaches are used to perform attenuation correction based on
MR images; template-based, atlas-based, and segmentation-based approaches
based on special MR sequences [60].

For the template-based approach, an attenuation map template is made
based on several PET transmission scans and a co-registered MR template
[60]. The MR template is registered to the patient MR image and the same
nonlinear transformation is done for the attenuation map template, which can
then be used for the attenuation correction for that patient.

The atlas-based approaches use an atlas that usually consists of a set of
MR images with matched CT images. The MR atlas data sets are nonlinearly
adapted to the MR image of the patient, and this spatial transformation is also
done to the CT atlas data sets. From this, an average CT image is generated
for attenuation correction. These two methods are best suited for regions with
low anatomical variability, like the brain [18].

Segmentation-based approaches segment an MR image into different tissue
classes and assign them with a predetermined attenuation coefficient value.
The most used method generate separate images of water and fat by a two-
point Dixon-sequence and segment whole-body MR images into lungs, fat, soft
tissue and air/background. For this sequence, no signal is obtained from bone,
which may cause underestimation of the PET signal in areas with a lot of bone.

However, [ultrashort echo time (UTE)| sequences can be used to visualize
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and include bone in the attenuation correction, which has a very short spin-spin
relaxation time, 75. An image with a longer T'E' is compared to an image with
ultrashort T'E, and bone is detected as areas that produce signal in the image
with ultrashort T'E, but not in the image with longer T'E[29]. This method
seems promising for the brain [3], but is too time consuming for whole-body
imaging as the acquisition time is around 2 minutes per bed position.

The segmentation-based methods are robust and fast, but atlas methods
may be more accurate for quantitative PET measurements [6].

The FOV is limited in MR, mainly due to the homogeneity of the static
magnetic field and the linearity of the gradient fields [45]. Therefore, the
patient is usually not fully covered in the transaxial direction in MR scanners,
and the arms are not included in the image (can also be the case for hips
and breasts). This may cause truncation artefacts, which will affect MR-based
attenuation maps, if it is not corrected for [18]. The missing body parts can for
instance be outlined by the uncorrected PET data and added to the attenuation
map, which are methods that are available at clinical scanners.

As mentioned, fixed objects in the scanner, like the bed and head coils,
are included in the attenuation correction by including p-maps, created by
CT images, which are stored at the scanner. Other objects, like surface coils
and headphones, can still not be included in the attenuation correction, even
though it has been attempted.

2.6.2 Detectors

The combination of PET and MR in one scanner induced several problems.
The light yield of the scintillator material, the electrons in the PMTs and the
front-end electronics of PET are all affected by the static magnetic field, the
gradient fields and the RF pulses of MR [10]. Furthermore, the PET detectors
can cause inhomogeneities in the magnetic field and degrade the image per-
formance of the MR system. To solve some of these issues, scintillators suited
for magnetic fields have been developed, and the PET electronics are shielded
to avoid electromagnetic interference. In early designs, the PMTs were placed
outside the magnetic field connected by optical fibers [42]. This caused loss
of the signal in the fibers, a deteriorated timing resolution and degradation
of the energy. Therefore, solid state photodetectors, [avalanche photodiodes|
[(APD)| or [silicon photomultipliers (SiPM)], now replace PMTs, as they are not
affected by the magnetic field [I0]. A block detector with APDs, as used in
the Biograph mMR scanner (Siemens), is seen in Figure 2.12]

A voltage is applied across the APD, and a incident light photon from the
scintillator may have sufficient energy to release an electron from the silicon of
the APD [14]. Due to the high voltage applied, the electron will gain enough
energy between the collisions in the silicon to release more electrons, called an
avalanche. The electrons will drift towards the anode and the vacancies, called
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Figure 2.12: A block of the PET detector with scintillator material (LSO)
connected to an APD array in the Biograph mMR scanner (Siemens).

holes, will drift towards the cathode. The electric current that is created can
be measured, and is proportional to the energy deposited in the scintillator by
the incident annihilation photon.

APDs have a higher quantum efficiency (the probability of a light photon to
liberate an electron [14]) (up to 80% against 25%, respectively [50]), are more
compact and require a lower supply voltage than PMTs. The APDs have a
lower [signal-to-noise ratio (SNR)|than PMTs as the gain is lower (~ 102 to 103
against 10° to 107 for PMT), requiring more powerful preamplifiers and hence
more cooling, and they have a poorer timing resolution [50].

The SiPM consists of APDs tightly packed on a common silicon substrate,
which operate in Geiger mode (their response to excitation is binary) [10].
SiPMs have many of the advantages from both PMTs and APDs as they have
a gain that is higher or equal to PMTs, high quantum efficiency, are compact
and have a very good timing resolution (less than a nanosecond), which makes
them suitable for TOF PET [42].

In the Biograph mMR scanner (Siemens), the PET detector is placed in
between the gradient coil and the RF body coil of the MR scanner, as seen in
Figure [2.13]
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Figure 2.13: The PET detector is placed between the gradient coil and the RF
body coil in the Biograph mMR scanner.

2.7 Lymphoma staging

As mentioned, biopsy is performed to diagnose lymphoma and to determine
the subtype, while imaging is performed to evaluate the extent of metastases
and the aggressiveness of the tumors.

Early and precise staging is important to have a suited therapy for the
specific type of lymphoma. CT has been widely used for staging of lymphoma,
in addition to bone marrow biopsy [31]. PET was first used for lymphoma
staging for more than 20 years ago and 8F-FDG PET is today the standard
for staging in state-of-the-art management of HL. and high grade NHL, and
PET/CT is the most efficient diagnostic tool for initial staging and therapy
response [42]. The use of PET/CT for diagnosis and staging of lymphomas has
demonstrated a very high sensitivity and specificity in patients with HL and
aggresive NHL in most studies, but varying results for indolent lymphomas
which may be non FDG avid.

For HL patients, it is shown that PET have a very high sensitivity for nodal
staging, and also detects extranodal disease more sensitively than conventional
imaging [31]. For approximately 15-25% of the HL patients, more disease sites
are detected by PET than conventional imaging, which may lead to a different
treatment strategy.

Few similar studies are done for aggressive NHL patients alone, but a study
on DLBCL patients showed that PET/CT had a higher sensitivity than CT
alone and caused an upstaging of 15% of the patients [31].

BF_FDG PET is not used as much for indolent NHL as sensitivity and
specificity seem to vary a lot among studies, still it seems to be useful in
addition to other staging tools [31]. Studies also report that *F-FDG PET
can be used for staging of various extranodal lymphoma subtypes, like primary
gastrointestinal lymphoma.
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Some studies have compared staging of lymphoma based on CT and/or
PET with PET/CT and found that the sensitivity is equal for PET/CT com-
pared to CT and PET alone, and that the specificity is better for PET/CT
[31].

PET/MR is also showing promising results in lymphoma staging. In a
study where PET/MR was used to assess disease burden in lymphoma pa-
tients with PET/CT as a reference standard, the sensitivity was found to be
similar to PET/CT for identifying FDG-avid nodal groups [26]. PET/MR
staging was concordant with PET/CT in 96.4% of the patients, as one patient
was correctly upstaged by PET/MR staging due to finding of bone marrow
involvement, which was missed with PET/CT staging. DWI staging was also
evaluated, and was equivalent with PET/CT staging in 64.3% of the patients,
while another study in only DLBCL patients found that DWI staging provided
similar results as PET/CT staging [56]. In a study of bone lesions it was found
that PET/MR was clinically and technically robust, and that PET/MR was
superior to PET/CT for anatomic delineation and allocation of bone lesions
[21].

Response to chemotherapy or radiotherapy can be seen in an anatomical
image by shrinkage of the tumor, but as morphological changes take time [31],
or may not occur, this is no efficient early marker of therapy response [17].
In contrast, metabolic changes (cellular and vascular changes) after therapy
are faster and 'F-FDG PET can be used to study these changes which have
been found to be highly predictive to the final outcome of the treatment and
Iprogression-free survival (PFS)|in several studies. SUV can be used to quantify
the changes in metabolism, and hence to evaluate therapy response. Clinical
studies have shown that most tumors responding to therapy have a decrease
in SUV of 20-40% early in the treatment [4]. SUV is also used to assess tumor
aggressiveness.

ADC obtained from DWI has also been used clinically to assess tumor ag-
gressiveness, to distinguish benign from malignant tumors, to evaluate tumor
extent and to monitor therapy response in various malignancies [46]. Changes
in ADC values as a result of therapy are also significantly earlier than morpho-
logical changes [12], and ADC may also predict therapy response. A study in
HL patients showed that pretreatment ADC was significantly lower in tumor
sites with adequate response to chemotherapy, than in sites with inadequate
response, while pretreatment SUVmax and nodal volume were not significant
different in sites with adequate and inadequate response [44]. Another study in
mon-small cell lung cancer (NSCLC)| patients also found that ADC was better
suited for predicting therapy response than SUV [38]. Hence, the combination
of PET and MR, providing both SUV and ADC, may be preferred for staging
and for predicting and evaluation of therapy response.
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Chapter 11

Materials and methods

1 Subjects

15 patients with histologically proven lymphoma were included in the current
study. The patients were referred to PET/CT at St. Olavs Hospital (Trond-
heim, Norway) as part of their normal diagnostic routine, and were asked
to participate in the study to perform an additional PET/MR examination
directly after the PET/CT. No additional dose of *F-FDG was injected be-
fore the PET/MR examination. The study has been approved by the local
ethics comittee, REK (Regionale komiteer for medisinsk og helsefaglig forskn-
ingsetikk). All included patients gave written informed consent before the
PET/CT examination.

One patient was excluded because no lesions with SUVmax above 7 were
found in the PET image of PET/MR.

The average weight of the patients was 754+12 kg (range 55-87 kg), the BMI
was in average 23.34+2.9 kg/m? (range 18.2-26.9 kg/m?), and the mean age was
55417 years (range 25-77 years). The injected dose of **F-FDG was in average
4.00£0.02 MBq/kg (range 3.97-4.03 MBq/kg, average total dose 299-+47 MBq,
range total dose 220-350 MBq), and the injection was performed 60.3£0.6 min
(range 59.5-61.7 min) and 107413 min (range 90-132 min) before the PET/CT
and the PET/MR examination, respectively. The patients were instructed to
fast for 6 hours before the examination, and the blood glucose level should
preferably not exceed 8-10 mmol/l, and absolutely not exceed 11 mmol/l.

All patients were laid supine and had normal respiration, both for PET /CT
and PET/MR. The patients had their arms up for PET/CT scanning and their
arms down for PET/MR scanning.

An overview of the lymphoma type, the time of examination (primary/interim)
and the number of ROIs made for SUV and ADC analysis for each patient is
presented in Table [I.1]
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2. Image acquisition

Table 1.1: Overview of the 14 included patients.

. Nb. of Nb. of . .
Eslt:li:z ROIs, ROlIs, if;:;;;y staging/ Lymphoma
PET ADC
. ALK(anaplastic lymphoma kinase)-negative
59 ! ) primaty Anap(lastic Large Cell Lymphoma )(aggresive NHL)
61 6 - primary FL (indolent NHL)
. Splenic marginal zone lymhoma (indolent NHL
62 ! L prumary transformed to DLBCL (aggresiv(e NHL) )
65 1 - primary FL (indolent NHL)
66 3 - primary Mantle cell lymphoma (indolent/aggresive NHL)
67 3 ) e — FL (indolent NHL) transformed to DLBCL
(aggresive NHL)
e Angioimmunoblastic T-cell Lymphoma
68 7 1 primary (aggresive NHL)
69 2 1 primary DLBCL (aggresive NHL)
71 1 - interrim HL
72 4 2 primary HL
73 1 - interrim HL
. . FL (indolent NHL) transformed to DLBCL
4 3 - interrim .
(aggresive NHL)
75 8 1 primary HL
76 1 1 primary Mantle cell lymphoma (indolent/aggresive NHL)

2 Image acquisition

2.1 PET/CT

PET/CT examinations were performed on a whole-body Siemens Biograph
mCT scanner (Figure a) (Siemens Healthcare Erlangen, Germany). The
protocol consisted of a low-dose CT scan and a multi bed position (7-14) PET
scan.

sssssss

SIEMENS. ] / e = &

Figure 2.1: a) The Biograph mCT scanner. b) The Biograph mMR scanner.

The CT images covered head to thigh, except for one patient where head to
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Chapter II. Materials and methods

toe was covered. The CT scan was done in caudocranial direction and the slice
width was 3.0 mm. All patients were scanned with a peak tube voltage of 120
kV, a rotation speed of 0.5 s and a pitch of 0.95. The collimation was 64x0.6
mm and the reference tube current-exposure time product was 40 mAs. The
CT image was used for attenuation correction of the PET image.

The PET acquisitions consisted of 7 or 8 bed positions, covering the head
to thigh, except for one patient with 14 bed positions covering head to toe.
The overlap between the bed positions were 41 %, and the acquisition time
was 150 s per bed position. The acquisition was done in 3D mode, and an
OSEM algorithm was used for reconstruction, with 2 iterations and 21 subsets.
TOF and PSF was used, the image matrix consisted of 256x256 elements and
the image was filtered with a Gaussian filter with [Full-Width Halt-Maximum|
(FWHM)| of 4 mm. The typical sensitivity of the system is 10.2 keps/MBq.

The PET detector is made up of 4 detector rings, where each ring consists
of 48 block detectors. Each block contains scintillator material, which is a
lutetium oxyorthosilicate (LSO) crystal with a size of 4x4x20 mm, in a 13x13
array connected to a 2x2 PMT array. The FOV is 22.1 cm in the axial direction
and 70 cm in the transaxial direction. The energy window was set to 435-650
keV, and the coincidence window was 4.1 ns.

2.2 PET/MR

PET/MR examinations were performed at a whole-body Siemens Biograph
mMR scanner (Figure [2.1|b) (Siemens Healthcare, Erlangen, Germany).

The protocol consisted of a MR localizer, followed by simultaneous PET and
MR acquisition, as shown in Figure 2.2 Five bed positions were acquired for
both the PET and MR acquisition, from head to thigh, except for two patients
with only one (pelvis) and four (neck to thigh) bed positions, respectively.

Time: O 60.3+0.6 min  107+13min

8E-FDG
uptake

PET/MR acquisition, for each bed position

Figure 2.2: Time line of the examinations.

The MR acquisition included a Dixon sequence, a To-weighted HASTE se-
quence, a diffusion-weighted sequence and a Ty-weighted TIRM sequence. The
parameters of the MR sequences are presented in Table
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3. Image analysis

Table 2.1: Parameters of the MR sequences.

TR TE Flip angle Acq. time Image matrix FOV read FOV phase b-values

Sequence (ms) (ms) (deg) (s) (cm) (cm) (s/mm?)
Dixon 3.6 1.23,246 10 19 192x126 50 32.9
T2 HASTE 1600 95 120 51 320x320 35 35
Diffusion 5100 59 148 129x112 40 35 50, 800
T2 TIRM 2780 82 120 124 384x348 45 40.8

The two-point Dixon sequence was used to separate water, fat, in-phase and
out-of-phase images, and was used to create the y-map with four tissue classes
(lung, fat, soft tissue, air/background) for attenuation correction. The To-
weighted HASTE sequence and the Ty-weighted TIRM sequence were used
for anatomical imaging, and ADC maps were calculated from the diffusion-
weighted images (with b-values of 50 s/mm? and 800 s/mm?).

The PET acquisition time was 300 s per bed position and the overlap of the
bed positions was 23 %. The acquisition was done in 3D mode and the OSEM
algorithm was used for reconstruction, with 3 iterations and 21 subsets, and
with PSF. An image matrix of 344x344 was used and a Gaussian filter with
FWHM of 4 mm. The typical sensitivity for this system is 13.2 keps/MBq.
The scanner has a magnetic field strength of 3 T, with a maximum gradient
amplitude of 45 T/m and a maximum slew rate of 200 T/m/s. The maximum
applied RF field strength is 23.5 pT and the transmit amplifier bandwidth is
800 kHz.

The PET detector consists of 8 detector rings, which contains 56 detector
blocks each. Each block is made up of 8x8 LSO crystal elements with a size
of 4x4x20 mm, which is connected to a 3x3 APD array. The transaxial FOV
was H8.8 cm and the axial FOV was 25.8 cm. The energy window was set to
430-610 keV and the coincidence window of the scanner is 5.86 ns.

3 Image analysis

The software Vinci (version 4.41.0.15274) was used to define/draw ROIs in the
lesions. After making the ROIs, both ROIs and images were transferred to
MATLAB R2014b (8.4.0.150421) 64-bit (win64), which was used to perform
quantitative calculations of SUV and ADC values.

3.1 SUV

Potential lesions for SUV analysis were found by using a threshold tool to show
areas with a SUV above 7, which was used as a guideline to avoid inflammations
and infections, as recommended by a nuclear medicine physician. SUV values
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in lymphoma lesions usually are much higher than the SUV in the liver (2-
4). The lesions that were easily recognized as the same lesions on both PET
images, from PET/MR and PET/CT, were included in the analysis. Hence,
the same lesions were included from PET/MR and PET/CT. A threshold of
42% of the maximum value in the lesion was used to delineate the lesions in
both PET images by the threshold tool, which made up a ROI for the lesion for
the SUV analysis. Some small adjustments were done to include approximately
the same areas of the tumor on both PET images.

To check for abnormal FDG uptake, reference SUV measurements in the
aorta and the liver were performed. An approximately spherical ROI was
placed in the aorta and in the liver of the PET images of each patient (except
for one patient with only one bed position over the pelvis), with a radius of
3.5 mm and 15 mm, respectively. For PET/MR, the water image from the
Dixon sequence was linked to the PET image and used to place the ROI in
the middle of the aorta. For PET/CT the same was done by linking the PET
image to the CT image.

SUVmax, SUVmean and SUVpeak were measured in all ROIs in the PET
images of PET/CT and PET /MR, called SUVmaxcr, SUVmeancr, SUVpeaker,
SUVmaxygr, SUVmeanyr and SUVpeakyr, respectively. The SUV values
were calculated by equation [3] The variable ¢ in the equation was equal to the
maximum value in the ROI when calculating SUVmax and equal to the mean
value in the ROI when calculating SUVmean. In the case of SUVpeak, ¢ was
equal to the average of the maximum pixel and the 8 neighbouring pixels (3x3
pixels).

3.2 ADC

Lesions visible on the ADC map, and visually similar on the PET images of
PET/MR, were included in the ADC analysis. ROIs were manually drawn
directly on the ADC maps by one person, in accordance with the ROIs on
the PET images. As ROIs for ADC measurements differ substantially in the
literature, six different shaped ROIs were made in this study to evaluate if
different shapes produce different results.

Three distinct configurations were used to draw ROIs in each tumor: all
slices covering the lesion, the largest slice (1 slice), and the largest slice with
the two adjacent slices (3 slices)(Figure[3.1]). For each of these 3 configurations,
both the whole area (red and light red area in Figure and an inner area
(light red area in Figure of the tumor were included, producing 6 ROIs for
each tumor. The inner area excluded the outermost pixels in each slice, and
the uppermost and lowest slice.

The minimum and mean ADC value, ADCmin and ADCmean, in each of
the ROIs were calculated.
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4. Statistics
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Figure 3.1: ROIs for ADC analysis included all slices, the largest (1 slice)
and the largest with the two adjacent slices (3 slices). For each of these 3
configurations, both the whole area of (red and light red) and an inner area
(light red) of the slice were included, producing 6 ROIs for each tumor.

3.3 COV

COV for each patient (except for the patient with only one bed position cov-
ering pelvis in PET/MR), from both PET/MR and PET/CT, was calculated
from the ROI (r = 15 mm) in the liver of the patient in the PET image, as in
Equation

4 Statistics

The function LinearModel.fit in MATLAB was used to do linear regression on
the data. The significance level was set to P < 0.01. To test for significant
different means, the data was first tested for normality by the Shapiro-Wilk &
Shapiro-Francia normality test by the function swtest.m in MATLAB. If the
hypothesis of normality was rejected, the Wilcoxon signed rank test (MAT-
LAB, ranksum) was used to test for significant different means, if not, a paired
sample t-test (MATLAB, ttest) was used.



Chapter I1I

Results

1 SUVMR and SUVCT

The mean SUVmax, SUVmean and SUVpeak of all lesions in each of the 14
patients are compared with the corresponding values measured in a ROI in the
aorta and in the liver of the patients in Table [I.1] and in Table [I.2] calculated
from PET images from PET/CT and PET /MR, respectively.

None of the SUVmax values for any of the lesions was below 7, which was
recommended as a guideline by a nuclear medicine physician, except for one
lesion in a PET image from PET/MR, with SUVmax equal to 6.7. This lesion
had a SUVmax of 9.7 in PET/CT, and was therefore included.

Patient 74 only had one bed position covering pelvis in the PET /MR ex-
amination, hence it was not possible to do the measurements in the aorta and
the liver for this patient.

An example of a ROI in the aorta, the liver and a lesion in a PET image
from PET/MR is shown in Figure :

An example of the same lesion shown in both a PET image obtained from
PET/CT and from PET/MR is shown in Figure [1.2]
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1. SUVMR and SUVCT

Table 1.1: Mean SUVmax, SUVmean and SUVpeak from all lesions in each
of the 14 patients, and SUVmax, SUVmean and SUVpeak measured in a ROI

in the aorta and in the liver of each patient, all calculated in the PET images
from PET/CT.

SUVmaxcr SUVmeancr SUVpeakgr
Patient number  Lesions  Aorta Liver ‘ Lesions Aorta Liver ‘ Lesion  Aorta Liver
59 32.1+0.0 1.6 2.4 19.8+0.0 1.4 1.9 19.3£0.0 1.5 2.2
61 13.0£11.3 1.4 2.6 7.8+6.4 1.3 1.8 9.8+8.2 14 2.2
62 25.2+0.0 1.9 2.7  14.440.0 1.8 2.1 22.1+0.0 1.8 2.4
65 9.740.0 1.8 3.2 5.840.0 1.7 2.2 7.240.0 1.8 2.8
66 9.0+1.8 2.0 2.9 5.3x1.1 1.8 2.3 5.9+0.7 2.0 2.6
67 13.0+£4.2 2.0 2.8 8.0+£2.7 1.9 2.2 10.6+4.1 1.8 2.5
68 15.845.7 1.8 3.5 9.74£3.6 1.7 2.6 11.3£5.0 1.9 3.1
69 9.1£1.6 1.7 2.8 5.1+0.9 1.5 2.1 6.8+1.4 1.7 2.4
71 10.8+0.0 1.9 2.6 6.440.0 1.7 2.0 8.040.0 1.8 2.4
72 11.243.0 1.3 2.1 6.5+1.7 1.2 1.7 8.8+2.8 1.3 1.9
73 13.540.0 1.4 2.6 8.3+0.0 1.4 2.1 9.0+0.0 1.5 2.4
74 10.3£1.8 2.3 3.2 6.4+1.3 2.1 2.4 7.6+1.4 22 2.9
75 11.9£1.5 1.9 2.8 7.0+0.9 1.6 2.2 8.6t1.3 1.7 2.6
76 12.3+0.0 1.4 2.2 8.1+0.0 1.3 1.8  11.3+0.0 1.4 2.0

Table 1.2: Mean SUVmax, SUVmean and SUVpeak from all lesions in each
of the 14 patients, and SUVmax, SUVmean and SUVpeak measured in a ROI
in the aorta and in the liver of each patient, all calculated in the PET images
from the PET/MR. Patient 74 only had one bed position covering pelvis, and
measurements in the aorta and the liver was not possible.

SUVmaxygr SUVmeanygr SUVpeakyr

Patient number  Lesions  Aorta Liver ‘ Lesions Aorta Liver ‘ Lesion  Aorta Liver
59 41.21+0.0 1.4 2.7  23.8£0.0 1.1 1.9 28.440.0 1.3 2.5
61 13.4410.0 1.0 2.2 8.3+6.7 0.9 1.6 11.3+8.3 1.0 2.1
62 24.540.0 1.4 2.3 14.640.0 1.2 1.6  20.240.0 1.2 2.1
65 6.71+0.0 1.2 2.3 4.0£0.0 1.0 1.6 5.5+0.0 1.1 2.0
66 10.8+1.5 1.3 2.2 6.5+1.2 1.0 1.5 8.2+0.7 1.2 1.9
67 13.61+4.0 1.2 2.7 8.3+2.6 1.1 1.9 12.14+4.0 1.2 2.5
68 17.3+6.3 1.4 2.9 10.5+4.0 1.2 2.3 14.1£6.0 1.3 2.8
69 9.3+3.1 1.7 2.1 5.8+0.4 1.4 1.4 8.3+2.7 1.4 2.0
71 9.7£0.0 0.8 2.2 5.9+0.0 0.7 1.6 8.0+0.0 0.9 2.0
72 13.1+3.4 1.0 1.7 7.1+1.0 0.7 1.1 11.0£2.9 0.9 1.5
73 15.14+0.0 1.1 2.6 9.5+0.0 1.0 1.7 11.440.0 1.1 2.2
74 14.440.6 - - 8.7+0.5 - - 11.3+0.7 - -

75 11.5+1.9 1.9 2.1 6.7x1.1 1.6 1.7 9.2+1.5 1.7 2.0
76 13.84+0.0 1.5 1.9 8.9+0.0 1.1 1.3 12.740.0 1.3 1.7
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Chapter III. Results

Figure 1.1: ROIs in a PET image from PET/MR. (a) A red ROI in the aorta,
(b) a red ROI in the liver, (c) a green and a purple (only in the axial image)
ROI in lesions.
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2. SUVyrg versus SUVr

Figure 1.2: The same lesion (green) in PET images from (a) PET/CT and
(b) PET/MR.

2 SUVygr versus SUVr

The average SUVmax, SUVmean and SUVpeak of all lesions (n = 42) acquired
from PET/MR and PET/CT are shown in Table 2.1 SUVmax (P = 0.19)
and SUVmean (P = 0.21) were not found to be significantly different for
PET/MR and PET/CT, while SUVpeak (P < 0.01) was significantly higher
for PET/MR compared to PET/CT.

Table 2.1: The average SUVmax, SUVmean and SUVpeak for PET /MR and
PET/CT for all lesions (n = 42) in 14 patients.

SUVmax SUVmean SUVpeak
(meantstd) (mean#tstd) (mean#std)

PET/MR 14.146.9 8.4+4.2 11.54+5.4
PET/CT 13.04+6.3 7.84+3.8 9.6+4.8
P-value 0.19 0.21 <0.01
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Chapter III. Results

There was a strong significant correlation between SUVmaxyg and SUVmaxcr
(r=10.95, P < 0.01) (Figure[2.1), SUVmeanyg and SUVmeancr (r = 0.97, P <
0.01) (Figure2.2), and SUVpeakyg and SUVpeaker (r = 0.94, P < 0.01) (Fig-

ure 2.3)).
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Figure 2.1: The correlation between SUVmaxyr and SUVmaxer (r =
0.95, P < 0.01).
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2. SUVyr versus SUVer
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Figure 2.2: The correlation between SUVmeanyr and SUVmeancr (r =
0.97, P < 0.01).
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Figure 2.3: The correlation between SUVpeakyr and SUVpeaker (r =
0.94, P < 0.01).
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3 ADC

3.1 ADCmin and ADCmean

The lesions had a decreased intensity compared to the surrounding tissue on
the ADC maps, as expected, except for one lesion (patient 69), where the
contrast was opposite. ADCmin and ADCmean were highest for this lesion.

The average ADCmin and ADCmean measured in six different shaped ROIs
in 7 lesions are shown in Table Only 7 of the total 42 lesions were visible
and recognizable in the ADC images and included in the ADC analysis.

Table 3.1: Average ADCmin and ADCmean for 7 lesions measured in six

different shaped ROlIs.

ADCmin (1072 mm?/s) ADCmean (1073 mm?/s)

(mean-+std) (mean-+std)
Whole area, all slices 3054399 9504482
Whole area, 1 slice 4344501 9574489
Whole area, 3 slices 3904421 9444486
Inner area, all slices 5334298 9264498
Inner area, 1 slice 7264575 9244511
Inner area, 3 slices 6444513 9294500

Examples of manually drawn ROIs in ADC maps are shown in Figure [3.1] a
and a for patient 72 and patient 75, respectively. The corresponding ROIs
in PET images from PET/MR, used for SUV analysis, are shown in Figure
b and [3.2] b.
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3. ADC

(a) (b)

Figure 3.1: Patient 72, (a) ADC map with manually drawn ROI for ADC
analysis, with the whole area of the lesion in red and the inner area of the
lesion in light red, (b) PET image from PET/MR with ROI (red), for SUV
analysis.

(a) (b)

Figure 3.2: Patient 75, (a) ADC map with manually drawn ROI for ADC
analysis, with the whole area of the lesion in red and the inner area of the
lesion in light red, (b) PET image from PET/MR with ROI (red), for SUV

analysis.
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3.2 ADC versus SUV

There was no significant correlation between ADCmin or ADCmean and SU-
Vmax, SUVmean or SUVpeak in any of the six ROIs, from either PET/MR
or PET/CT. An example of the correlations is shown in Figure , the corre-
lation between ADCmin and SUVmaxyr. All the correlations can be seen in
Appendix A (ADC versus SUV).
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Figure 3.3: No correlation was found between ADCmin and SUVmaxyg in
any of the six different shaped ROlIs.

4 COV

The average COV calculated from a ROI in the liver of each of the patients
in the PET images of PET/MR and PET/CT, is shown in Table COV is
significantly higher for PET/MR, compared to PET/CT (P < 0.01).

Table 4.1: Average COV calculated from the PET images obtained from
PET/MR (n = 13) and PET/CT (n = 14).

COV(%)  COV(%)

(meantstd)  (range)

PET/MR 11.7£2.0 8.3-14.9

PET/CT 9.5£1.2 7.6-12.1
P-value <0.01
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Chapter IV

Discussion

1 SUVMR and SUVCT

All ROIs of the lesions had a SUVmax above the guideline equal 7, except for
one lesion (SUVmax equal to 6.7) in a PET image from PET /MR, which still
was included as the SUVmax from PET/CT was above 7. However, no exact
lower threshold for malignancy can be set as this depends on several factors.

In the liver, all the SUVmax values were in the interval 2-4 for PET/CT,
as recommended, and for PET /MR two values was below 2, but still not very
low. SUVmax in the aorta was approximately 1 below the value in the liver
for all patients. The uptake of 8F-FDG in healthy tissue seems normal on the
basis of these measurements.

2 SUVyr versus SUVr

The significant correlation found between SUVyr and SUV 1 was very strong,
and there was no significant difference for SUVmax and SUVmean between
PET/MR and PET/CT. These results indicate that SUVmax and SUVmean
can be measured from PET/MR as well as from the gold standard method of
choice, PET/CT.

SUVpeak, which is not implemented in standardized fashion [4], was signif-
icant different between PET /MR and PET/CT. The pixel volume in the PET
images from PET/CT is almost 2.3 times larger than in PET /MR, which prob-
ably influence the result and cause a significant lower SUVpeak for PET/CT,
as a larger volume around the maximum value is covered and causing more
smoothing. For SUVmean, this effect is probably not affecting the result due
to the larger number of pixels.

Several studies of various cancers have found a strong correlation between
SUV from PET/MR and PET/CT, all with a single injection of "®F-FDG
and a PET/CT examination followed by a PET/MR examination. A strong
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correlation for SUVmax and SUVmean between PET/MR and PET/CT have
been found in lesions of [27], osseous lesions [21], pulmonary lesions
[48], and for SUVmax in neoplastic lesions [46]. Two of the studies did not
find a significant difference between PET/MR and PET/CT for SUVmax and
SUVmean [27] [48], which is equivalent to our study.

The method chosen for the measurements are slightly different in the var-
ious studies. Two of the studies included voxels above 50% of the maximum
value in the lesions [4§] [21], similar to our approach, except that we used a
threshold of 42%, while the two other studies manually placed ROIs covering
the whole lesions [46] [27].

SUV obtained from PET /MR was slightly higher than SUV from PET/CT,
but as mentioned, there was not a significant difference. Differences in SUV
between the two modalities may be induced by the different attenuation cor-
rection methods, which use discrete and continuous LACs, respectively [4§].
The different arm position in the two scanners (arms down in the PET/MR
scanner and arms up in the PET/CT scanner) also cause a great difference in
the attenuation correction, as the MR image might be truncated and the arms
must be estimated from the PET data in the attenuation map. However, if the
arms are not fully recovered in the attenuation map, SUV will be underesti-
mated and this cannot explain the increased SUV for PET/MR. Surface coils
that are used in the MR examinations are not accounted for in the attenuation
map, which also decrease SUV, potentially with over 16% in tumor lesions [22].

Other technical factors can also influence SUV, such as the difference in spa-
tial resolution of the two scanners, which cause differences in partial volume
effects for small objects. A larger pixel size is more likely to cause underestima-
tion of SUV due to smoothing [4], and as the pixel size is larger for PET/CT
than PET /MR this may affected our result since SUVr is lower than SUVyg.
Differences in the detectors and geometry of the scanners may also affect SUV.

A biological factor that may influence SUV, is that the amount of tracer
trapped in a lesion is increasing with uptake time [48]. However, this effect is
reduced for uptake times exceeding 60 minutes and does probably not influ-
enced our measurements as the uptake time for PET/CT is approximately 60
minutes, and longer for PET/MR. Other biological factors, like blood glucose
level and respiratory motion may also affect SUV.

Although there are a lot of technical and biological differences between
the two examinations that can cause discrepancies in the quantitative mea-
surements, we found no significant difference for SUVmax and SUVmean be-
tween PET /MR and PET/CT, and the correlation between them was strong.
These results strongly indicate that SUVmax and SUVmean measurements
from PET/MR are reliable. Qualitative, visual studies of PET/MR should
however be performed before PET/MR can be used in clinic routine for lym-
phoma patients.
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3 ADC

ADC (ADCmin or ADCmean) did not correlate with SUVygr (SUVmaxyg,
SUVmeanygr or SUVpeakyr), for any of the six shapes of ROIs. The atten-
uation correction of PET/CT is the gold standard method of choice, and the
uptake time for the PET/CT examination was more clinical realistic than for
PET/MR, therefore the correlation between ADC and SUVer (SUVmaxcr,
SUVmeancr or SUVpeaker) was also investigated. Due to the strong correla-
tion between SUVy\r and SUV¢r, it was not likely that ADC would correlate
with SUV¢r, and no correlation was found in this case either.

A limitation in this study is the small number of ADC measurements,
because only large tumors were visible and possible to recognize in the ADC
maps. The results are therefore not reliable.

Another aspect affecting the results is the method for selecting ROIs and
how the ROIs for SUV and ADC analysis are related. At a first attempt, we
tried to co-register the PET and MR images, in that way the ROIs made in
PET images could be copied to the ADC maps and all forty-two lesions could
be used. This method would have been optimal and lead to a more accurate
comparison between ADC and SUV, however, co-registration is not clinical
realistic. The co-registration did not work out very well, as the ROIs did
not fit the lesions in the ADC maps. This could probably be due to different
contrast in the MR and PET images that were registered to each other. For this
reason it was decided to manually draw ROIs directly on the ADC map. Only
lesions clearly visible in the ADC map could therefore be used, to get reliable
measurements. This method is more clinical realistic, but is very dependent
on the person drawing. Individual measurements by several persons should be
performed in future studies to avoid individual errors, and hence get a more
reliable result.

One of the patients had a high intensity in the lesion compared to the sur-
rounding tissue on the ADC map, unlike the other patients where the contrast
was opposite. This lesion had a higher ADCmin and ADCmean compared to
the other lesions where ADC was measured. Even if this lesion was excluded,

there was no correlation between ADC and SUV for any of the six shapes of
ROIs.

The literature reports variable results of the correlation between ADC and
SUV in lymphoma patients, and the studies are carried out in different ways
regarding the choice of lesions and configurations of ROIs. Only studies in-
cluding standalone MR scanners and PET/CT or standalone PET scanners
have been performed in lymphoma patients, to our knowledge.

In contradiction to our results, Wu et al. found an inverse significant cor-
relation between SUVmax and ADCmean in one study [62], and between SU-
Vmax and ADCmin in another study [64]. The first study included only DIL-
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BCL patients (n = 8), while the second study included both DLBCL (n = 23)
and FL (n = 11) patients. However, no correlation was found between SU-
Vmax and ADCmean in the second study, and when the patients were divided
into subgroups, no correlation was found between SUVmax and ADCmin ei-
ther. The PET/CT examination was performed within 2 days of the MR
examination in both studies. The lesions with highest intensity in the PET
images were chosen for SUV analysis in both studies. For ADC analysis, up
to the five largest lesions were used in the first study, and the largest lesion
in the second. Hence, different tumors were used for SUV and ADC analysis
in many of patients, in contrast to our study. ROIs were manually placed on
the ADC maps, in the five largest cross sections and in each slice of the lesion,
respectively. The ADCmean was measured both in the center and periphery of
the tumor in the first study, and inverse correlation with SUVmax was found
in both cases.

In line with our results, Wu et al. [63] and de Jong et al. [16], did not
find any correlation between ADCmean and SUV (SUVmax and SUVmean,
and SUVmax, SUVmean and SUVpeak, respectively). Both studies had a
homogeneous DLBCL patient group, and 28 and 42 lesions were included,
respectively.

Wu et al. included lesions that best matched on the PET/CT and DWI
images and the ROIs for ADC measurements were manually placed in the ADC
maps on each slice of the tumor. De Jong et al. chose the largest lesion and
the lesion with the visually highest uptake of FDG, and the ROIs for ADC
measurements were manually placed in the ADC maps in a single transversal
slice of the tumors. The same lesions were used for SUV and ADC analysis in
both studies, and the PET/CT and MR examinations were performed within
2 days for Wu et al. and within 29 days for de Jong et al.

De Jong et al. performed their study in the same patient group as in
one of the studies where Wu et al. found correlation [62], but did not find a
correlation. An explanation of this could be the long delay between the two
examinations by de Jong. A long delay between the PET and MR examination
may give serious alterations in the tumor microstructure, and the probability
of correlation between SUV and ADC may decrease.

On the other hand, Wu et al. [63] did have a similar delay between the two
examinations as the studies that found correlation, and this cannot explain
the discrepancies between the results. Still, the delay between the PET and
MR examination may influence the results. However, the studies that found a
correlation did not include the same lesions for SUV and ADC analysis for all
patients, which could affect the correlation.

In the study by Rakheja et al. [46], (mentioned in the section above,
SUVmr versus SUVar), they evaluated the correlation between SUVmax from
both PET/MR and PET/CT and ADCmin, not specific for lymphoma pa-
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tients, but in neoplastic lesions in general. They found a weak to moderate
inverse correlation between SUVmax (from both PET/MR and PET/CT) and
ADCmin for nonosseous soft-tissue lesions, and no correlation for osseous le-
sions. The lesions were manually drawn on the PET images of PET /MR and
PET/CT. These ROIs was copied to ADC maps and slightly modified, for
ADC analysis. Hence they found correlation between SUV and ADC mea-
sured in the same lesions, however, the correlation was found for soft-tissue
lesions in general.

Like SUV, ADC is also dependent on several factors, as DWI is sensitive
to artifacts, like respiration artifacts [63]. Another limitation, is that diffusion
in normal lymph nodes is reduced due to high cellularity of lymph nodes,
and diffusion in malignant lymph nodes can be increased due to necrosis and
apoptosis, which can make the differentiation between normal and malignant
lymph nodes challenging [34]. Diffusion, and hence ADC, can also be influenced
by extracellular fibrosis, the shape and size of the intercellular spaces, and other
microscopic tissue/tumor organizational characteristics [41]. However, Kwee
et al. found that ADC was significant lower in lymphomatous lymph nodes,
than in normal lymph nodes [35]. Necrosis and apoptosis can may explain the
high intensity in one lesion in this study compared to the surrounding tissue
in the ADC map, as mentioned above.

Aggressive lymphomas have an increased glycolysis (which use glucose),
mainly due to the overexpression of glucose membrane transporters and a low
concentration of glucose-6-phosphatase, as mentioned, and hence an increased
uptake of 18F-FDG and an increased SUV. While DWI detects the microscopic
changes in water mobility in tumors, even before anatomical changes become
visible. As the malignant tissue has an increased cellularity, dense cell mem-
branes, large cell nuclei and reduced extra-cellular space, the water mobility is
reduced and the ADC values are decreased [64].

SUV represent the glucose metabolism regardless of the microscopic changes
provided by ADC, and opposite, hence SUV and ADC reflects different func-
tional processes. More studies are required to evaluate if SUV is a preferred
quantitative measure of malignancy above ADC in lymphoma, or the oppo-
site, or if they are complementary and both providing valuable information
in the diagnosis, staging and therapy response of lymphoma. If ADC can re-
place SUV in assessing therapy response, the radioactive injected dose is not
required, which is especially preferable for children and pregnant patients.

4 COV

The mean COV from PET/MR was significantly higher than the mean COV
from PET/CT, indicating a worse image quality of the PET images obtained
from PET/MR compared to PET/CT.
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The different attenuation correction methods for PET/MR and PET/CT, as
discussed for SUV, may have a high impact on this result.

The fact that the PET /MR examination is done with a longer uptake time,
which is compensated for by an extended acquisition time, may also influence
the results. The uptake time should be the same for PET/CT and PET/MR
to avoid influence by this factor. Still, this is not feasible as it is unethical
to inject the patients with a radioactive dose twice without obtaining any
new valuable information. However, since the uptake time for PET/CT was
approximately 60 minutes and longer for PET /MR, this factor should not have
a high influence, as mentioned.

In our prior study [39], PET images of PET/CT of normal weighted pa-
tients (BMI:18.5-24.9 kg/m?) were considered to be of very good image quality
by the nuclear medicine physicians at St. Olavs Hospital. These images had
a COV of 9.6+0.7%, which the PET images from PET/CT in this study are
comparable to. The PET images from PET/MR, are comparable to those
of overweighted patients (BMI > 30 kg/m?) in the prior study, which had a
reduced image quality and a mean COV of 11.6+1.5%. In the prior study it
was suggested to use an extended acquisition time (180 s) for overweighted
patients, to decrease COV. As the acquisition time is already long (300 s)
in this case, the probability of motion will be very high with an even longer
acquisition time.

Further work should be performed to detect if the image quality of PET
images from PET /MR is reduced due to the differences in attenuation correc-
tion (especially by the patient’s different arm position), the extended uptake
and acquisition time or physical properties of the PET/MR scanner (such as
APDs, coils etc.). The reconstruction parameters have been optimized at the
Biograph mMR scanner at St. Olavs Hospital, so further work to improve
image quality could for example include evaluation of acquisition settings, like
the acquisition time per bed position which is now based on the
|Association of Nuclear Medicine (EANM)| procedure guidelines. Visual eval-
uation of the image quality, with comparison of detected lesions in PET/CT
and PET /MR, will also be performed in future studies.
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Conclusion

The semi-quantitative measures SUVmax and SUVmean measured from PET /MR
and PET/CT in lymphoma patients, strongly correlated and did not differ sig-
nificantly. According to these results, SUVmax and SUVmean obtained from
PET/MR should be reliable, compared to the gold standard PET/CT.

No correlation was found between ADC and SUV. However, the data set
was too small to conclude that there is no relationship between ADC and SUV.

COV, a measure of image quality, was found to be increased for the PET
images from PET/MR, compared to PET/CT, indicating a reduced PET im-
age quality for PET/MR.

Further work should be performed to determine if PET/MR also is qual-
itatively comparable to the gold standard for imaging of lymphoma patients,
PET/CT. The PET image quality of PET/MR should also be further evalu-
ated to determine the cause of the reduced image quality.
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Appendix A

ADC versus SUV

No correlation was found between ADCmin or ADCmean and SUVmax, SU-
Vmean or SUVpeak from PET/MR, in any of the six different shaped ROIs,

as seen in Figure [A.IJA.6 No correlation was either found between ADCmin
or ADCmean and SUVmax, SUVmean or SUVpeak from PET/CT, in any of

the six different shaped ROIs, as seen in Figure A 12,
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Figure A.1: No correlation was found between ADCmin and SUVmaxyg in

any of the six different shaped ROlIs.
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Figure A.2: No correlation was found between ADCmin and SUVmeanyg in

any of the six different shaped ROIs.
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Figure A.3: No correlation was found between ADCmin and SUVpeakygr in

any of the six different shaped ROIs.
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Figure A.4: No correlation was found between ADCmean and SUVmaxyg in

any of the six different shaped ROlIs.
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Figure A.5: No correlation was found between ADCmean and SUVmeanyg in

any of the six different shaped ROlIs.
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Figure A.6: No correlation was found between ADCmean and SUVpeakyg in

any of the six different shaped ROIs.
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Figure A.7: No correlation was found between ADCmin and SUVmaxcr in

any of the six different shaped ROIs.
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Figure A.8: No correlation was found between ADCmin and SUVmeangr in

any of the six different shaped ROlIs.
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Figure A.9: No correlation was found between ADCmin and SUVpeakcr in

any of the six different shaped ROlIs.
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Figure A.10: No correlation was found between ADCmean and SUVmaxcr in

any of the six different shaped ROIs.
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Figure A.11: No correlation was found between ADCmean and SUVmeangr

in any of the six different shaped ROlIs.
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Figure A.12: No correlation was found between ADCmean and SUVpeaker in

any of the six different shaped ROlIs.
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