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Brown adipose tissue (BAT) is the main tissue involved in non-shivering heat
production. A greater understanding of BAT could possibly lead to new ways of
prevention and treatment of obesity and type 2 diabetes. The increasing prevalence of
these conditions and the problems they cause society and individuals make the study
of the subject important.
An ongoing study performed at the Turku University Hospital uses images acquired
using PET/MRI with 18F-FDG as the tracer. Scans are performed on sedentary and
athlete subjects during normal room temperature and during cold stimulation.
Sedentary subjects then undergo scanning during cold stimulation again after a six
weeks long exercise training intervention. This degree project used images from this
study.
The objective of this degree project was to examine methods to automatically and
objectively quantify parameters relevant for activation of BAT in combined PET/MRI
data. A secondary goal was to create images showing glucose uptake changes in
subjects from images taken at different times.
Parameters were quantified in adipose tissue directly without registration (image
matching), and for neck scans also after registration. Results for the first three
subjects who have completed the study are presented. Larger registration errors
were encountered near moving organs and in regions with less information.
The creation of images showing changes in glucose uptake seem to be working well
for the neck scans, and somewhat well for other sub-volumes. These images can be
useful for identification of BAT. Examples of these images are shown in the report.
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Sammanfattning
Till nyligen så var förekomsten av metaboliskt aktivt brunt fett (BAT) hos vuxna människor okänd. BAT är den
huvudsakliga vävnaden involverad i icke-huttrande värmeproduktion. En större förståelse av BAT skulle
möjligen kunna leda till nya sätt att förhindra och behandla fetma och kanske även typ 2-diabetes. Den
ökande förekomsten av dessa tillstånd och problemen de orsakar samhället och individer gör detta till ett
viktigt forskningsområde.
I de flesta studierna av BAT har vävnaden identifierats med PET/CT. En pågående studie vid Åbo
universitetscentralsjukhus använder bilder tagna med PET/MRI, vilket minskar stråldosen jämfört med
PET/CT till acceptabla nivåer för längre metaboliska studier. 18F-FDG används som spårämne för PET och
parametriska bilder som visar glukosupptag skapas ifrån PET bilderna.
Studien ämnar bidra med ny information om effekten av träning på stimuleringen av BAT. Detta sker genom
att jämföra aktiveringen av BAT under nedkylning hos stillasittande och atletiska individer och genom att
jämföra aktiveringen av BAT hos de stillasittande individerna före och efter en 6 veckor lång period med
träning, även då under nedkylning. Bilder tas även under rumstemperatur för att mäta normal aktivitet då
BAT antagligen inte är aktiverat, detta för att kunna särskilja BAT aktivitet ifrån normal aktivitet. Detta
examensarbete använder bilder ifrån denna studie.
Syftet med detta exjobb var att undersöka metoder för att automatiskt och objektivt kunna kvantifiera
parametrar relevanta för BAT i kombinerad PET/MRI data. Idén med detta är att bestämma vilken roll BAT
har i vuxna människor. Ett sekundärt mål var att skapa bilder som visualiserar skillnader i glukosupptag i
parametriska bilder tagna vid olika tillfällen.
Parametrar mättes direkt i fettvävnad utan registrering (bildmatchning), och för nackområdet även efter
registrering. Resultaten för de tre första individerna som slutfört studien presenteras. Större fel i
registreringen inträffade nära organ som rört på sig och i områden med mindre information.
Skapandet av bilder som visar på skillnader i parametriska bilder tagna vid olika tidpunkter verkar fungera
bra i nackområdet, och ganska bra i andra områden. Dessa bilder kan vara användbara för att identifiera
BAT. Exempel på dessa bilder visas i rapporten.
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1

Introduction and background

1.1 Brown adipose tissue
Brown adipose tissue (BAT) is the main tissue involved in non-shivering heat production. The presence of
metabolically active BAT in adult humans was only recently discovered [1]–[3]. If present, BAT can mainly be
found in the cervical, supraclavicular and paraspinal regions. It has previously been shown that cold
exposure increase the activation of BAT measured as glucose uptake by 12 [4] or 15 [3] times.
The amount of active BAT has been found to be negatively associated to body mass index (BMI). It is
believed that BAT might be a possible target for treatment of obesity, which is becoming an increasingly
large problem worldwide. It has been estimated that 63 g of fully activated BAT would burn an amount of
energy equivalent to approximately 4.1 kg of white adipose tissue (WAT) over the course of a year, this was
believed to be a modest assumption [3]. It is therefore likely that activated BAT could contribute
substantially to energy expenditure.
A study divided the participating subjects into two groups, BAT-positive and BAT-negative. The subjects with
marked fluorodeoxyglucose (FDG) uptake into adipose tissue of the supraclavicular and paraspinal regions
during cold exposure were put into the BAT-positive group and subjects that showed no detectable uptake
were put into the BAT-negative group. It was found using indirect calorimetry that there was virtually no
difference between the energy expenditure of the two groups during warm conditions. However during
cold exposure the energy expenditure was 26% greater among the BAT-positive individuals as compared to
the BAT-negative individuals [5].
It is known that BAT protects against insulin resistance and type 2 diabetes in mice. It is possible that BAT
plays a similar role in humans. To prove or disprove this new methods to measure both the mass and
metabolic activity of BAT is needed [6].
It has recently been suggested that exercise stimulates the secretion of a polypeptide hormone, irisin,
which increases adipose tissue thermogenesis and basal energy expenditure further resulting in reduced
body fat mass and enhanced glucose homeostasis [7]. There is also evidence that irisin, regulated by PGC1α (PPAR-γ co activator-1 α), activates the adipose tissue thermogenesis by browning of certain white
adipocytes and by increasing the expression of UPC1 (uncoupling protein 1), which results in enhanced
respiration, i.e. BAT-like development.

1.2 Positron emission tomography
Development of positron emission tomography (PET) begun in the late 1950's and in the late 1960's the first
commercial PET scanners were developed. PET is based on the principle of annihilation coincidence
detection, which is detection of the simultaneous emission of two photons traveling in opposite directions.
The photons originate from the annihilation of an electron and its antiparticle, the positron. The positrons
in turn originate from beta plus decay of an administered radioactive tracer. The positrons travel about 1

5

mm from their origin before annihilation. PET scanning is non-invasive, except for the possible injection of
the tracer, but it does involve exposure to ionizing radiation. Ionizing radiation is harmful and can cause
cancer, this has to be taken into account before usage.
As mentioned, the two emitted photons will travel in opposite directions. However the photons travel at
the speed of light, so traditional PET-scanners will only be able to determine a line from which the photons
originate, called the line of response (LOR), due to having a to low time resolution. The resulting data is a
sinogram which is then reconstructed into an image using the inverse Radon transform.
Some modern PET-scanners with better time resolution are able to more precisely determine the origin of
the photons using a technique called ‘time-of-flight’, being able to localize the point of origin within a 10 cm
span. By using time-of-flight it is possible to acquire images with a higher signal-to-noise ratio (SNR).
There are several available tracers. Different tracers will behave differently in the body, which means that
the resulting images are entirely dependent on the type of tracer used. When using 18F-FDG, which is a
glucose analog using fluorine-18 (18F) to replace a hydroxyl group, it is possible to measure where in the
body the glucose uptake is taking place and to quantify the uptake. The missing hydroxyl group prevents the
glycolysis (metabolism of glucose by splitting it) from finishing, this traps the molecule once it has been
taken up in a cell until the radioactive decay takes place.
The detected photons do not only originate from the molecules trapped in the cells, but also from the part
of the tracer that still resides in the blood plasma and in reversible compartments from which it can reenter the plasma or be taken up by the cells. This means that if the tracer is 18F-FDG the PET signal will not
be directly proportional to the glucose uptake of the tissue.
By using Gjedde-Patlak analysis it is possible to calculate the net influx rate (Ki), which represents the
amount of accumulated tracer in tissue in relation to the amount of tracer that has been available in the
plasma. Gjedde-Patlak analysis is model independent and there can be any number of reversible
compartments and at least one irreversible compartment. When using 18F-FDG the irreversible
compartment is the cells in which the tracer becomes trapped. To perform the analysis a plot, called the
𝐶

𝑇

(𝑇)

Gjedde-Patlak plot, is made with 𝐶 𝑇𝐼𝑆𝑆𝑈𝐸 (𝑇) on the y-axis and
𝑃𝐿𝐴𝑆𝑀𝐴

∫𝑜 𝐶𝑃𝐿𝐴𝑆𝑀𝐴 (𝑡)𝑑𝑡
𝐶𝑃𝐿𝐴𝑆𝑀𝐴 (𝑇)

on the x-axis, where

𝐶𝑇𝐼𝑆𝑆𝑈𝐸 (𝑇) and 𝐶𝑃𝐿𝐴𝑆𝑀𝐴 (𝑇) are the concentrations of the tracer in the tissue respectively the plasma at
some arbitrary time T. The tracer is introduced into the subject at time T = 0. When the tracer concentration
in the plasma is in equilibrium with the concentrations in the reversible compartments the plot turns linear.
Ki can then be measured as the slope of the plot. When you apply this to every voxel you get a parametric
image. A parametric image is an image in which each voxel represents a value of some physiological
parameter.
Fractional uptake rate (FUR) is an approximation of the net influx rate that works when T is large. It is
calculated as a ratio of tissue activity at time T and integral of plasma activity from time 0 to T, 𝐹𝑈𝑅 =
𝐶𝑇𝐼𝑆𝑆𝑈𝐸 (𝑇)
𝑇
𝐶
∫𝑜 𝑃𝐿𝐴𝑆𝑀𝐴 (𝑡)𝑑𝑡

. If only one or a few PET time-frames are available it can be impossible to fit a line to the

Gjedde-Patlak plot and using FUR instead of Ki might be a better choice in this case. Ki and FUR are both
measures of the uptake rate in tissue and the values generated by the two methods are slightly different
but comparable.
18

F-FDG is not behaving exactly like glucose. This causes a large uptake in the bladder when using this tracer
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even though there should be no glucose in the urine in healthy individuals. Different tissues will have a
greater or lower 18F-FDG net influx rate compared to glucose. A constant that varies by the type of tissue
called the lumped constant (LC) is used to take this into account.
To estimate the glucose uptake rate in tissue the Ki (or FUR) value for 18F-FDG has to be divided by the
appropriate LC. LC in human adipose tissue has been measured to be 1.14 [8]. The value should also be
multiplied by the concentration of glucose in plasma and divided by the tissue density.
Problems encountered when using PET include radioactive decay, dead-time, attenuation and scattering.
 The radioactive decay means that the number of photons being emitted decreases with time, and
this has to be accounted for. It also cause later scans to have less information available to construct
the images.
 Dead-time is the time taken for the detectors to be able to detect new photons after just detecting
a photon, which results in photons not being measured.
 Attenuation is caused by photons being absorbed inside the body, photons are more likely to be
absorbed the longer they have to travel through the body and different types of tissues have
different likelihoods of absorbing the photons per unit length.
 Scattering means that the photons can bounce around inside the body before being registered. This
causes both missed true photon emissions and the registration of false coincidences. Scatter
coincidences will decrease the contrast, resolution and SNR of reconstructed images and need to be
corrected properly. Scatter correction is the most complicated correction and still a very active
research topic [9].

1.3 Magnetic resonance imaging
The use of magnetic resonance imaging (MRI) in medical diagnosis was first introduced in the 1970's. Unlike
some other imaging techniques, such as PET or X-ray computed tomography (CT), MRI cause no ionizing
radiation and has no known risks for patients without metallic implants or pacemakers as long as no
contrast agent is used.
The use of MRI requires a strong static magnetic field (B0), typically of the strength 1.5 or 3 T when in clinical
use, which will relax the net magnetic moment of the nuclear spins in the subject or sample that is being
imagined to equilibrium. A weaker magnetic field (B1) is used for a short time, this is called a radio
frequency pulse (RF-pulse). The RF-pulse will increase the precession angle of the net magnetic moment
from zero to an angle α. After the RF-pulse the magnetic moment will precess about the direction of the
static field. This changing moment can be measured by coils, resulting in data in k-space. By using the
inverse Fourier transform it is possible to reconstruct the images.
The vast majority of the signal in MR images of the human body originates from hydrogen-1 (1H) nuclei in
water and fat molecules. A property called the resonance frequency of the 1H nuclei depends on their
environment due to a phenomenon called chemical shift. Thanks to this the signal from the 1H nuclei in the
water molecules can be separated from the signal originating in the fat. This allows for fat-water imaging
(FWI), where it is possible to generate images of the location of fat respectively water in the body. So called
in phase and opposed phase images can also be collected. Somewhat simplified the in phase image is the
sum of the water and the fat images, while the opposed phase image is the difference.
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1.3.1 MRI artefacts
Image artefacts are errors in images, there are several types of artefacts that can be present in MRI.
There is a fundamental ambiguity encountered when separating the water and the fat, meaning that water
and fat can be confused [10]. This is especially common towards the edges of the images, an example can
be seen in Figure 1. In Figure 2 it can be seen that the liver has been swapped, swapping artefacts can also
be seen towards the edges of the image.

Figure 1. Water image of the upper part of the lungs of one of the subjects. It can clearly be seen that
outside the white lines the water and the fat signals have been swapped.

Figure 2. Water image of one of the subjects where both heart and liver can be seen. The liver (white area
in the left-hand side of the body) has had its water and fat signal swapped. Swap artefacts can also be seen
towards the right and left edges of the image.
Motion, such as breathing, gives rise to motion artefacts. An example can be seen in Figure 3.
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Figure 3. Opposed phase image of the lungs of a subject. The subject was clearly breathing during the image
acquisition, causing huge motion artefacts.
The signal strength towards the edges of a sub-volume can get low. An example can be seen in Figure 4.

Figure 4. Opposed phase image of the lungs of a subject. It is clear that the signal is low towards the right
and left hand sides of the image.
To speed up the acquisition of the images a technique known as parallel imaging can be used. There are two
common methods used, SENSE and GRAPPA, to do parallel imaging. For the images used in this project
SENSE was used.
The only major drawback to the SENSE reconstruction is the need for an accurate coil sensitivity map. Errors
in the coil sensitivity map will cause artefacts in the form of residual aliasing in the reconstructed full frame
of view (FOV) image. Residual aliasing appears as ghost images inside or outside the object of interest [11].
An example is shown in Figure 5.
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Figure 5. Fat image of kidneys and liver of a subject. The effect of failed SENSE reconstruction can be seen as
residual aliasing taking the form of ghost images.

1.4 Hybrid systems
Recently hybrid systems such as integrated PET/CT and PET/MRI have become available, with the first
PET/CT systems becoming available around the year 2000 and the first PET/MRI systems around the year
2010. These systems provide combined information of human morphology, function and molecular
characteristics. The integration of PET with MRI reduces the radiation dose compared with PET/CT to
acceptable levels for longitudinal metabolic studies. The benefit of using integrated systems as opposed to
using the systems separately is that the subjects will lie in the same position when the data for the different
modalities is acquired. This makes it easier to match the images of the different modalities to each other.
Because the data from the different modalities are collected at the same time no changes have taken place
in the body (such as increase or decrease in weight) which is also beneficial. Furthermore the extra
information from MRI or CT can be used for attenuation and scatter correction for the PET images.

1.5 Image registration
Image registration is the process of ﬁnding a spatial one-to-one mapping from voxels in one image to voxels
in another image, i.e. matching images. This process is important when comparing medical images taken
from the same subject at different times since the subject will not be positioned in exactly the same way
during the different scans. If the subject is not positioned in the same way then simply overlaying the
images will not be enough to find differences between the scans e.g. a tumour that has increased in size.
When two images are registered usually one of them will be deformed to match the other. The image being
deformed is called the moving image, while the other image is called the fixed image.
A metric and a transform need to be chosen for the registration. Some kind of optimizer is also needed,
such as the gradient decent or the quasi-newton method.

1.5.1 Metrics
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A registration algorithm needs some kind of metric to measure how well aligned two images are to be able
to optimize the registration, there are several such metrics available.
The sum of squared differences (SSD) is the squared difference between two images summed over every
voxel of the images. The smaller the value the better the match. For this metric to work the two images
must be of equal intensity distribution, i.e. they must be from the same modality. The modality is the type
of technique used to acquire the images, for example CT or MRI with some specific settings. The metric is
defined as
𝑆𝑆𝐷 =

1
∑ (𝐴(𝑥𝑖 ) − 𝐵(𝑥𝑖 ))2 ,
𝑛
𝑥𝑖 ∈Ω

where n is the number of voxels, Ω is the domain of the fixed image and A and B are the two images. A(xi) is
the value of the voxel xi in image A.
The normalized correlation coefficient (NCC) is a measure of how linearly related the intensities of the
corresponding voxels of the two images are. The higher correlation the better the match is. It is defined as

𝑁𝐶𝐶 = ∑
𝑥𝑖 ∈Ω

(𝐴(𝑥𝑖 ) − 𝐴̅)(𝐵(𝑥𝑖 ) − 𝐵̅)
,
𝜎𝐴 𝜎𝐵

̅ is the mean value of all voxels of A and σA is the standard deviation of the voxels of A. NCC will
where A
work when the images are of the same modality even if they are differently scaled for some reason.
The mutual information (MI) is a measure of the mutual dependence between the voxels of the two
images. It is defined as

𝑀𝐼 = ∑ 𝑝𝐴𝐵 (𝑎, 𝑏)log (
𝑎,𝑏

𝑝𝐴𝐵 (𝑎, 𝑏)
),
𝑝𝐴 (𝑎)𝑝𝐵 (𝑏)

where pA(a) is the marginal probability that A has value a and pAB(a,b) is the joint probability a voxel has the
value a in A and the value b in B. This measure only assumes a relation between the probability
distributions of the intensities of the two images and it is therefore usable even if the images are of
different modalities. The MI is assumed to be maximal when the two images are properly aligned, this is
however not necessarily true [12].
Normalized mutual information (NMI) is a measure similar to mutual information although it seem to have
better performance than MI in some cases [12]. For a discrete random variable A, the Shannon entropy H is
deﬁned as

𝐻(𝐴) = − ∑ 𝑝𝐴 (𝑎)log(𝑝𝐴 (𝑎))
𝑎

If the entropy of an image intensity distribution is computed, the entropy measures how well we are able to
predict the intensity at an arbitrary point in the image. If there is no uncertainty about the intensity, the
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entropy is zero, and the image is completely homogeneous. On the other hand, if the image consists of a
large number of intensities which all have the same probability, the entropy will be high. The Shannon
entropy for the joint distribution of two discrete variables is defined as

𝐻(𝐴, 𝐵) = − ∑ 𝑝𝐴𝐵 (𝑎, 𝑏)log(𝑝𝐴𝐵 (𝑎, 𝑏))
𝑎,𝑏

A joint histogram, which represents the distribution of the intensity couples of corresponding voxels in
images A and B, can be used to compute the Shannon entropy.
Using these definitions the NMI can be defined as

𝑁𝑀𝐼(𝐴, 𝐵) =

𝐻(𝐴) + 𝐻(𝐵)
𝐻(𝐴, 𝐵)

It can be noted that none of the above metrics take any spatial information into account.

1.5.2 Transforms
There are several possible transforms, and which one to use depends on how the fixed and the moving
images differ.
Translation simply translates the moving image. A rigid transform also allows rotation. A similarity transform
also allows isotropic scaling of the image. An affine transform also allows shearing.
The B-spline transform has a set of control points that are moved around, how the rest of the image is
deformed is determined using B-splines.
If the difference between the images is expected to only be a difference in pose a rigid transformation
should be used. A non-rigid deformation has many degrees of freedom and should only be used if it is
expected that the underlying problems contain local deformations. If needed a rigid or an affine transform
should be performed to initialise a non-rigid problem.

1.6 Objectives of this degree project
The objective of this degree project was to examine methods to automatically and objectively quantify
parameters relevant for activation of BAT in combined PET/MRI data. The purpose of this is to determine
the role of active BAT in adult humans. A secondary goal was to be able to identify where glucose uptake
changes in subjects in room temperature compared to during cold exposure and also to find where there
was a change in glucose uptake in sedentary subjects during cold when comparing scans performed before
and after a six weeks long training intervention.

2

Methods
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2.1 Subjects and images
The images studied in this master thesis come from a clinical study that is being performed at the Turku
University Hospital. The subjects of the study are classified as sedentary or athletes depending on their
maximal oxygen uptake (VO2 max), with subjects with VO2 max < 40 ml/min/kg being classified as sedentary
and subjects with VO2 max > 60 ml/min/kg being classified as athletes. To participate in the study subjects
have to be 18 – 35 years old and have a BMI of 20 – 25 kg/m2.
Images were taken of both groups using 18F-FDG-PET/MRI under room temperature and under cold
stimulation. The sedentary males then underwent an exercise training intervention during six weeks after
which images were once again were taken using 18F-FDG-PET/MRI under cold stimulation. Fat/water MRI
images were only collected during the cold stimulation scans. All the images were taken after 10 – 12 hours
overnight fast. The subjects were injected with 150 MBq of 18F-FDG and dynamic PET scans were performed
of 7 sub-volumes, with a resolution of size 4x4x4 mm3 for all sub-volumes, each covering a length of 180
mm. MR scans were performed of the same sub-volumes. The resolution was 0.9375x0.9375x1.5 mm3 or
0.9722x0.9722x1.5 mm3 depending on the sub-volume, each covering a length of 199.5 mm. For an image
showing the approximate areas of the different sub-volumes see Figure 6. Philips Ingenuity TF PET/MR was
used for all scans. The subjects lay on a bed that transported them between the PET and the MR scanners.
Therefore the images of the different modalities were not acquired at the same time, but the subject
moved as little as possible between the PET and the MR image acquisitions.

Figure 6. Approximate regions of the sub-volumes, although it can vary considerably between different
scans. For example the stomach and the groin scans may overlap.
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The study was planned to involve 16 healthy sedentary males and 16 healthy male athletes. However at the
time of writing only 6 sedentary subjects have joined the study, of which one quit before doing the scans
after the training intervention. Furthermore the FWI images of two subjects taken after the training
intervention were missing and some parametric images were missing or used a different co-ordinate system
than the FWI images and could not be used.
All the PET data is corrected for dead-time, decay, scattering and measured photon attenuation at the Turku
University Hospital. The neck scans underwent Gjedde-Patlak analysis to calculate the influx constant (Ki)
while for the scans of the other sub-volumes FUR was calculated since only a few time-frames were
available.

2.2 Image processing methods
The DICOM header tags (0028,1052) Rescale Intercept and (0028,1053) Rescale Slope were used to rescale
the parametric images. The parametric images were multiplied by the measured concentration in blood
plasma and divided by the LC of adipose tissue (1.14) and also divided by the density of BAT (0.9196 g/ml)
to get an estimate of the glucose uptake rate in BAT. The top and bottom 12 mm of the parametric subvolumes were removed from the analysis due to low SNR.

2.2.1 Segmentation of adipose tissue and quantification of the parametric data
Using PET/MRI it is possible to identify BAT as areas with high percentage of fat and high glucose uptake.
Voxels where the fat signal is greater than the water signal are counted as adipose tissue. Voxels where the
sum of the value of the fat and water signal is below a certain threshold are ignored. The threshold is
determined using Otsu's method [13]. Due to varying intensities of the voxels the threshold is determined
for every slice in the transverse plane. The parametric images are upsampled to the resolution of the MR
images using linear interpolation to be able to measure the parametric values within the adipose tissue. For
all sub-volumes the sum of the glucose uptake in adipose tissue, as well as the mean glucose uptake per 100
g of adipose tissue, is calculated without any registration performed. Since active BAT takes up more glucose
than when it is not activated these parameters are relevant for measuring BAT activation. The mean glucose
uptake is calculated in addition to the total glucose uptake since the amount of adipose tissue in the images
of the sub-volumes taken at different times can differ.

2.2.2 Registration of parametric images against FWI images
For the neck scan registration was also performed and the results shown separately. The registration was
performed using the open source software Elastix [14], [15], which is based on the Insight Segmentation
and Registration Toolkit (ITK). The software consists of a collection of algorithms that are commonly used to
solve (medical) image registration problems. A B-spline transform was used and the mean of the three last
PET time frames were registered against the fat and water MR images simultaneously with equal weights.
Since the images were using the same co-ordinate system and the subjects did not move a lot no initial rigid
transform was used. The B-spline transform was used to account for possible minor movements. NMI was
used as the metric since the images were of different modalities. When performing the registration areas
will be contracted or compressed, which will change the total glucose uptake if not taken into account. This
problem has been solved. Noise outside of the body in the MR images were removed before registration.
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Automatic registration of the other sub-volumes is troublesome due to organs being differently located in
the PET and the MR scans or due to low information content and therefore no results of this are presented.

2.2.3 Registration between different parametric images
By registering PET images of the same individual taken before and after the training intervention or images
taken during warm and cold conditions it is possible to create difference images. While these were not used
to generate any numerical results they can be useful for identifying where glucose uptake has changed. By
registering images taken during warm and during cold condition before training intervention it is possible to
see where active BAT is present before the training intervention. By registering images taken before and
after the training intervention, both under cold conditions, it is possible to see if/where BAT has been
created/activated. This registration is an easier task than the PET-MR registration since all images come
from the same modality. As all images are of the same modality NCC is used as the metric. At first an affine
transform is performed since the images uses different co-ordinate systems and an initial alignment is
needed. Then a B-spline transform is used to correct for minor differences.

3

Results

The sum of glucose uptake in as well as the mean glucose uptake in adipose tissue can be seen in Figures 7 14. In Figure 7 registration has been performed. For full data see the appendix.
Examples of the result of registration of PET images of the same individual taken at different times can be
seen in Figure 15 and Figure 16. The images show either glucose uptake during room temperature
subtracted from glucose uptake during cold stimulation before training or they are showing glucose uptake
during cold stimulation before training subtracted from glucose uptake during cold stimulation after
training. It is possible to see where glucose uptake has changed.
An example of segmented adipose tissue overlaid on the parametric image can be seen in figure 17, the
result of registration between the parametric and the MR images can also be seen.
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Figure 7. Plots showing glucose uptake in the neck region of the two subjects in which it was possible to
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perform the registration both before and after the exercise intervention. The left plot shows the total
glucose uptake per minute in all adipose tissue, while the right plot shows the glucose uptake per 100 grams
of adipose tissue per minute.
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Figure 8. Plots showing glucose uptake in the neck region of the three subjects in which both the parametric
and the MR images were available both before and after the exercise intervention. The left plot shows the
total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose uptake per 100
grams of adipose tissue per minute.

Mean value in heart

200
180
160
140
120
100
80
60
40
20
0

9

µmol • (100 g)-1 • min-1

µmol • min-1

Total value in heart
8
7
6
5
4
3
2
1
0
pre-exercise
Subject 1

Subject 2

post-exercise

pre-exercise

Subject 4

Subject 1

Subject 2

post-exercise
Subject 4

Figure 9. Plots showing glucose uptake in the heart region of the three subjects in which both the
parametric and the MR images were available both before and after the exercise intervention. The left plot
shows the total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose
uptake per 100 grams of adipose tissue per minute.
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Figure 10. Plots showing glucose uptake in the liver region of the two subjects in which both the parametric
and the MR images were available both before and after the exercise intervention. The left plot shows the
total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose uptake per 100
grams of adipose tissue per minute.
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Figure 11. Plots showing glucose uptake in the stomach region of the three subjects in which both the
parametric and the MR images were available both before and after the exercise intervention. The left plot
shows the total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose
uptake per 100 grams of adipose tissue per minute.
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Figure 12. Plots showing glucose uptake in the groin region of the two subjects in which both the
parametric and the MR images were available both before and after the exercise intervention. The left plot
shows the total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose
uptake per 100 grams of adipose tissue per minute.
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Figure 13. Plots showing glucose uptake in the thighs region of the three subjects in which both the
parametric and the MR images were available both before and after the exercise intervention. The left plot
shows the total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose
uptake per 100 grams of adipose tissue per minute.
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Figure 14. Plots showing glucose uptake in the knees region of the three subjects in which both the
parametric and the MR images were available both before and after the exercise intervention. The left plot
shows the total glucose uptake per minute in all adipose tissue, while the right plot shows the glucose
uptake per 100 grams of adipose tissue per minute.

Figure 15. Three images in the coronal plane of the neck of subject 4 showing glucose uptake rate during
room temperature subtracted from glucose uptake rate during cold stimulation, both taken before exercise
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intervention. The image taken during room temperature has been registered against the image taken during
cold stimulation. The arrows point towards possible BAT in the cervical, supraclavicular and paraspinal
regions. The colour bar to the right show what the colours represent in the unit µmol • (100 g)-1 • min-1.

Figure 16. Images of the neck in the coronal plane. Images to the left depict glucose uptake rate during cold
condition minus glucose uptake rate during warm condition, both before the exercise intervention. Images
to the right depict glucose uptake rate after the exercise intervention minus glucose uptake rate before
intervention, both during cold conditions. The top images are of subject 1, the middle images of subject 2,
and the bottom images of subject 4. The colour bar to the right show what the colours represent in the unit
µmol • (100 g)-1 • min-1.
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Figure 17. Neck images in the transverse plane of subject 2 during cold stimulation before the exercise
intervention. The upper image show percentage fat, where pure white is 100% fat and pure black is 0% fat.
The middle image shows the areas with more than 50% fat as a mask over the parametric image without
registration. The lower image show the same but with registration performed. To the right is a colour bar
showing what the colours represent in the unit µmol • (100 g)-1 • min-1.

4

Discussion and conclusion

Overlaying PET and MR data without any registration seems to be working well. Registration can be
troublesome, the problem seem to be worse where there are organs that can move, such as the liver, or in
areas with little information, such as in the groin scan. Registration changes the results somewhat, although
it is hard to determine if the result has improved or not. It should probably be avoided unless it can be
shown to improve the results.
Registration of parametric images taken at different times seem to be working better than registration
between PET and MR data. This is not surprising since registration between images of the same modality is
an easier task than registration between different modalities. These registered images could be used to
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manually identify areas with BAT or areas with increased BAT activity.

4.1 Error sources
In Figure 17 it can be seen that the parametric image has been compressed somewhat to fit into the MR
image. This is probably because the parametric image is a bit blurrier than the MR image after the noise in
the MR image has been removed so it appears to be bigger. If the noise in the MR image is not removed the
opposite problem occurs. The problem could potentially be solved by adding some artificial blur outside the
MR images before registration or preventing excessive compression and expansion of the parametric image
in the registration algorithm.
Swap artefacts near the edges of the images will likely not affect the result very much as the glucose uptake
is often low there, although it could affect the mean value in adipose tissue.
Swap artefacts in the body, such as a swapped liver can cause the total amount of BAT and the total uptake
in BAT to appear higher than it really is since there appear to be some glucose uptake in the liver in the
images. This problem can be manually corrected by swapping the fat and water signal.
Since only parts of the body have been imaged, and some parts have been imagined twice, there is a
problem that some BAT might be counted twice while some BAT might be omitted if all signal in adipose
tissue is summed.
The sub-volumes might not be exactly the same between the different subjects or before-after the training
intervention, this can make comparisons somewhat wrong.
A problem is that high values in the parametric images in some organs can leak into the adipose tissue near
the organ. This is especially a problem near the bladder since the parametric value is very high there. An
example can be seen in Figure 18. This could be avoided by manually fixing the problem or simply ignoring
the sub-volume since there seems to be no BAT located in that sub-volume anyway.
The parametric signal in BAT might also leak out into non-adipose tissue. This will result in an underestimate
of the uptake of glucose in BAT. These problems are caused by the low PET resolution and is called the
partial volume effect.
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Figure 18. Images in the transverse plane from the groin sub-volume of subject 2. An example of where the
parametric signal in the balder leaks into the surrounding adipose tissue. The upper image show percentage
fat, where pure white is 100% fat and pure black is 0% fat. The lower image shows the areas with more than
50% fat as a mask over the parametric image. To the right is a colour bar showing what the colours
represent in the unit µmol • (100 g)-1 • min-1.
The fat in bones is counted as adipose tissue, which can skew the results. This could be prevented by
excluding the bones, there are automatic methods for segmenting bones in MR-images.
Noise in the MR-images and the parametric images is of course a problem, but it is not exclusive for
automatic methods.
The main moving artefact is caused by breathing in some subjects. This hopefully does not affect the final
result a lot since the BAT is mainly located in the cervical, supraclavicular and paraspinal regions, regions
which are not very affected by the artefacts caused by breathing.
The organs might move, meaning they might not be located at the same place in the MR and the parametric
images. This can cause problems for example if the signal from the kidneys seem to come from adipose
tissue.
The artefacts caused by failed SENSE reconstruction makes some areas appear as adipose tissue though
they are not. It could be fixed manually.
The length of the sub-volumes for the parametric images is shorter than from the MR images, especially
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after the outmost parts of the parametric images have been removed. For most of the scans the parametric
images are entirely within the MR images. However in some cases it is not and then the glucose uptake in
adipose tissue risks being underestimated.
When doing the registration between the parametric images and the MR images some of the parametric
volume might be mapped outside of the MR volume even though it was inside the MR volume before the
registration, the opposite might also happen. This means that the sum of the parametric signal in the
adipose tissue before and after registration might not be comparable.

4.2 Suggestions for future work
Instead of calculating the total glucose uptake in the different sub-volumes it could be better to identify
some specific adipose deposits and measure the uptake in these. Then the comparison of different scans
would be more correct. The glucose uptake of different deposits instead of whole sub-volumes could also
be more physiologically interesting.
It is possible to automatically divide the adipose tissue into subcutaneous and visceral adipose tissue, this
could be useful to determine if any BAT is present in the subcutaneous adipose tissue.
Since the parametric and the MR images can be a little differently placed, and they have different
resolutions, some of the areas with high values in the parametric images might be placed outside of areas
of adipose tissue even though it should not have been. Potentially it could be possible to automatically
extend the area in which the parametric value is summed in an appropriate way. This could give more
accurate results.
Including some manual work such as placing landmarks to use during the registration could make the PETMR registration better. It could also improve the PET-PET registration when it encounters problems.
If some threshold can be determined in the parametric image, over which adipose tissue is considered BAT,
it would be possible to calculate the volume of BAT. This can however be difficult since BAT is mixed with
WAT to varying degrees, so if the percentage of BAT is to low it might not be counted at all.
BAT has a higher water content than WAT [6], this could possibly be taken into account.
It could be possible to speed up the image acquisition by doing T1-weigthed MR-scans instead of FWI scans.
Adipose tissue could still be identified, although the results could be less accurate.
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Table 1. Total glucose uptake in adipose tissue without registration, the unit used is µmol • min-1. Preexercise means before the training intervention during cold conditions and post- exercise means after the
training intervention during cold conditions.
Neck
Heart
Liver Stomach
Groin
Thighs
Knees
Subject 1 pre-exercise
52.036
118.82
N/A
21.768
85.403
15.007
8.4455
Subject 1 post-exercise
47.236
158.34
140.25
39.706
191.26
27.282
22.744
Subject 2 pre-exercise
59.925
72.071
89.233
27.337
75.439
22.585
13.178
Subject 2 post-exercise
56.216
76.382
81.467
24.18
61.921
26.186
12.957
Subject 3 pre-exercise
59.709
121.63
99.879
19.767
N/A
19.176
10.905
Subject 4 pre-exercise
67.733
169.74
116.29
70.078
89.979
21.547
10.924
Subject 4 post-exercise
59.756
174.42
131.31
61.424
N/A
22.929
13.406
Subject 5 pre-exercise
124.48
89.522
74.302
31.35
68.878
28.735
13.74
Subject 6 pre-exercise
54.654
N/A
N/A
N/A
N/A
N/A
N/A
Table 2. Total glucose uptake in adipose tissue with registration, the unit used is µmol • min-1. Pre-exercise
means before the training intervention during cold conditions and post-exercise means after the training
intervention during cold conditions.
Subject 1 pre-exercise
Subject 1 post-exercise
Subject 2 pre-exercise
Subject 2 post-exercise
Subject 3 pre-exercise
Subject 4 pre-exercise
Subject 4 post-exercise
Subject 5 pre-exercise
Subject 6 pre-exercise

Neck
53.168
48.600
60.018
55.248
65.084
69.095
N/A
N/A
N/A

Table 3. Mean glucose uptake rate in adipose tissue without registration, the unit used is µmol • (100 g)-1 •
min-1. Pre-exercise means before the training intervention during cold conditions and post-exercise means
after the training intervention during cold conditions.
Neck
Heart
Liver Stomach
Groin
Thighs
Knees
Subject 1 pre-exercise
2.9526
5.7806
N/A
0.81282
2.4673
1.1723 0.63207
Subject 1 post-exercise
3.78
8.446
8.308
1.4514
5.8116
2.3268
1.6605
Subject 2 pre-exercise
3.4027
3.1721
3.2069
0.76067
2.0094 0.91281 0.68364
Subject 2 post-exercise
2.8018
3.5364
3.4358
0.63941
1.5871 0.90919 0.68271
Subject 3 pre-exercise
2.8184
4.7165
3.4403
0.61959
N/A
1.165 0.68272
Subject 4 pre-exercise
3.3886
5.6952
3.8763
1.5126
2.2252
1.3148 0.79412
Subject 4 post-exercise
3.2509
6.2356
4.9267
1.451
N/A
1.2548 0.88569
Subject 5 pre-exercise
5.9986
3.6109
3.249
0.78881
1.6982
1.1104 0.85903
Subject 6 pre-exercise
3.1696
N/A
N/A
N/A
N/A
N/A
N/A
Table 4. Mean glucose uptake rate in adipose tissue with registration, the unit used is µmol • (100 g)-1 • min1
. Pre-exercise means before the training intervention during cold conditions and post-exercise means after
the training intervention during cold conditions.
Neck
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Subject 1 pre-exercise
Subject 1 post-exercise
Subject 2 pre-exercise
Subject 2 post-exercise
Subject 3 pre-exercise
Subject 4 pre-exercise
Subject 4 post-exercise
Subject 5 pre-exercise
Subject 6 pre-exercise

3.0550
3.5261
3.2080
2.5334
3.1862
3.4180
N/A
N/A
N/A

Table 5. Individual values needed to calculate estimated glucose uptake rate, pre is short for pre-exercise
and post is short for post-exercise. P-Glucose is concentration of glucose in blood plasma.
P-Glucose mmol/l
Pre-Cold Pre-Warm Post-Cold
Subject 1
5.2
5.3
5.4
Subject 2
5.5
5.1
5.6
Subject 3
5.4
5.5
4.8
Subject 4
5.3
5.2
5.3
Subject 5
5.6
5.4
5.4
Subject 6
5
5.1
N/A
Table 5. General values needed to calculate estimated glucose uptake rate.
Density: (g/ml)
BAT
0.9196
WAT 0.9136
LC:
BAT
1.14
WAT 1.14
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