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ABSTRACT 

Adipose tissue (AT) metabolism is dysregulated in obesity. Reduced brown adipose tis-
sue (BAT) glucose uptake during cold exposure is associated with obesity and insulin 
resistance, but the role of fatty acids in human BAT metabolism is unclear. Rodent BAT 
is activated by meal ingestion, in humans it is unclear if BAT is stimulated by meal. 
Increased subcutaneous adipose tissue (SAT) perfusion after a meal is reduced in obe-
sity, leading to the accumulation of ectopic fat, increasing the risk of type 2 diabetes 
(T2D). Visceral adipose tissue (VAT) accumulation is considered more detrimental to 
metabolic health compared to SAT. Discovering what changes occur in VAT metabo-
lism in obesity, and after weight loss, could help elucidate the role of VAT in metabolic 
disease.  

Using positron emission tomography (PET) BAT fatty acid uptake (FAU) and per-
fusion were investigated in lean and subjects with obesity during stimulation by cold 
exposure or meal ingestion and at basal state. The effects of meal ingestion and the gut 
hormone glucagon-like peptide (GIP-infusion on SAT and VAT perfusion were studied 
using PET in subjects with obesity prior to and after bariatric surgery, as well as in 
healthy control subjects. 

Cold stimulated BAT FAU and perfusion were blunted in subjects with obesity com-
pared to controls. In subjects with obesity BAT FAU was lower already at basal state, 
resembling SAT FAU. Meal stimulation increased BAT perfusion similarly to cold ex-
posure, showing that meal ingestion activates BAT. Meal and GIP-induced increase of 
SAT perfusion were blunted in subjects with obesity prior to bariatric surgery. Bariatric 
surgery normalizes SAT perfusion response to a meal, but not to GIP stimulation. VAT 
perfusion after a meal or GIP stimulation was similar between controls and subjects with 
obesity and was unaffected by bariatric surgery, however after surgery VAT blood flow 
response to a meal was seen already at 20 min after a meal, compared to 50 min before 
bariatric surgery. 

This thesis work shows that obesity has a blunting effect on BAT FAU during cold 
exposure and at basal level. Meal activates BAT: postprandial BAT perfusion was sim-
ilar to cold exposure perfusion. Additionally, bariatric surgery was shown to normalize 
postprandial SAT blood flow response. 

KEYWORDS: adipose tissue, cold exposure, meal stimulation, obesity, bariatric sur-
gery, perfusion, metabolism, positron emission tomography  
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TIIVISTELMÄ 

Lihavilla henkilöillä rasvakudoksen aineenvaihdunta on häiriintynyt. Vähentynyt ruskean 
rasvan (BAT) toiminta on yhdistetty ylipainoon ja insuliiniresistenssiin. Kylmäaltistus li-
sää BAT:n glukoosin sisäänottoa, mutta on epäselvää, mikä on vapaiden rasvahappojen 
rooli ihmisen BAT:n aineenvaihdunnassa. Jyrsijöillä BAT aktivoituu ruokailun jälkeen, 
mutta vielä ei ole selvää, aktivoiko ruokailu myös ihmisen BAT:a. Ruokailu lisää ihonalai-
sen rasvakudoksen (SAT) verenkiertoa. Lihavilla tämä vaikutus on heikentynyt, mikä lisää 
rasvan varastoitumista muihin kudoksiin. Tämä lisää riskiä sairastua tyypin 2 diabetek-
seen. Vatsaontelon sisäistä rasvaa (VAT) pidetään terveydelle haitallisempana kuin 
SAT:tä. VAT:n roolista aineenvaihdunnallisissa sairauksissa voidaan saada lisää tietoa tut-
kimalla lihavuuden ja lihavuusleikkauksen siihen aiheuttamia muutoksia.  

Tutkimuksen tavoitteena oli selvittää lihavuuden vaikutuksia BAT:n rasvahappoai-
heenvaihduntaan ja verenkiertoon kylmäaltistuksessa positroniemissiotomografiaa käyt-
täen. Lisäksi tavoitteena oli tutkia ruokailun BAT:ta aktivoivaa vaikutusta. Lisäksi tut-
kittiin ruokailun ja glucose-dependent insulinotropic polypeptiden (GIP) vaikutusta 
SAT:n ja VAT:n verenkiertoon lihavilla henkilöillä ennen lihavuusleikkausta ja sen jäl-
keen, sekä verrokeilla.  

Kylmäaltistus lisää BAT:n rasvahappojen sisäänottoa ja verenkiertoa normaalipai-
noisilla henkilöillä, mutta ei lihavilla. Lihavilla BAT:n rasvahappojen sisäänotto oli jo 
huoneenlämmössä matalampi kuin normaalipainoisilla henkilöillä. Ruokailu lisäsi 
BAT:n verenvirtausta samalle tasolle kuin kylmäaltistus, mikä osoittaa ruokailun akti-
voivan BAT:ta.  

SAT:n verenkierto ruokailun ja GIP-infuusion jälkeen oli ylipainoisilla matalampi 
kuin normaalipainoisilla. Lihavuusleikkaus normalisoi ylipainoisten henkilöiden SAT:n 
ruokailun jälkeisen vasteen, mutta ei vaikuttanut GIP:n aiheuttamaan aktiivisuuteen. 
VAT:n verenkierto lisääntyi ruokailun ja GIP-infuusion jälkeen samankaltaisesti nor-
maalipainoisilla ja ylipainoisilla. Lihavuusleikkauksen jälkeen ruokailun aiheuttama 
VAT:n verenkierron lisääntyminen nähtiin jo 20 min ruokailun jälkeen, kun ennen liha-
vuusleikkausta vaste oli nähtävissä vasta 50 min ruokailun jälkeen. GIP:n aiheuttamaan 
vasteeseen lihavuusleikkauksella ei ollut vaikutusta. 

Tässä tutkimuksessa osoitettiin, että BAT:n rasvahappojen sisäänotto on heikentynyt 
lihavilla kylmäaltistuksessa ja huoneenlämmössä. Ruokailu aktivoi BAT:ta, sillä ruokai-
lun jälkeinen BAT:n verenkierto oli samalla tasolla kuin kylmäaltistuksessa. Lisäksi 
osoitettiin, että lihavuusleikkaus normalisoi ruokailun aiheuttaman verenkierron lisään-
tymisen SAT:ssa. 

AVAINSANAT: rasvakudos, kylmäaltistus, ruokailu, lihavuus, lihavuusleikkaus, veren-
kierto, aineenvaihdunta, lihavuus, postitroniemissiotomografia  
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18F-FTHA 14(R,S)-  18F-fluoro-6-thia-heptadecanoic acid 
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FAU Fatty acid uptake 
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OGTT Oral glucose tolerance test 
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T3 Triiodothyronine 
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1 Introduction 

Worldwide obesity increases each year, with over 1.9 billion overweight and 650 
million adults with obesity around the world (Abelson and Kennedy, 2004; WHO, 
2019), and 1 in 4 of adults in Finland with obesity (Koponen et al., 2018). Obesity 
increases the risk for metabolic disorders, cardiovascular disease as well as other 
non-communicable diseases. Obesity is characterized by increased accumulation of 
adipose tissue (AT), and AT dysfunction. Different AT depots have been shown to 
contribute differently to obesity-related metabolic dysfunctions (Zwick et al., 2018).  

AT has a role in energy storage as well as acting as an endocrine organ. Post-
prandially AT takes up lipids and they are stored within the cell (Frayn, 2002). Dys-
function in AT metabolism and blood flow decreases this fat storage and the lipids 
are instead stored in other tissues such as muscles and the liver. Accumulation of 
lipids in other tissues (ectopic fat) leads to dysfunctions in these tissues, eventually 
causing adverse effects on insulin sensitivity, glucose homeostasis, and lipid metab-
olism.  

Bariatric surgery induces rapid weight loss and improvement of metabolic health 
(Adams et al., 2017). AT mass decreases rapidly and changes in its substrate uptake, 
as well as blood flow, are seen after bariatric surgery. It is not yet clear how these 
changes are mediated. AT blood flow is closely related to its metabolism, and blood 
flow regulation is an essential part of its function (Frayn et al., 2003). There are 
changes in incretin secretion rates seen after bariatric surgery (Nauck and Meier, 
2018). However, it is not clear how and if increased incretin secretion contributes to 
metabolic improvement after bariatric surgery. Since AT plays a vital role in post-
prandial lipid handling, any of its dysfunction is reflected in other tissues, causing 
further harm. It is vital to understand changes caused by obesity and weight loss in 
different AT depots.  

Brown adipose tissue (BAT) is a thermogenic AT type, which expends energy 
to produce heat in response to cold stimulation (Cannon and Nedergaard, 2004). The 
discovery of active BAT in adult humans increased the interest in its function and 
potential role as a therapeutic target to combat obesity, since BAT metabolism is 
reduced in humans with obesity (Orava et al., 2013), and increased BAT activity is 
related to improved insulin sensitivity (Chondronikola et al., 2014). In rodents, BAT 
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ablation leads to obesity (Himms-Hagen, 1979; Lowell et al., 1993). Most human 
studies focus on BAT glucose metabolism to assess BAT activity (Virtanen et al., 
2009), but rodent BAT utilizes free fatty acids (FFA) more than glucose in heat pro-
duction (Ma and Foster, 1986). In addition to cold exposure, meal ingestion stimu-
lates rodent BAT thermogenesis, however, the evidence of human meal-induced 
thermogenesis is sparse. Improving our understanding of human BAT metabolism 
and how this tissue is activated is important to assess its potential role as a therapeutic 
target. Increasing BAT activity could increase energy expenditure, and therefore, 
remains an interesting and potential treatment option for weight reduction or mainte-
nance as well as for improving insulin sensitivity. 

AT depots play an important role in obesity-related metabolic changes. Under-
standing which stimulators of AT activity are dysfunctional in obesity would help us 
understand changes in its function in obesity. Positron emission tomography (PET) 
enables the study of different AT depots in humans non-invasively. This thesis aimed 
to investigate the effects of obesity on the metabolism of different AT depots (BAT, 
SAT, and VAT) during stimulated states. 
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2 Review of the Literature 

2.1 Adipose tissue 

2.1.1 White adipose tissue 
The primary function of white adipose tissue (WAT) is to store energy within the 
adipocytes, as a single lipid droplet in the form of triglycerides (TG). WAT depots 
can be categorized by anatomical location; SAT, intra-abdominal or VAT, bone mar-
row adipose tissue, epicardial adipose tissue, perirenal adipose tissue, periadventitial 
adipose tissue (Ibrahim, 2010). The most prominent depots are SAT and VAT. SAT 
comprises over 80% of total WAT and VAT around 15% (Walker et al., 2014). Dif-
ferent AT depots are metabolically distinct. Changes in fat distribution, cell size, and 
dysregulation of WAT metabolism are linked to increased risk of metabolic disease 
(Guilherme et al., 2008, 2019; Morigny et al., 2021; Ouchi et al., 2011a, 2011b). 
While the release and storage of energy remains the principal function of WAT, it 
also has a role in whole-body glucose and lipid metabolism (Morigny et al., 2021). 
The excess accumulation of adipose tissue can lead to insulin resistance and reduced 
AT glucose clearance. WAT acts as an endocrine organ, secreting leptin, adiponec-
tin, and fatty acids, as well as other adipokines, to regulate metabolic homeostasis 
(Kim and Moustaid-Moussa, 2000; Singla, 2010). 

2.1.2 Brown adipose tissue 
BAT is a thermogenic tissue, and the main function of BAT is to generate heat with-
out muscle shivering. Brown adipocytes contain multiple small lipid droplets and 
more mitochondria compared to WAT. The mitochondria of brown adipocytes have 
a unique protein located on the inner membrane, uncoupling protein 1 (UCP1) (Can-
non and Nedergaard, 2004; Ricquier, 2005). UCP1 enables the thermogenic capacity 
of BAT, by uncoupling mitochondrial respiration from adenosine triphosphate 
(ATP) synthesis (Nicholls and Locke, 1984). Instead of ATP heat is produced. BAT 
is activated by exposure to cold, via the sympathetic nervous system (SNS). BAT 
plays an important role in the thermal regulation of small animals such as mice and 
rats (Cannon and Nedergaard, 2004).  
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BAT was thought to play an important role in heat production of infants since 
skeletal muscles are still undeveloped and lack the capacity to maintain body heat 
(Aherne and Hull, 1966). BAT mass in infants can be 1–5% of their body weight 
(Cannon and Nedergaard, 2004). It was thought that BAT activity diminishes during 
adolescence when hormonal changes occur (Nedergaard et al., 2010), however, there 
were reports of human BAT depots based on postmortem analysis of infants and 
adults showing BAT depots in the cervical or axillary depot, perirenal/adrenal area, 
and along major blood vessels and arteries (Enerbäck, 2010; Heaton, 1972). It was 
also suggested that BAT was more prominent in adult humans who had been exposed 
to cold while working in outdoor conditions (Hassi, 1977; Huttunen et al., 1981). 
There was no evidence that these BAT depots were metabolically active. Several 
reports of symmetrical uptake patterns in the neck area of 18F-2-fluoro-2-deoxy-D-
glucose (18F-FDG) during PET studies were published, but it was not confirmed that 
the area of activation was indeed BAT (Barrington and Maisey, 1996; Engel et al., 
1996; Hany et al., 2002; Nedergaard et al., 2007; Yeung et al., 2003). Combining 
PET imaging with anatomical reference obtained by computed tomography (CT) led 
to three simultaneous reports in 2009 which concluded that BAT was indeed meta-
bolically active in human adults (van Marken Lichtenbelt et al., 2009; Saito et al., 
2009; Virtanen et al., 2009). 

2.1.3 Beige adipose tissue 
Beige adipocytes, also referred to as brite adipocytes (”brown in white”), are the 
third type of adipocyte, which exist within WAT. Beige adipose tissue expresses 
high levels of UCP1, and it is capable of producing heat, similarly to BAT (Lidell et 
al., 2013, 2014). Beige adipose tissue is activated during prolonged cold exposure, 
to increase heat production (Cannon and Nedergaard, 2004; Waldén et al., 2012; 
Zingaretti et al., 2009). Before beige adipose tissue was characterized, it was thought 
that most murine WAT could differentiate into BAT, during prolonged exposure to 
high levels of intracellular cyclic AMP (cAMP), caused by cold exposure or by ad-
renergic stimulation (Cannon and Nedergaard, 2004). However, while they share a 
similar function, brown adipocytes originate from progenitor cells expressing myo-
genic factor 5 (Myf5) and beige adipocytes do not (Xue et al., 2007). It has also been 
shown that the UCP1-expression of brown and beige adipocytes is controlled by 
separate routes (Xue et al., 2005, 2007). 

Human BAT is thought to resemble rodent beige adipose tissue more closely, 
than rodent ‘classical’ BAT, (Lidell et al., 2013; Sharp et al., 2012; Wu et al., 2012), 
although it does share molecular signatures with both (Cypess et al., 2013; Jespersen 
et al., 2013; Lidell et al., 2013). These differences need to be considered when at-
tempting to translate results from rodents to humans. Feeding mice a high-energy 
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diet and housing them in thermoneutral conditions has been shown to reduce the 
thermogenic potential of beige adipose tissue in middle-aged mice, where only BAT 
retained its’ thermogenic potential (de Jong et al., 2019).  

2.2 Adipose tissue metabolism 
In the postprandial state, the fatty acids received from food are transported from the 
small intestine to circulation in the form of chylomicrons and very-low-density lip-
oproteins (VLDL). When TGs stored in chylomicron form and VLDL reach adipose 
tissue, they are hydrolyzed into FFAs by lipoprotein lipase (LPL), which is located 
on the capillary endothelium (Figure 1). FFAs are taken up by the cell by the action 
of a fatty acid translocase CD36, plasma membrane fatty acid binding protein 
(FABPpm), fatty acyl CoA synthetases (FATP and ACSL) or caveolin-1. A portion 
of LPL-derived FFA is not taken up by the cell and instead binds to albumin and is 
transported via circulation to other tissues. FFA taken up into the tissue can either be 
used as energy by beta-oxidation or converted back to TG and stored within the cell 
(Morigny et al., 2021). 

Both LPL and CD36 are stimulated by insulin, increasing the storage of fatty 
acids into adipose tissue after meal ingestion (Fielding and Frayn, 1998). Insulin also 
stimulates the esterification of FFAs within the tissue, via action by acyl-CoA syn-
thetase, leading to increased TG storages within the cells’ lipid droplet(s). LPL is 
essential in the clearance of TG from circulation (Kersten, 2014). The deletion of 
AT-specific LPL genes in mice leads to an inability to store exogenous FFAs as TGs 
in adipose tissue, and de novo lipogenesis was markedly increased (Weinstock et al., 
1997). 

Adipocytes also use glucose to synthesize TGs, by de novo lipogenesis (Collins 
et al., 2011). In this process, glucose is first taken up by the cell via glucose trans-
porters (GLUT1 and GLUT4). Glucose is metabolized in the cell through glycolysis 
to produce pyruvate, which is converted to acetyl-CoA and incorporated into the 
citric acid cycle (CAC) (also known as Krebs’ cycle) to produce citrate, or ATP via 
oxidation of glucose. Citrate is further processed towards acetyl-CoA and malonyl-
CoA, which are used by the fatty acid synthase (FASN) to produce palmitate, which 
is converted into TG and stored within the adipocyte.  
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Figure 1.  Principles of adipose tissue glucose and fatty acid uptake and the process of storing 
triglycerides (TG) in lipid droplets inside the adipocyte. Modified from (Lafontan and 
Langin, 2009; Morigny et al., 2021). Adenosine triphosphate (ATP); coenzyme A (CoA); 
citric acid cycle (CAC); lipoprotein lipase (LPL); fatty acid (FA); glucose transporter 1 
(GLUT1); glucose transporter type 4 (GLUT4). 

Energy stored as TG within adipocytes can be broken down to glycerol and 
FFAs, by a process called lipolysis (Zechner et al., 2012). Lipolysis is most active 
when there is a need for energy, for example during exercise and fasting conditions. 
During the postprandial state, lipolysis is inhibited by insulin. 

The blood flow of AT is closely related to its’ metabolism (Frayn and Karpe, 
2014; Samra et al., 1996). AT metabolism is quickly changed from fat release to fat 
storage after meal ingestion (Coppack et al., 1992; Summers et al., 1996), and the 
reverse is true after stimulation in response to exercise (Heinonen et al., 2012). Since 
TGs and FFAs are not water-soluble, and cannot freely diffuse between cells, the 
blood flow of AT plays an important role in the mobilization and storage of fat. 
While the increased need for fat storage plays a role in increased postprandial AT 
perfusion, it is likely not the only contributing factor. Postprandial AT perfusion is 
increased even after ingestion of a meal composed entirely of glucose, but not after 
intravenous infusion of glucose and insulin mimicking the achieved plasma glucose 
and insulin levels in oral glucose administration (Karpe et al., 2002a). An increase 
in AT blood flow after a meal is seen after 30-60 minutes, but the peak of circulating 
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chylomicrons occurs after around 3 hours (Frayn and Karpe, 2014). It is possible that 
increased blood flow is required for signaling as well as substrate mobilization in 
AT. 

2.2.1 AT metabolism during glucose-dependent insulino-
tropic peptide stimulation 

GIP is a hormone secreted by K cells located in the proximal small intestine, and this 
hormone is released in response to the ingestion of a meal containing either glucose 
or fat (Falko et al., 1975). GIP increases insulin release after meal ingestion. GIP 
receptors (GIPR) are expressed in the pancreas, AT, gut, bone, and trachea (Thon-
dam et al., 2020; Yip et al., 1998) However, the increase of insulin secretion caused 
by GIP only occurs in the presence of glucose (Kim and Egan, 2008). GIP secretion 
after meal ingestion is not impaired in subjects with T2D (Calanna et al., 2013), but 
the effects of GIP seem blunted (Nauck et al., 1993). 

GIP increases SAT blood flow, in the presence of insulin (Asmar et al., 2010, 
2016a). This response is blunted in obesity (Asmar et al., 2014), and partially nor-
malized after conventional weight loss (Asmar et al., 2016b; Nauck and Meier, 
2018). In mice, GIP has a role in increased fat accumulation when insulin effects are 
blunted (Zhou et al., 2005).  

GIP increases FFA esterification and the storage of TAG into AT (Thondam et 
al., 2020). In vitro and in rodents GIP has been shown to increase LPL activity and 
expression, increasing TG clearance (Eckel et al., 1979; Knapper et al., 1995). How-
ever, there is no human evidence of increased LPL activity by GIP (Thondam et al., 
2017). 

2.2.2 BAT metabolism during cold exposure 
When exposed to cold, most mammals rely on skeletal muscles and BAT to gen-
erate heat. BAT thermogenesis is regulated by the central nervous system (CNS) 
and more specifically in the preoptic area of the hypothalamus (Morrison and 
Nakamura, 2019; Morrison et al., 2012). Cold temperature is detected by thermore-
ceptors located on the skin and various areas of the body core, sending afferent 
signals to the hypothalamus, where they are processed together with signals from 
thermosensitive neurons in the brain (Morrison and Nakamura, 2019; Morrison et 
al., 2012; Nakamura and Morrison, 2007). This causes efferent neural signals to 
increase BAT sympathetic nerve activity, increasing heat production. Noradrena-
line is released by the SNS, binding to adrenergic receptors on the surface of brown 
adipocytes (Figure 2). Rodent BAT expresses alpha-1, alpha-2, beta-1, beta-2, and 
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beta-3 adrenoceptors (Cannon and Nedergaard, 2004). The beta-3 adrenergic re-
ceptors have been regarded as the essential receptors regulating BAT thermogen-
esis. While BAT is producing heat plasma noradrenaline levels are elevated. Ad-
ministration of noradrenaline or adrenaline increases BAT metabolism similarly to 
cold exposure. Adrenergic stimulation caused by cold exposure has both acute and 
chronic effects. In mice, adrenergic stimulation causes the release of adenosine in 
BAT, which increases beige adipocyte recruitment and energy expenditure via 
adenosine receptor A2A (A2AR) activation (Gnad et al., 2014). In humans, the ad-
ministration of adenosine increased BAT perfusion and additionally cold exposure 
decreased the density of A2AR in BAT (Lahesmaa et al., 2018a). This shows that 
adenosine has a prominent role in increasing human BAT oxidative metabolism 
and that in humans, cold exposure increases the production of adenosine in BAT. 
Murine brown adipocytes themselves do not possess beta-2 adrenoceptors (Bengts-
son et al., 2000), but they are present in the tissue (Revelli et al., 1992; Rothwell 
et al., 1985), possibly predominantly located in the vasculature (Cannon and 
Nedergaard, 2004). Recently it was shown that human BAT thermogenesis is not 
activated by mirabegron, a beta-3-adrenoceptor agonist, indicating that beta-2 
might have a more prominent role in human BAT compared to rodents (Blondin et 
al., 2020). Cold stimulation causes the activation of adenylyl cyclase (AC), which 
is responsible for converting ATP into 3’-5’-cyclic adenosine monophosphate 
(cAMP). cAMP activates protein kinase A (PKA), leading to conformation 
changes in the lipid droplet coating protein perilipin. This allows hormone-sensi-
tive lipase (HSL), which is also activated by PKA, to hydrolyze the TGs stored in 
the lipid droplets, releasing FFAs. These released FFAs activate UCP1.  

The ability of BAT to produce heat is enabled by UCP1, a protein located on 
the inner membrane of the mitochondria (Figure 2) (Cannon and Nedergaard, 
2004). During heat production, UCP1 enables protons to move against the electro-
chemical gradient, and instead of ATP heat is produced (Cannon and Nedergaard, 
2004; Ravussin and Galgani, 2011). UCP1 activity is regulated in several different 
ways; peroxisome proliferator responsive element (PPRE), thyroid hormone re-
sponsive element (TRE), and retinoic acid responsive element (RARE) are all 
thought to be regulators of UCP1 transcription (Yao et al., 2011). UCP1 activity is 
also regulated by reactive oxygen species (ROS) (Mills et al., 2018). ROS produc-
tion in respiratory complex I is stimulated by succinate (Murphy and O’Neill, 
2018). 

The thyroid hormone signaling chain, which is regulated by deiodination, has 
a role in BAT adrenergic signaling (Bianco and McAninch, 2013). Thyroxin (T4), 
produced by the thyroid gland, is converted to its’ active form triiodothyronine 
(T3) by deiodinase 2 (Dio2). Stimulation of beta-3 adrenergic receptors increases 
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Dio2 expression in BAT. T3 upregulates UCP1 expression, increasing the thermo-
genic potential of BAT (Lee et al., 2012). T3 -/- mice have a reduced ability to 
maintain their body temperature and they are not able to reduce the amount of 
excess energy received from food (Cannon and Nedergaard, 2004; Nedergaard and 
Cannon, 2010). 

BAT relies on glucose, fatty acids, and intracellular TGs for its’ primary energy 
sources in heat production. In rodents, BAT relies on fatty acids up to 90% over 
glucose to generate heat (Ma and Foster, 1986). Their primary source of fatty acids 
for oxidation in BAT is thought to be the intracellular lipid pool (Ma and Foster, 
1986), but it is unclear if BAT substrate utilization is similar in humans and rodents. 
In mice when a BAT-specific gene involved in lipolysis was knocked out BAT func-
tion remained even at a fasting state (Shin et al., 2017). When lipolysis was defective 
in both BAT and WAT the mice were sensitive to cold during fasting state, but not 
when food was available. It is possible that in rodents BAT can function even without 
lipolysis of internal TG stores. 
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Figure 2.  Figure showing the principles of BAT activation during cold exposure and heat produc-

tion by respiratory uncoupling by uncoupling protein 1 (UCP1), located in the inner mem-
brane of mitochondria. Modified from (Morigny et al., 2021; Murphy and O’Neill, 2018). 
Coenzyme A (CoA); citric acid cycle (CAC); flavin adenine dinucleotide hydroquinone 
form (FADH2); flavin adenine dinucleotide (FAD); nicotinamide adenine dinucleotide 
(NADH); oxidized nicotinamide adenine dinucleotide (NAD+); reactive oxygen species 
(ROS); lipoprotein lipase (LPL); fatty acid (FA); glucose transporter type 4 (GLUT4). 

2.2.2.1 Cold exposure studies in humans 

Cold exposure is commonly used as a stimulus in studies investigating BAT. Cold 
exposure methods can be roughly divided into acute and chronic cold exposure. 
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Chronic cold exposure is characterized as being prolonged and/or occurring recur-
rently (Blondin et al., 2014; Labbé et al., 2015) and causing cold acclimation (Cas-
tellani and Young, 2016). Acute cold exposure is often shorter in duration but can 
also be more severe.  Acute cold exposure methods vary between studies in terms of 
used clothing, type of exposure (air, water, ice-packs, temperature-adjustable blan-
kets or suits), an area which is exposed (whole body or local cooling) (van Marken 
Lichtenbelt et al., 2009; Nedergaard et al., 2007; Orava et al., 2013; U Din et al., 
2016; Virtanen et al., 2009).  

Previous reports have shown symmetrical 18F-FDG uptake patterns in the neck 
and supraclavicular area (Cohade et al., 2003; Nedergaard et al., 2007; Yeung et al., 
2003). While it was suggested that BAT could be responsible for this phenomenon, 
the site of this increased radiotracer uptake was not confirmed to be BAT. Instead, 
the first confirmed reports of BAT activity in the supraclavicular area in adults were 
published in 2009 (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen 
et al., 2009). Cold exposure increased BAT GU by 15-fold in lean healthy subjects 
and its existence was confirmed by analysis of samples of the supraclavicular fat 
depot, which expressed several BAT mRNA markers (Virtanen et al., 2009). 

In humans, BAT GU rate is increased by acute cold exposure (Orava et al., 2011, 
2013; Ouellet et al., 2012; Virtanen et al., 2009). BAT GU is related to its blood flow 
during cold exposure (Orava et al., 2011). Insulin stimulation also increases BAT 
GU but does not affect its perfusion (Orava et al., 2011). This would indicate that 
stimulation by cold and insulin are regulated differently. BAT GU measured during 
acute cold exposure did not increase from baseline after subjects underwent a 4-week 
cold acclimation protocol (Blondin et al., 2014). 

Cold exposure induces upregulation of genes involved in lipid metabolism in 
human BAT (Chondronikola et al., 2016). In lean subjects BAT FAU measured by 
18F-FTHA PET is higher compared to some skeletal muscles and SAT during cold 
exposure (Ouellet et al., 2012). The same study shows that oxidative metabolism, 
measured by increased uptake of 11C-acetate, increases during cold exposure. An 
earlier study has shown that BAT oxidative metabolism is related to FAU during 
cold exposure (U Din et al., 2016). As mentioned above, while cold acclimation over 
4 weeks did not increase BAT GU, it augmented the oxidative capacity of BAT  
(Blondin et al., 2014). Suppression of lipolysis of intracellular TG stores using nic-
otinic acid reduces BAT oxidative metabolism in human BAT, showing that intra-
cellular lipids are an integral part of BAT metabolism (Blondin et al., 2017). It should 
be mentioned that nicotinic acid reduces lipolysis in all adipocytes, both brown and 
white, by inhibiting adenylate cyclase activity (Lule et al., 2016). 

The prevalence of BAT in humans is not well known because of difficulties in 
BAT detection, as well as varying methods of employing cold exposure and consid-
erable inter-individual variation in the activation of BAT. A previous study showed 
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that subjects demonstrating no supraclavicular BAT activation in 18F-FDG PET 
scans still showed expression of BAT-specific genes (Lee et al., 2011). The expres-
sion levels were lower compared to subjects with detectable BAT activity in 18F-
FDG PET scans. While there are no exact thresholds that define the presence of BAT, 
there have been efforts to produce guidelines for studying it in humans, to allow 
easier comparisons of results and standardizing methods (Chen et al., 2016). Muscle 
shivering thermogenesis has been reported to reduce human BAT energy metabolism 
(Ouellet et al., 2012), which might also affect BAT detection. In rodents, BAT plays 
an important part in energy homeostasis and thermoregulation (Cannon and 
Nedergaard, 2004). However, compared to rodents the amount of BAT humans pos-
sess is significantly smaller (Carpentier et al., 2018). Related to this, while there is 
evidence that BAT contributes to increased energy expenditure and thermoregula-
tion in humans, the contribution is relatively smaller compared to rodents, and skel-
etal muscles play a larger role in humans (Acosta et al., 2018; Brychta and Chen, 
2017; van Marken Lichtenbelt, 2021; Ouellet et al., 2012). 

2.2.3 BAT metabolism in postprandial state 
In rodents, meal ingestion increases BAT respiratory rate (Glick et al., 1981, 1983, 
1984, 1985). In addition, BAT UCP1 activation increases after a meal in rodents 
(Essen et al., 2017; Lupien et al., 1985), as well as BAT glucose metabolism and FA 
synthesis (Saito et al., 1989). It has been proposed that postprandial activation of 
BAT is mediated through the SNS (van Baak, 2008). Eating increases plasma glu-
cose and insulin concentrations, which are sensed by the hypothalamus. Administra-
tion of insulin has been shown to increase BAT glucose uptake in lean subjects, 
however, there was no increase in perfusion (Orava et al., 2011). There is evidence 
of other pathways, which play a role in postprandial thermogenesis: administration 
of propranolol, a non-selective beta-adrenergic receptor agonist, did not influence 
postprandial thermogenesis in human males (Thörne and Wahren, 1989). Bile acids 
(BA) activate BAT G protein-coupled receptor TGR5, which results in increased 
cAMP levels, which in turn activates type 2 iodothyronine deiodinase (Dio2). As 
previously described Dio2 converts T4 to T3, enabling T3 to increase UCP1 expres-
sion in BAT, thus increasing thermogenic potential. BAs also act as ligands for the 
nuclear farnesoid X receptor (FXR), which when activated decreases the expression 
of cholesterol 7α-hydroxylase, which is the rate-limiting enzyme involved in BA 
synthesis, allowing for increased BA synthesis to occur (Kawamata et al., 2003; 
Parks et al., 1999). FXR agonist fexaramine increases the browning of white adipose 
tissue and thermogenesis in mice (Fang et al., 2015). Oral administration of BA che-
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nodeoxycholic acid (CDCA) increased the energy expenditure of healthy human fe-
males and CDCA was shown to increase TGR5 signaling in vitro in human-derived 
brown adipocytes (Broeders et al., 2015). 

2.2.3.1 Postprandial BAT studies in humans 

Meal-induced thermogenesis in humans has not been widely studied and the role of 
meal-induced thermogenesis may have in regulating energy homeostasis is not clear 
(Kozak, 2010; Peterson et al., 2017). In a retrospective study, it was shown that pa-
tients who were instructed to eat a high-fat, very-low-carbohydrate, protein-permit-
ted diet on the night prior to an 18F-FDG PET-scan showed less BAT activity com-
pared to patients who underwent the scans in a fasting state (Williams and Kolodny, 
2008). A previous study also demonstrated that meal ingestion compared with fast-
ing before cold exposure decreased BAT 18F-FDG standardized uptake value (SUV) 
(Vrieze et al., 2012). Furthermore, in lean subjects a carbohydrate-rich, high-calorie 
meal increased BAT GU compared to fasting, however cold exposure still increased 
BAT GU more than meal ingestion (Vosselman et al., 2013). Cold acclimation over 
4 weeks did not increase dietary FAU or GU in BAT, however, its oxidative metab-
olism did increase (Blondin et al., 2017). 

2.3 Effects of obesity on adipose tissue 

2.3.1 WAT in obesity 
Obesity is characterized by an excess of adipose tissue. Accumulation of VAT has 
been more strongly associated with obesity-related complications than SAT, such as 
type 2 diabetes (Cinti, 2005; Després and Lemieux, 2006; Fox et al., 2007; Gallagher 
et al., 2009; Ibrahim, 2010). Excess AT can lead to dysfunction of adipocytes, which 
contributes to metabolic disorders such as decreased insulin sensitivity, and an in-
crease of circulatory lipids and glucose. The spillover resulting from reduced fatty 
acid storage of AT postprandially can lead to the accumulation of TGs in other tis-
sues such as muscles and the liver (Frayn, 2002). Another contributing factor is that 
insulin-stimulated inhibition of FFA release from AT is reduced in obesity (Coppack 
et al., 1992). Excessive accumulation of this ectopic fat leads to insulin resistance 
(Hocking et al., 2013; Trouwborst et al., 2018). 

AT secretes the hormone adiponectin, which is involved in stimulating fatty acid 
oxidation in skeletal muscle and inhibition of endogenous glucose production in the 
liver (Fang and Judd, 2018). Even though adiponectin is secreted by AT, obesity and 
T2D have been associated with decreased adiponectin levels in plasma (Arita et al., 
1999). Additionally, decreased levels of adiponectin, caused by a polymorphism in 
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adiponectin encoding gene, are associated with an increased prevalence of diabetes 
(Kara et al., 2002; Stumvoll et al., 2002). Adiponectin is known to increase the he-
patic insulin action, suppressing glucose production in the liver, and decreasing the 
flux of fatty acids into the liver, increasing insulin sensitivity (Berg et al., 2001; 
Yamauchi et al., 2003). Adiponectin also prevents ectopic lipid accumulation, the 
storage of lipids in the liver and muscles, by increasing lipid storage into adipocytes 
(Fu et al., 2005). The mechanism of insulin sensitivity action caused by adiponectin 
is thought to be the enhancement of AMPK activation (Wu et al., 2003; Yamauchi 
et al., 2002). Adiponectin also has anti-inflammatory effects, which may have a pos-
itive effect on insulin sensitivity (Holland et al., 2011; Ohashi et al., 2010; Turer and 
Scherer, 2012). 

Leptin is released from adipose tissue into circulation. Leptin acts as a circulating 
factor, controlling for whole-body metabolism through hypothalamic regulation and 
as a paracrine factor activating adipose afferent fibers, which signal to CNS (Fried-
man and Halaas, 1998; Montez et al., 2005). Leptin controls the satiety signal: acti-
vation of leptin receptors in the hypothalamus suppresses food intake and increases 
energy expenditure (Tilg and Moschen, 2006; Valassi et al., 2008). In Vitro, leptin 
decreases lipogenesis, increases TG hydrolysis, and increases FA oxidation (William 
et al., 2002). Leptin increases the sympathetic signaling to WAT (Geerling et al., 
2014) and BAT (Rezai-Zadeh and Münzberg, 2013), increasing lipolysis. Afferent 
fibers, which innervate WAT, express leptin receptors, and they are activated if lep-
tin is injected into adipose tissue (Guilherme et al., 2019). 

During expansion AT expresses vascular endothelial growth factor A (VEGF), 
which promotes vascularization. In obesity, AT is often hypoxic due to insufficient 
vascularization, which promotes fibrosis and inflammation (Sun et al., 2011). Vas-
cularization and innervation of adipose tissue are closely connected (Carmeliet and 
Tessier-Lavigne, 2005; Slavin and Ballard, 1978) VEGF knockout mice have re-
duced vasculature, and increased hypoxia, increased inflammation, accelerated de-
velopment of metabolic disease. Induced VEGF-expression in these knockout mice 
reverses the effects (Sung et al., 2013). VEGF increases adipose tissue innervation 
and increases nerve density and it has been shown that VEGF-A has a role in the 
control of adipose tissue function and in improving systematic energy metabolism 
and glucose homeostasis via increased adipose tissue vascularization (Park et al., 
2017; Sun et al., 2012; Sung et al., 2013). 

2.3.2 BAT in obesity 
The role of BAT in human metabolism and maintenance of energy homeostasis is 
still unclear. Increased BAT activity measured by substrate uptake, blood flow, or 
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oxygen consumption has been linked to a more favorable metabolic profile in hu-
mans (Blondin et al., 2015; Hanssen et al., 2015; Lee et al., 2014; Orava et al., 2011, 
2013; Saito et al., 2009). It is not clear whether decreased BAT activity is the result 
of obesity or one of the contributing factors of obesity. 

In rodents, it has been shown that reduced BAT activity leads to obesity, and 
unfavorable glucose and lipid profiles (Bartelt et al., 2011; Berbée et al., 2015; Can-
non and Nedergaard, 2004; Himms-Hagen, 1979). On the other hand, increasing 
BAT activation in rodents can lead to prevention or remission of metabolic disease 
or obesity (Ghorbani et al., 1997; Harms and Seale, 2013). Transplantation of func-
tional BAT to Ob/Ob mice increased their energy expenditure and improved glucose 
homeostasis (Liu et al., 2015). 

Increased BAT activation is an interesting and potential target for therapeutics 
to reduce obesity and increase insulin sensitivity. Earlier studies of potential BAT 
activators via beta3-adrenoceptor agonists proved difficult despite promising results 
in mice (Arch, 2002, 2008). Different routes of activation and recruitment of BAT 
may prove more favorable targets if tissue specificity of beta3-adrenoceptor activa-
tion cannot be solved. 

2.3.3 Effects of bariatric surgery on WAT and BAT 
Bariatric surgery is an effective way to achieve a relatively fast and sustained weight 
loss.  Compared to conventional weight loss by calorie restriction, more rapid and 
greater weight loss and higher rates of remission are seen in subjects undergoing 
bariatric surgery (Gloy et al., 2013). Weight loss after bariatric surgery is also related 
to better glucose homeostasis, insulin sensitivity, and a healthier circulatory lipid 
profile (Buchwald et al., 2009). Bariatric surgery has been shown to prevent type 2 
diabetes, and to increase remission from type 2 diabetes, with reported rates of 86.6% 
of cases showing improvement or remission of diabetes (Adams et al., 2012, 2017; 
Buchwald et al., 2009; Sjöström et al., 2004).  

After bariatric surgery the volume of SAT is reduced more in comparison to 
VAT, but a larger portion of VAT is reduced, and the reductions are associated  
(Bazzocchi et al., 2015; Guiducci et al., 2007; Merlotti et al., 2017; Toro-Ramos et 
al., 2015). However, there is still a gap in our understanding of how the tissue-spe-
cific metabolism of SAT and VAT is affected by the weight loss due to bariatric 
surgery, particularly under stimulated conditions. Different adipose tissue depots 
have distinct responses to hormonal stimulation, and it has been shown that they can 
react differently to weight loss (Asmar et al., 2014; Frayn and Karpe, 2014). 

BAT function is not completely lost in subjects with obesity (Hanssen et al., 
2016; Mihalopoulos et al., 2020; Vijgen et al., 2011), and weight loss may even in-
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crease its metabolism. After bariatric surgery BAT fatty acid uptake increases in ba-
sal conditions among morbidly obese women, measured by 18F-FTHA PET/CT 
(Dadson et al., 2018). In another study, BAT activity, measured by semi-quantitative 
SUV of 18F-FDG during cold exposure, increased in morbidly obese subjects after 
bariatric surgery (Vijgen et al., 2012). 

2.4 In-vivo investigation methods of adipose tissue 

2.4.1 Metabolism and substrate utilization 

Positron emission tomography 

PET imaging can be used to quantify tissue-specific metabolism in vivo (Krishna-
moorthy et al., 2017). PET-imaging utilizes biologically active substances, like glu-
cose, which are labeled with a radioactive component (18F, 15O for example). Other 
substances, such as water or oxygen can also be labeled, to measure tissue blood 
flow or oxygen consumption. After administration, the radioactive components 
begin to decay, and positrons are released. The positron interacts with an electron 
leading to annihilation, causing two gamma photons to travel in opposite directions. 
These photons are then detected by the PET scanners, and these detection events are 
used to construct 3D images, where each voxel has a radioactivity/time value at-
tached to it. PET data can be used in conjunction with CT or MRI images, which 
provide anatomical reference, and the exact site of activity seen in PET images can 
be pinpointed. 

Data from PET images can be used to calculate tissue-specific uptake rates of 
substances that the tracer is mimicking. The most used radiotracer is 18F-FDG, a 
glucose analog, used for quantification of glucose uptake rate. Other radiotracers 
include 11C-acetate, which is used to assess oxidative metabolism, and 18F-FTHA, a 
palmitate analog, is used for tissue-specific fatty acid uptake quantification. Quanti-
fication of tissue-specific uptake rates requires the use of dynamic scanning, where 
the PET scan is performed at timed intervals. Arterial sampling is required if an im-
age-derived arterial input function cannot be created. Image-derived input function 
requires the arch of the aorta, abdominal aorta, or iliac arteries to be visible in the 
PET image. Arterial sampling is also required if the tracer used is metabolized, to 
measure the amount of metabolized and un-metabolized tracer in the blood. 

18F-FTHA is a palmitate analog, which is taken up by the cell using the same 
mechanism as FFAs. 18F-FTHA contains a sulfur bridge, which causes the molecule 
to become trapped inside the cell after it has gone through the initial steps of β-
oxidation (figure 3) (DeGrado et al., 1991, 2000; Guiducci et al., 2007). This allows 
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us to quantify tissue-specific fatty acid uptake rate using multiple time graphical 
analysis, also called Gjedde-Patlak-plot. In this method the amount of tracer accu-
mulating in tissue over time is compared to the amount of tracer activity in plasma 
over time, producing net influx rate of tracer (Ki). Tissue-specific FAU can be cal-
culated by multiplying the net influx rate of 18F-FTHA with plasma FFA concentra-
tion. 

 
Figure 3. 18F-FTHA is taken up by the cell, after which it undergoes partial beta-oxidation, which is 

stopped due to the sulfur bridge (represented as the yellow dot on the carbon chain), 
trapping the tracer in the cell. Gamma radiation from the annihilation event is detected 
by the PET scanner. Modified from (Guiducci et al., 2007; Krishnamoorthy et al., 2017). 

Inert substances such as water or oxygen can also be used as radiotracers. Tissue 
perfusion rates can be calculated by using radiolabeled water (15O-H2O) commonly 
referred to as radiowater. Radiowater is inert and freely diffusible and the method to 
calculate tissue perfusion is based on the principle of exchange of inert gas between 
blood and tissues and the Fick’s principle (Kety, 1985; Kety and Schmidt, 1945; 
Oikonen, 2014). Inhalable radiotracers are also available, such as 15O2, which can be 
used to measure BAT oxygen consumption (Muzik et al., 2012; U Din et al., 2016). 

PET imaging can also be used to study receptor occupancy. For example, canna-
binoid receptor type 1 (CB1R) can be used to locate BAT in rodents (Eriksson et al., 
2015), and in lean humans, CB1R is upregulated during acute cold exposure 
(Lahesmaa et al., 2018b). 

Static image acquisition is used to provide a standardized uptake value (SUV). 
SUV is a semi-quantitative method; it shows the relation between activity in tissue 
compared to the amount of tracer injected in relation to the bodyweight of the sub-
ject. This technique is more commonly used than dynamic imaging, and it is useful 
in detecting tumors and cumulative tracer uptake, however, it does not allow for 
quantification of tracer influx rate. 

PET imaging is not available everywhere, and it is an expensive method. Radio-
tracers are short living, rendering it difficult to transport them over long distances. 
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Optimally, radiotracer production should be in the vicinity of the research facilities. 
Subjects taking part in PET studies are exposed to radiation, which limits the number 
of scans per subject. The resolution of PET images is limited, partially due to the 
movement of positrons before annihilation occurs and limits caused by detector size, 
as well as several other factors that affect spatial resolution (Moses, 2011). This limit 
of resolution prevents the study of small BAT depots. The limited field of view of 
PET scanners restricts the area which can be studied simultaneously. 

2.4.2 Physiological reference and tissue composition 

X-ray computed tomography 

X-ray computed tomography (CT) utilizes ionizing radiation coupled with an elec-
tronic detector array to produce cross-sectional images of the body. The images pro-
duced are based on tissue densities and they can be expressed in the Hounsfield unit 
scale (HU). HU describes the radiodensity based on comparative density to water, 
which is considered 0 HU. CT can be used to measure Hounsfield units of the BAT 
region, and the triglyceride contents of the measured area can be estimated (Blondin 
et al., 2017; Hanssen et al., 2015, 2016; Ouellet et al., 2012; U Din et al., 2017). 

Magnetic resonance imaging 

In addition to providing anatomical reference when used in conjunction with PET-
imaging, MRI can be used for BAT fat fraction measurements and T2* relaxation 
times. Proton magnetic resonance spectroscopy (1H MRS) has been used to measure 
BAT temperature and triglyceride content (Holstila et al., 2017; Koskensalo et al., 
2017). 

2.4.3 Other perfusion quantification methods 

133Xe washout 
133 Xenon (133Xe) washout technique has been used to quantify adipose tissue blood 
flow since 1966, and it has been thought of as the gold standard (Goossens and 
Karpe, 2008; Larsen et al., 1966; Melvin and McQuaid, 2018). 133Xe is a lipophilic, 
gamma-emitting molecule that is injected in gaseous form into adipose tissue. When 
injected, it can be measured how much of 133Xe is in water phase and fat phase of 
adipose tissue. Fat content can be considered constant and changes in the water phase 
are modulated by blood flow. Radioactivity can be detected with a skin-mounted 
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detector or by a gamma camera. This method is relatively cheap, and the resulting 
quantified absolute flow is reproducible. 

Laser Doppler technique 

Laser doppler (LD) ultrasound is a non-invasive method, which can be used to meas-
ure AT blood flow. LD monitors the movement of red blood cells in a large blood 
vessel, within the tissue. The blood vessels used in the analysis must be large enough 
to enable accurate measures of their volume, so this technique is not feasible with 
smaller blood vessels, such as the arteries/arterioles in adipose tissue. In the future, 
skin-mounted probes may be developed, which would allow LD to measure tissue 
blood flow in deeper tissues. 
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3 Aims 

The general aim of this thesis was to investigate AT metabolism, focusing on BAT, 
SAT, and VAT metabolism under different stimulated conditions, and to investigate 
the effects of obesity on these AT depots. The specific aims of studies in this thesis 
were: 
 

• To investigate how BAT FAU and perfusion are stimulated by cold expo-
sure, and to learn if it is blunted in subjects with obesity. (I) 

 

• To evaluate if meal ingestion stimulates BAT FAU and perfusion, how meal 
stimulation compares to stimulation by cold exposure, and if obesity has a 
blunting effect. (II) 

 
• To investigate SAT and VAT perfusion under stimulated conditions, either 

after a mixed meal or during GIP-infusion, and explore differences in re-
sponses to stimulation between control and subjects with obesity. (III) 

 

• To assess how bariatric surgery affects the responses of SAT and VAT per-
fusion to stimulation by meal ingestion or GIP infusion. (III) 
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4 Materials and Methods 

4.1 Study subjects 
For studies I and II healthy lean and obese subjects were recruited, both male and 
female, between ages 20–50 years. The general characteristics of study participants 
are provided in table 1.  

Study III included 10 subjects with morbid obesity with T2D, who were sched-
uled for bariatric surgery (gastric bypass n=5, vertical sleeve gastrectomy n=5), and 
10 healthy control subjects between ages of 18–60 years. The study was registered 
to the clinical trials database (clinicaltrials.gov), identifier number NCT01880827. 
The general characteristics of participants in study III are in table 1. 

Exclusion criteria included smoking, use of medication potentially influencing 
study variables (a washout period of 24 hours for antihypertensives, 72 hours for 
anti-diabetic drugs except for long-acting GLP-1 receptor agonists 10 weeks), im-
paired glucose tolerance or lipid profile in subjects participating in study I and II as 
well as control subjects in study III, history of cardiovascular disease, food re-
strictions affecting the meal protocol, participation in other studies which involve 
radiation exposure, and pregnancy or lactation. 

Table 1.  General characteristics of study participants in studies I–III. Data presented as mean (SD). 

Study Group Age 
(years) 

Gender 
(F/M) 

BMI 
(kg/m2) 

Plasma glucose 
(mmol/l) 

Plasma insulin 
(mU/l) 

I-II Control 36.60 
(10.50) 18F / 11M 25.09 

(2.47) 5.42 (0.47) 7.17 (3.11) 

I-II Obese 42.40 
(8.68) 6F / 4M 33.56 

(3.36) 5.71 (0.65) 12.83 (6.54) 

III Control 46 (9.41) 8F / 2M 23.10 
(2.41) 5.1 (0.37) 4.5 (2.1) 

III T2D Before 
Surgery 

51.7 
(7.01) 8F / 2M 40.8 

(5.92) 6.53 (1.09) 19.4 (9.35) 

III T2D After Sur-
gery 

52.3 
(6.73) 8F / 2M 35.15 

(6.26) 5.65 (0.72) 12.2 (7.13) 
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4.2 Study outlines 

4.2.1 Studies I–II 
To quantify BAT fatty acid uptake rate and perfusion during cold exposure and at 
room temperature, each subject underwent two PET/CT imaging sessions. The study 
outline is depicted in figure 4. One of the imaging sessions was conducted during 
acute cold exposure protocol, by using cooling blankets. The temperature of the cool-
ing blankets was adjustable and could be increased to avoid shivering. The temper-
ature of the blankets was increased if study subjects reported shivering to the inves-
tigators, or if shivering was observed by the investigators. After a two-hour cold 
exposure period, at the start of the scan, the average temperature of the water inside 
the blanket was 15.0 ± 2.0°C for lean subjects and 10.0 ± 4.8°C for subjects with 
obesity. Room temperature scans were conducted as a negative control, to assess the 
baseline BAT activity. They did not involve any cooling protocol and were con-
ducted at approximately 22°C. Cold exposure and room temperature scans were con-
ducted in a random order, and there was at least a 7-day interval between studies. 

Study II was part of the same project as study I, but in this study, the focus was 
on postprandial BAT fatty acid uptake and blood flow, with cold exposure studies 
acting as positive controls. The study procedure is depicted in figure 4. Each study 
subject was imaged using PET/CT once at room temperature after receiving a mixed 
meal containing a standardized meal and secondly during acute cold exposure. The 
standardized meal contained 542 kcal (58% carbohydrates, 25% fat, and 17% pro-
tein). The cold exposure was conducted as described in study I, using cooling blan-
kets. Cold exposure and postprandial scans were conducted in a random order, with 
a minimum of 7 days between the study visits.  

To quantify tissue-specific perfusion, an intravenous injection of 15O-H2O and a 
dynamic emission scan of the thoracic region was performed (frames: 6 × 5 sec, 6 × 
15 sec, 8 × 30 sec). Radiowater was produced using Hidex Radiowater Generator 
(Hidex Oy, Turku, Finland). 

To quantify tissue-specific FAU 18F-FTHA, a palmitate analog, was used. After 
15O-H2O had sufficiently decayed (i.e. 10 minutes), an intravenous injection of 18F-
FTHA was given and a dynamic emission scan was performed (frames: 1 × 60 sec, 
6 × 30 sec, 1 × 60 sec, 3 × 300 sec, 2 × 600 sec) on the same area as with radiowater. 
18F-FTHA was produced as previously described (Degrado, 1991; Savisto et al., 
2018). 

All scans in studies I–II were performed with the same PET/CT scanner (Dis-
covery 690 PET-CT scanner; General Electric Medical Systems, Milwaukee, WI, 
USA). After the acquisition of scanning data computerized reconstruction was car-
ried out. Quantitative corrections were applied to PET image data, including detector 
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normalization, dead-time, radioactive decay, randoms, attenuation and scatter. Im-
ages were reconstructed using iterative 3D-OSEM (GE Vue Point HD-S) reconstruc-
tion using 24 subsets and 2 iterations. All images were filtered using a 6.4 mm Gauss-
ian post-filter.  

 
Figure 4.  Outline of studies I and II. The cold stimulation protocol was identical in both studies. 

Times are indicated related to the first tracer injection, which is at 0 min. Triangles indi-
cate blood sampling times, additional blood sample was collected before scanning. Cold 
exposure and room temperature control scan were performed after an overnight fast. 
Modified from original publications I and II. 

4.2.2 Study III 
Study III included two scanning protocols, one conducted with GIP-infusion and the 
other after receiving a mixed meal. The studies were conducted on separate days, in 
random order. The subjects were imaged using a combined PET/MRI scanner to in-
vestigate the changes in AT blood flow after a mixed-meal or GIP infusion (Figure 
5). The blood flow to the adipose tissue depots was measured using 15O-H2O PET 
radiotracer. Blood flow measurements were conducted at three time points; baseline 
before stimulation, and at 20-minutes and 50-minutes after mixed meal ingestion or 
the start of GIP infusion. 
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In the mixed meal procedure subjects ingested a 250-kcal liquid meal (Nu-
tridrink, Nutricia Advanced Medical Nutrition, Amsterdam, Netherlands) consisting 
of 40 grams of carbohydrates, 6 grams of fat, and 9 grams of protein in 10 minutes. 
The dose was selected to enable the ingestion of the meal in a 10-minute timeframe 
during the scanning episodes. For the subjects who underwent bariatric surgery the 
mixed-meal experiment was repeated (55–97) days post-surgery.  

During the GIP infusion procedure, a constant infusion of GIP1–42 (Bachem 
Holding AG, Bubendorf, Switzerland) at the rate of 4.0 pmol/kg/min was initiated. 
After 15 min, the rate was halved to 2.0 pmol/kg/min to reproduce GIP excretion 
seen after the ingestion of a mixed meal (Christensen et al., 2011). During the scan-
ning sessions plasma levels of glucose, insulin, GIP, and glucagon-like peptide-1 
(GLP-1) were measured at time points 0, 15, 30, 45, 60, and 90 minutes. The subjects 
with T2D underwent bariatric surgery and after approximately two months the PET-
MRI scanning with the same protocol as described above was repeated. The GIP 
infusion experiment was repeated 69 ± 25 days after s and mixed meal scans 77 ± 27 
days after bariatric surgery (mean ± SD). 

Tissue-specific perfusion was quantified using an intravenous injection of 15O-
H2O, after which a dynamic emission scan (frames: 20 × 5 sec, 3 × 10 sec, 4 × 20 
sec, 4 × 30 sec) of the abdomen was performed. PET scans were performed at three 
time points, to assess perfusion at baseline and twice after the stimulation.   

PET and MRI scans were performed using a combined PET/MRI–scanner 
Philips Ingenuity (Philips Healthcare, Cleveland, OH). All data were corrected for 
dead time, decay, and measured photon attenuation and reconstructed in a 256 x 256 
matrix. 
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Figure 5.  Timeline of the study protocol. All subjects were scanned after an overnight fast. All 

subjects were first scanned with MRI, followed by three PET scans using 15O-H2O at 
three time points: baseline, 20 minutes, and 50 minutes after stimulation by meal inges-
tion or GIP-infusion. GIP infusion was started at 4 pmol/kg/min and halved after 15 
minutes to reproduce physiological concentrations of GIP after a meal. Timepoints indi-
cated from the start of stimulation at 0 minutes. Modified from original publication III. 

4.3 PET data analysis 

4.3.1 Volume of interest 
In studies I and II volumes of interest (VOI) were drawn manually using fused dy-
namic PET-CT images. VOIs were drawn in the supraclavicular fat depots (typical 
BAT area), the lateral part of the deltoid muscles, and SAT in the posterior area of 
the neck. Input functions for modeling calculations were derived from the images by 
drawing a VOI into the arch of the aorta. Examples of typical VOIs are shown in 
figure 6. In study III VOIs were drawn manually, using MRI images as an anatomical 
reference. VOIs were drawn on the subcutaneous adipose tissue, visceral adipose 
tissue, and to obtain image-derived input function, on the abdominal aorta. 
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Figure 6.  Fused PET/CT (A-D) and PET/MRI (E) images with examples of VOIs used to measure 

tissue activity. A. Supraclavicular BAT depot B. SAT region, in some cases SAT data 
was analyzed from the chest SAT if the neck depot was too small. C. Deltoid muscles. 
D. Arch of the aorta E. SAT area in red, VAT area in green, drawn on MRI images.  

4.3.2 Tissue-specific fatty acid uptake rate 
Tissue-specific FAU was calculated using multiple-time graphical analysis (Gjedde, 
1982; Patlak et al., 1983; Rutland, 1979). Plasma input functions were corrected for 
metabolites which were measured from plasma samples acquired during the scan-
ning. Image-derived blood time-activity curve (TAC) was corrected from blood ac-
tivity to plasma activity, since FFAs in plasma are bound 99.99% to circulating 
plasma proteins, using b2plasma software (b2plasma 0.6.16 Turku PET Centre, 
Turku, Finland) and measured hematocrit. The net influx rate (Ki) of 18F-FTHA from 
the graphical analysis was multiplied by plasma FFA concentrations measured dur-
ing the scans to calculate tissue-specific FAU. All analysis of PET-CT images was 
done using Carimas software (Turku PET Centre, Turku, Finland) (Harms et al., 
2014; Nesterov et al., 2014, 2015). 
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4.3.3 Tissue-specific perfusion 
Tissue-specific perfusion was calculated using the 1-tissue compartment model, a 
method based on the principle of exchange of inert gas between blood and tissues 
(Kety and Schmidt, 1945). Input functions were derived from the images, by drawing 
a VOI in the arch of the aorta in studies I and II, and to the descending aorta in study 
III. The descending aorta was used in study III, because the arch of the aorta was not 
visible, since the focus was on the abdominal area. The same VOIs used to acquire 
TACs in FAU calculations were used in perfusion analysis in studies I and II. Ra-
diowater was produced using Hidex Radiowater Generator (Hidex Oy, Turku, Fin-
land). Analysis of PET images was done using Carimas software (Turku PET Centre, 
Turku, Finland) (Nesterov et al., 2014, 2015). 

4.4 Other measurements/calculations 

1H-MRS (Study I-II) 
1H-MRS was performed using a pointed-resolved spectroscopy (PRESS) sequence 
with a repetition time (TR) of 3000 ms, an echo time (TE) of 25 ms, and a number 
of signal averages (NSA) of 4. A sample frequency of 1000 was used with 2048 
samples. T2 correction was not applied. The size of the voxel was optimized and 
adjusted for each subject to avoid surrounding muscles, and 4 saturation bands were 
used. The typical voxel size was 10 mm x 10 mm x 12 mm. Scout images with good 
resolution were acquired for the placement of the spectroscopy voxel. An expert 
physician specialized in BAT imaging located the BAT, based on previous PET stud-
ies and general knowledge of BAT anatomy. Great care was taken to place the voxel 
inside the fat deposit and to avoid all contamination by muscle tissue or vessels. The 
obtained 1H-MRS data were analyzed using the LCModel. 

Tissue-specific oxygen consumption (Study I–II) 

Tissue-specific oxygen consumption was calculated from tissue-specific TACs ac-
quired from 15O-O2 PET scans, using a 1-tissue compartment model which incorpo-
rated perfusion values (Kudomi et al., 2013; U Din et al., 2016). Carimas software 
(Turku PET Centre, Turku, Finland) was used for PET image analysis (Nesterov et 
al., 2014, 2015) 
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Indirect calorimetry (Study I–II) 

Whole-body energy expenditure (EE) and whole-body substrate utilization rates 
were measured using the indirect respiratory calorimetry technique (Deltatrac II, Da-
tex-Ohmeda) performed during scanning sessions for approximately 100–
120 minutes. Measurements were excluded from analyses if they deviated more than 
1.5 SD from the mean vO2, vCO2, EE, or respiratory quotient values, caused by ir-
regular breathing. The first 30 minutes of the calorimetry data were also excluded. 
Whole-body energy expenditure, respiratory quotient, and substrate utilization rates 
were calculated using vO2 and vCO2 according to the Weir equation (Weir, 1949) 
and manufacturer’s equations (Meriläinen, 1987) using Matlab (Version: R2011a). 
Protein oxidation was accounted for in the equations by considering urinary nitrogen 
to be 13 g/24 h. Whole-body energy expenditure and substrate oxidation rates were 
divided by fat-free mass to compare different subjects; the percentage of fat (%) was 
measured with a bioimpedance-based method (Omron BF400, Omron Healthcare). 

Blood measurements 

Plasma insulin, TSH, free plasma T4, and free plasma T3 concentrations were meas-
ured using the electrochemiluminescence immunoassay technique (Modular E180 
automatic analyzer, Roche Diagnostics GmbH). The plasma concentrations of total 
cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides were 
measured photometrically (Modular P800, Roche Diagnostics GmbH). The plasma 
concentration of low-density lipoprotein (LDL) was calculated using the Friedewald 
equation (Friedewald et al., 1972). Serum FFA concentration was determined pho-
tometrically (NEFA C, ACS-COD, Wako Chemicals GmbH; Modular P800, Roche 
Diagnostics GmbH). The plasma glucose concentration was determined by a glucose 
oxidase method (Analox GM9 Analyzer, Analox Instruments). 

Adipose tissue biopsies (I–II) 

Biopsies were obtained from the supraclavicular region of 31 subjects. The site of 
the biopsy was determined by imaging data of the area (18F-FTHA PET/CT or MRI). 
The procedure was carried out by a plastic surgeon at room temperature (~22 °C) 
under local anesthesia. SAT sample was collected from the same incision. The sam-
ples were fixed in formalin after extraction. BAT was defined based on morphology 
by an experienced pathologist, and samples designated as BAT positive showed cells 
with multilocular lipid droplets. 
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Adipose tissue depot volumes (III) 

Volumes of SAT and VAT depots were calculated using predictive equations by 
Schweitzer et al. by first measuring SAT and VAT volumes from a single slice at the 
level of L3 vertebrae (Schweitzer et al., 2015). 

Insulin sensitivity 

Whole-body insulin sensitivity (M-value) was calculated from hyperinsulinemic-
euglycemic clamp study results (DeFronzo et al., 1979; Schlichtkrull et al., 1965). 
Insulin resistance (HOMAIR) was calculated using the homeostasis model assess-
ment method (Matthews et al., 1985). In studies I and II oral glucose tolerance test 
(OGTT) results were used to calculate the Matsuda index and insulinogenic index 
(Matsuda and DeFronzo, 1999; Seltzer et al., 1967). Matsuda index represents insu-
lin sensitivity and the insulinogenic index is an indicator of impaired insulin secre-
tion (Hanson et al., 2000). 

4.5 Statistical analysis I–III 
For studies I-II power calculations and the number of subjects were determined 
based on previous studies using 18F-FDG and previous unpublished 18F-FTHA data 
(Orava et al., 2011, 2013; Virtanen et al., 2009). Statistical analyses were performed 
using IBM SPSS Statistics (version 22). Comparison of means was performed with 
a two-way Student’s t-test. Correlations between variables were calculated using 
Pearson’s, Spearman’s rank correlation, and point-biserial correlation when corre-
lating categorical and continuous variables. Multiple linear regression analysis was 
performed to evaluate associations between variables and to adjust for confounding 
factors. P-value of less than 0.05 was considered statistically significant. Data are 
presented as mean ± SD unless stated otherwise. N represents the number of subjects; 
details of groups and statistical parameters can be found in the figure legends. 

In study III the comparison of means was performed with a two-way Student’s 
t-test, ANOVA, or Wilcoxon rank-sum test. Associations between variables are cal-
culated using Pearson’s or Spearman’s rank-sum test. Changes over time and be-
tween groups were tested with repeated-measures analyses using linear mixed mod-
els, and the Tukey-Kramer method was used to adjust the P values of pairwise com-
parisons. P-value of less than 0.05 was considered statistically significant. Data are 
presented as mean and SD if not stated otherwise. Normality of distribution was 
checked visually together with the Shapiro-Wilk test of normality and Q-Q plot. Sta-
tistical analyses were performed using IBM SPSS Statistics (version 25) or SAS JMP 
Pro 25. 
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4.6 Ethics 
The study protocol was reviewed by the local ethical committee of the Hospital Dis-
trict of Southwest Finland and the study was carried out according to the principles 
of the Declaration of Helsinki and GCP guidelines. Written informed consent was 
signed by all study subjects before any study procedures and inclusion in the study. 
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5 Results 

5.1 AT FAU and perfusion during cold and meal 
stimulation (I–II) 

General characteristics of subjects participating in studies I and II are provided in 
table 2. 

Table 2.  General characteristics of subjects participating in studies I and II. p-value for 
independent samples t-test, Fisher’s exact test for gender. Modified from original 
publication I. Data are presented as mean (SD). 

 Lean group 
n=29 

Obese group 
n=10 

Lean vs Obese 
p-value 

Age (years) 36.60 (10.50) 42.40 (8.68) 0.1 

Gender (F/M) 18F / 11M 6F / 4M 1.0 

BMI (kg/m2) 25.09 (2.47) 33.56 (3.36) 0.0001 

Height (cm) 171.4 (10.1) 170.0 (9.3) 0.69 

Weight (kg) 74.0 (11.5) 97.8 (18.9) 0.003 

Waist circumference (cm) 88.04 (13.10) 106.45 (16.65) 0.007 

Fat percentage of weight (%) 30.08 (8.18) 38.61 (7.72) 0.009 

HDL cholesterol (mmol/l) 1.64 (0.39) 1.43 (0.32) 0.15 

LDL cholesterol (mmol/l) 2.76 (0.79) 2.84 (0.73) 0.8 

Triglycerides (mmol/l) 0.79 (0.29) 1.41 (0.97) 0.11 

HbA1c (mmol/mol) 35.01 (4.43) 31.91 (5.63) 0.97 

Plasma glucose (mmol/l) 5.42 (0.47) 5.71 (0.65) 0.24 

Plasma insulin (mU/l) 7.17 (3.11) 12.83 (6.54) 0.045 

Plasma C-peptide (nmol/l) 0.63 (0.19) 0.96 (0.34) 0.03 

HOMA-IR 2.01 (0.89) 1.54 (0.77) 0.16 

M-value (mg/kg/min) 8.38 (2.85) 5.64 (3.87) 0.03 

Matsuda index 6.05 (2.85) 7.34 (2.51) 0.22 

Insulinogenic index 0.88 (0.48) 0.85 (0.43) 0.84 
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As expected, subjects in the obese group had higher BMI, weight, waist circum-
ference and body fat percentage compared to lean subjects. Subjects in the obese 
group also had elevated plasma insulin and C-peptide levels compared to lean sub-
jects indicating a level of insulin resistance, however, there was no difference in 
HOMA-IR. Lean subjects M-value was lower compared to the obese group, indicat-
ing a difference in control of blood glucose homeostasis. Subjects in the obese group 
tended to be older, however, there was no significant difference between the groups. 

5.1.1 Effects of cold exposure 
During cold exposure BAT, FAU was higher compared to room temperature  
(p<0.02). There was no difference in SAT FAU (p=0.66) between exposure to cold 
and room temperature. Cold exposure increased supraclavicular BAT perfusion 
compared to room temperature (p<0.02). SAT (p=0.873) perfusion was similar 
during cold exposure and at basal state. Supraclavicular BAT FAU was positively 
associated with increased BAT perfusion during cold exposure (rho=0.62, p=0.003) 
and at basal state (rho=0.51, p=0.03). 

Plasma FFA levels increased from baseline as a result of cold exposure 
(p<0.0001), while they remained unchanged at room temperature. Plasma 
triglyceride levels increased from baseline during cold exposure (p=0.01).  

The area under the curve (AUC) of plasma triglycerides during cold exposure 
was significantly higher compared to room temperature (p=0.04). However, no 
significant differences were seen in other AUC values (Table 3). 

Table 3. Changes in skin temperature and several biochemical characteristics during cold 
exposure. Modified from the original publication I. Data are presented as mean (SD). 

  Cold Exposure 
AUC 

Room temperature 
AUC ΔAUC p-value 

Skin temperature (°C) 66.20 (2.80) 68.90 (1.19) − 1.78 (2.62) 0.08 

Plasma TSH (mU/l) 2.89 (1.18) 2.75 (1.31) 0.15 (0.81) 0.44 

Plasma T3 (mU/l) 8.78 (1.07) 8.45 (1.06) 0.34 (0.91) 0.11 

Plasma T4 (mU/l) 26.53 (3.57) 26.97 (4.27) − 0.42 (2.52) 0.48 

Plasma insulin (mU/l) 12.69 (7.38) 11.51 (6.64) 0.88 (4.59) 0.44 

Plasma TG (mmol/l) 2.17 (0.87) 1.78 (0.97) 0.39 (0.77) 0.04 

Plasma glucose (mmol/l) 10.54 (1.22) 10.78 (0.66) 0.19 (0.57) 0.61 

Plasma FFA (mmol/l) 1.58 (0.47) 1.48 (0.40) 0.13 (0.33) 0.12 
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5.1.2 Effects of meal ingestion (II) 
BAT FAU after meal ingestion was lower compared to cold exposure (p<0.001). 
SAT FAU also decreased after a meal, compared to cold exposure (p<0.001). Perfu-
sion of supraclavicular BAT increased similarly after meal ingestion as it did after 
cold exposure (14.3±5.2 vs. 12.7±7.4 ml/100g/min, p=0.5). SAT perfusion remained 
similar during both cold exposure and meal ingestion. 

Calculation of FAU requires the use of circulating plasma FFA, which are 
suppressed after a meal due to an increase in plasma insulin levels (figure 7), causing 
postprandial FAU values to be significantly lower compared to room temperature 
and cold exposure. Net influx rate Ki represents the uptake rate of 18F-FTHA into the 
tissue, independent of plasma FFA concentrations. This allows us to compare the 
uptake of our fatty acid tracer between cold exposure and postprandial states without 
the effects of lowered FFA levels. BAT Ki was significantly higher after meal 
ingestion compared to cold exposure (0.013±0.008 vs. 0.023±0.02 min-1, p<0.02). 
Similarly, SAT (0.003±0.001 vs. 0.009±0.005 min-1, p<0.001) Ki was higher after 
meal ingestion compared to cold exposure. BAT Ki correlated negatively with base-
line plasma FFA concentrations (rho=-0.54, p=0.032). 

 
Figure 7.  Plasma insulin and FFA concentrations measured during scans. An increase of plasma 

insulin and a decrease of FFAs can be seen after meal ingestion. Data presented as 
mean and SD. * indicates a significant change from baseline. Modified from original 
publications I and II. 

5.1.3 Effects of obesity on BAT FAU and perfusion (I–II) 
BAT FAU was twice as high among lean compared to subjects with obesity during 
cold exposure (p<0.02) (Figure 8). Obesity seemed to blunt supraclavicular BAT 
FAU already at room temperature and it was two times higher among lean subjects 
(p<0.01). 
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Among lean subjects cold exposure increased BAT FAU (p<0.03) and perfusion 
(p< 0.04) (Figure 8), whereas this effect could not be observed in subjects with 
obesity. 

Meal ingestion increased BAT perfusion in lean subjects similarly to cold 
exposure (p=0.8) (Figure 8). However, in subjects with obesity postprandial BAT 
perfusion was lower compared to cold exposure (p<0.013). SAT perfusion increased 
in lean subjects after a meal, compared to cold exposure (p<0.01). Also, the tracer 
influx rate into BAT (p<0.03) and SAT (p<0.006) increased after a meal in lean 
subjects.  

BAT FAU measured during cold exposure correlated negatively with several 
obesity-related variables (figure 10): BMI (r=-0.39, p<0.02), waist circumference 
(r=-0.34, p<0.04), M-value (rho=0.39, p<0.02), as well as age (r=-0.51, p=0.001). 
Increased plasma HDL concentrations were related to higher BAT FAU during cold 
exposure (r=0.45, p=0.006). Single linear regression was calculated to predict BAT 
FAU during cold exposure. A significant regression equation was found with BAT 
perfusion (F(1, 34)=11.95, p=0.001), subjects predicted BAT FAU was equal to -
1.103 + 0.913(BAT Perfusion). Another significant regression equation was found 
with BAT  radiodensity (F(1, 36) = 9.16, p = 0.005), predicted BAT FAU was equal 
to 1.344 + 0.017(BAT HU). To assess the relationship of each of these parameters 
as a predictor of BAT FAU multiple regression analysis was performed. A 
significant regression equation was found F(5, 27)=6.60, p<0.0005, adjusted 
R2=0.47. However, only age (p=0.029) and BAT perfusion (p=0.043) added 
statistically to the prediction. There was no significant colinearity in this model, and 
none of the variance inflation factors (VIF) were above 10. To further check for 
confounding factors, the relationships of age, BMI, and M-value using multiple 
linear regression were analyzed. Age (p=0.004) and BMI (p=0.028) predicted BAT 
FAU during cold exposure, but M-value was not a significant predictor (p=0.91) 
when corrected for age and BMI. 
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Figure 8.  A. FAU of BAT and SAT measured with 18F-FTHA during cold exposure, room temper-

ature fasting state (control), and at postprandial state (meal). B. Tissue-specific perfu-
sion of BAT and SAT measured with 15O-H2O during cold exposure, room temperature 
fasting state (control), and at postprandial state (meal). Results are presented as mean 
and individual data points. * indicates p<0.05 individual samples t-test comparing lean 
and obese. # indicates p<0.05 paired t-test comparing cold vs control. ‡ indicates p<0.05 
paired t-test comparing cold vs meal results. Modified from original publications I and II. 
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Figure 9.  Net influx rates (Ki) uptake rates of 18F-FTHA into BAT and SAT during cold exposure, 

at postprandial state (meal), and at room temperature (control). Results are presented 
as mean and individual data points. # indicates p<0.05 paired t-test comparing cold vs 
control. ‡ indicates p<0.05 paired t-test comparing cold vs meal results. Modified from 
original publications I and II. 

 
Figure 10. Associations between supraclavicular BAT FAU during cold exposure and several obe-

sity-related parameters and age. Modified from original publication I. 
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5.1.4 BAT FAU and perfusion of subjects with histologically 
detected BAT (I–II) 

A subgroup of study participants (n=31) volunteered for a supraclavicular adipose 
depot sample. Subjects were categorized into high or low BAT groups, based on the 
morphology of the sample. Using this method a total of 7 subjects were found to 
possess histological evidence of BAT. Figure 11 illustrates two high BAT subjects 
during exposure to cold and room temperature. The general characteristics of these 
subjects can be found in table 4. 

Subjects with identifiable BAT were in general younger compared to low BAT 
subjects. There was no difference between the groups in several variables related to 
BAT activity, such as BMI, waist circumference, or M-value. Running a point-bise-
rial correlation between high and low BAT subjects, subjects with no histological 
evidence of BAT did not show an increase in BAT FAU in cold (rpb=-0.862, 
p < 0.001) or room temperature (rpb=-0.775, p < 0.001) as well as moderate negative 
correlation with BAT perfusion in cold (rpb=-0.384, p = 0.021), but no significant 
correlation with room temperature BAT perfusion (rpb=-0.175, p = 0.8) was seen. 

 
Figure 11.  18F-FTHA PET/CT fusion images, all PET and CT images are in the same scale, PET 

images are sums of final frames 10–13. Triangles indicate the location of supraclavicular 
BAT depots. A. high BAT subject in cold exposure. Symmetrical activation of BAT can 
be seen in the supraclavicular adipose deposits. B. Same high BAT subject as in figure 
A in room temperature. C. high BAT subject in cold exposure. D. The same high BAT 
subject as in figure C after meal ingestion, showing increased tracer uptake in the su-
praclavicular area. Modified from original publication I. 
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Table 4.  General characteristics of subjects with or without histological evidence of BAT. Data 
are presented as mean (SD), p values provided for unpaired comparison between high 
BAT and low BAT subjects. Modified from original publication I. 

   High BAT 
n=7 

Low BAT 
n=24 p-value 

 Age (years) 27.57 (7.7) 40.52 (10.68) 0.004 

 Gender (M/F) 4F / 3M 12F / 12M   

 BMI (kg/m2) 24.8 (3.0) 28.11 (5.05) 0.05 

 Waist circumference (cm) 85.71 (10.87) 94.98 (18.86) 0.13 

 M-value (mg/kg/min) 7.35 (2.14) 6.34 (3.92) 0.4 

 Fat percentage of weight (%) 30.26 (9.37) 30.55 (8.60) 0.5 

 HDL cholesterol (mmol/l) 1.74 (0.42) 1.49 (0.39) 0.207 

 LDL cholesterol (mmol/l) 2.71 (0.95) 2.84 (0.67) 0.76 

 Triglycerides (mmol/l) 0.81 (0.21) 1.05 (0.71) 0.205 
 HbA1c (mmol/mol) 33.19 (4.21) 35.47 (4.50) 0.248 

C
O

LD
 

BAT FAU (µmol/100g/min) 2.64 (1.01) 0.54 (0.24) 0.001 
BAT Perfusion (ml/100g/min) 16.56 (5.80) 11.06 (4.96) 0.051 

BAT Ki 0.025 (0.007) 0.008 (0.004) 0.0003 
WAT FAU (µmol/100g/min) 0.31 (0.12) 0.22 (0.067) 0.079 
WAT Perfusion (mL/100g/min) 2.44 (1.22) 2.84 (0.96) 0.45 

WAT Ki 0.003 (0.001) 0.003 (0.001) 0.7 

PO
ST

PR
A

N
D

IA
L BAT FAU (µmol/100g/min) 0.59 (0.49) 0.15 (0.09) 0.3 

BAT Perfusion (ml/100g/min) 24.67 (4.06) 8.24 (3.49) 0.06 
BAT Ki 0.05 (0.03) 0.01 (0.02) 0.2 

WAT FAU (µmol/100g/min) 0.08 (0.05) 0.09 (0.03) 0.8 
WAT Perfusion (ml/100g/min) 4.7 (0.85) 3.69 (0.98) 0.3 

WAT Ki 0.008 (0.001) 0.008 (0.005) 0.7 

C
O

N
TR

O
L 

BAT FAU (µmol/100g/min) 1.19 (0.43) 0.36 (0.22) 0.025 

BAT Perfusion (ml/100g/min) 6.38 (4.25) 7.02 (4.74) 0.83 
BAT Ki 0.013 (0.005) 0.005 (0.003) 0.03 

WAT FAU (µmol/100g/min) 0.32 (0.13) 0.22 (0.10) 0.22 
WAT Perfusion (mL/100g/min) 1.95 (0.44) 3.52 (3.80) 0.19 

WAT Ki 0.004 (0.001) 0.003 (0.001) 0.6 
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5.2 Effects of bariatric surgery on stimulated AT 
perfusion (III) 

5.2.1 AT blood flow before bariatric surgery 
The general characteristics of subjects participating in study III are found in table 5. 
At basal state, there was no difference in SAT or VAT perfusion rates between sub-
jects with obesity and controls (Figure 12).  

Mixed meal ingestion increased SAT perfusion in controls (p=0.012) (measured 
20 minutes after meal ingestion), but not in subjects with obesity (p=0.46). 50 
minutes after a meal the control subjects’ SAT perfusion was still elevated compared 
to baseline (p=0.004). Subjects with obesity also showed an increase in perfusion 
from baseline 50 minutes after eating (p=0.004).  SAT perfusion after a meal was 
higher in controls compared to subjects with obesity over time (p=0.041). However, 
no such difference was observed for VAT perfusion (p=0.23). 

SAT perfusion increased 20 minutes after GIP infusion both in controls 
(p=0.001) and subjects with obesity (p=0.001). Equally, VAT perfusion was also 
higher 20 minutes after GIP infusion both in controls (p=0.0001) and subjects with 
obesity (p=0.003). Both SAT and VAT perfusion increased from baseline 50 minutes 
following a GIP infusion in controls (p=0.0002 and p=0.006, SAT and VAT respec-
tively), as well as subjects with obesity (p=0.03 and p=0.02, SAT and VAT respec-
tively). Even though GIP infusion increased SAT perfusion in both groups, the 
change of SAT perfusion over time was lower in subjects with obesity compared to 
controls (p=0.002). However, there was no statistically significant difference in VAT 
perfusion over time between controls and subjects with obesity (p=0.051) 

5.2.2 Changes after bariatric surgery 
After bariatric surgery, the subjects with obesity lost weight, and there was an im-
provement in insulin sensitivity as measured by HOMAIR as well as fasting plasma 
glucose levels and insulin levels. Both SAT and VAT mass had decreased signifi-
cantly. Changes in general characteristics, as well as several biochemical variables, 
can be seen in table 5.  

Basal SAT and VAT perfusion were not affected by bariatric surgery (Figure 
13). Likewise SAT and VAT perfusion were similar between controls and subjects 
with obesity after bariatric surgery. 

Following bariatric surgery, ingesting a meal increased SAT perfusion signifi-
cantly after 20 minutes (p=0.009) compared to basal conditions. An increase in per-
fusion was also seen for VAT (p=0.008) 20 minutes after a meal. The effects of meal 
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ingestion remained for 50 minutes as both SAT (p=0.028) and VAT (p=0.005) per-
fusion were higher compared to the basal state. The change over time in SAT perfu-
sion after meal ingestion was similar between controls and subjects with obesity fol-
lowing bariatric surgery (p=0.46). The meal-induced change in VAT perfusion over 
time remained similar to control subjects after bariatric surgery. 

Resembling results observed before bariatric surgery, SAT blood flow was in-
creased after 20 (p=0.003) and 50 minutes (p=0.028) of the GIP infusion. The GIP-
induced increase of VAT perfusion was observed 20 (p=0.0001) and 50 minutes 
(p=0.005) after the start of the infusion. The change of SAT perfusion over time after 
the GIP infusion remained higher in controls compared to subjects with obesity even 
after undergoing bariatric surgery (p=0.002). The change of VAT blood flow over 
time did not differ between controls and post-surgery subjects after GIP infusion 
(p = 0.49) or GIP-infusion (p = 0.57).  

Table 5. General characteristics of study participants of study III. Data are presented as mean (SD). 
* indicates p < 0.05 controls vs subjects with obesity before surgery. # indicates p < 0.05 
controls vs subjects with obesity after surgery. The significance of paired comparison of 
subjects with obesity before and after bariatric surgery is provided in the last column. 
Modified from original publication III. 

 Controls 
n=10 

Before  
Surgery 

n=10 

After  
Surgery 

n=10 

Before vs 
After  

Surgery 
Age (years) 46 (9.41) * 51.7 (7.01) 52.3 (6.73) # 0.005 
Gender (F/M) 8F / 2M 8F / 2M 8F / 2M 1.0 

BMI (kg/m2) 23.10 (2.41) * 40.8 (5.92) 35.15 (6.26) # < 0.0001 
Height (cm) 165.75 (10.5) 167.74 (12.85) 167.49 (12.99) 0.094 

Weight (kg) 63.65 (13.68) * 114.63 (18.89) 98 (16.25) # < 0.0001 
Waist circumference (cm) 80.65 (10.08) * 121.05 (7.57) 109.56 (9.67) # 0.001 

Fat percentage of weight (%) 25.62 (5.91) * 45.98 (9.71) 40.92 (13.53) # 0.007 
HDL cholesterol (mmol/l) 1.89 (0.52) * 1.249 (0.34) 1.29 (0.38) # 0.593 
LDL cholesterol (mmol/l) 2.57 (0.82) 2.4 (1.12) 1.92 (0.66) # 0.061 

Total cholesterol (mmol/l) 4.82 (1.08) 4.49 (1.38) 3.72 (0.87) # 0.01 
Triglycerides (mmol/l) 0.78 (0.39) * 1.86 (0.66) 1.1 (0.49) 0.005 

HbA1c (mmol/mol) 32.07 (3.58) * 39.73 (4.03) 35.93 (2.81) # 0.014 
Plasma glucose (mmol/l) 5.1 (0.37) * 6.53 (1.09) 5.65 (0.72) # 0.008 

Plasma insulin (mU/l) 4.5 (2.1) * 19.4 (9.35) 12.2 (7.13) # 0.026 
Plasma C-peptide (nmol/l) 0.52 (0.15) * 1.219 (0.30) 1.001 (0.37) # 0.025 

HOMA-IR 1.04 (0.52) * 5.87 (3.4) 3.11 (1.89) # 0.019 
SAT mass (kg) 14.7 (3.7) * 39.68 (6.61) 31.98 (8.41) # <0.0001 
VAT mass (kg) 1.6 (0.6) * 6.38 (1.40) 4.92 (1.30) # <0.001 
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Figure 12. SAT and VAT blood flow at baseline, 20-min and 50-min after a mixed meal or start of 

GIP-infusion. Statistical comparison was done using linear mixed models, and the 
Tukey-Kramer method was used to adjust the P values of pairwise comparisons. Data 
presented as mean ± SEM. * indicates a significant change from baseline. Modified from 
original publication III. 
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Figure 13. Changes in glucose, insulin, and incretin levels in response to a mixed meal and GIP 

infusion. Data presented as mean ± SD. * indicates significant change (p < 0.05) from 
baseline. Modified from original publication III. 
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Plasma concentrations of glucose, insulin, GIP, and GLP-1 during scanning are 
provided in figure 13. 

Meal ingestion induced changes in AUC of plasma glucose (p=0.035), insulin 
(p<0.001), c-peptide (p<0.001), and GLP-1 (p<0.01) increased significantly after 
bariatric surgery compared to pre-surgery values. Postprandial GIP AUC was signif-
icantly higher in subjects with obesity after bariatric surgery compared to controls 
(p=0.03) but did not differ significantly compared to pre-surgery values (p=0.07). 
Following bariatric surgery, the increased SAT blood flow after meal ingestion was 
associated with higher plasma GIP AUC (rho=0.95, p<0.00001). 

Plasma glucose AUC was lower in subjects with obesity after bariatric surgery: 
in addition, no decrease of plasma glucose from baseline was observed in subjects 
with obesity as was detected before surgery. GIP infusion increased plasma insulin 
concentrations in subjects with obesity before and after bariatric surgery. During GIP 
infusion there was a negative correlation between SAT perfusion AUC and plasma 
insulin AUC (rho=-0.83, p=0.005) in subjects with obesity before bariatric surgery 
and the increased SAT perfusion correlated with higher plasma glucose AUC 
(rho=0.73, p=0.03) (Figure 14). After bariatric surgery the correlation between 
plasma insulin AUC and SAT perfusion during GIP-infusion was positive (rho=0.91, 
p=0.002) in subjects with obesity. 

 
Figure 14. Associations between AT blood flow AUC and measured plasma variable AUCs, calcu-

lated using Spearman’s rank correlation coefficient. Modified from original publication III. 
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6 Discussion 

6.1 Obesity has a blunting effect on BAT FAU and 
perfusion during cold exposure 

In study I BAT FAU was two-fold higher during cold exposure compared to basal 
conditions in lean subjects. Cold exposure has been shown to increase BAT GU and 
perfusion in lean subjects (Orava et al., 2013; Virtanen et al., 2009).  BAT FAU has 
been previously reported, but there were no comparisons between stimulated and 
unstimulated results as well as no comparisons between lean and subjects with obe-
sity (Blondin et al., 2015). In addition to FAU, there was also an increase in BAT 
perfusion in lean subjects after cold exposure, similar to previous reports (Orava et 
al., 2011, 2013).  

Cold exposure did not increase BAT FAU or perfusion in subjects with obesity. 
This would indicate that subjects with obesity have a reduced amount of BAT or that 
its activation is dysregulated in subjects with obesity. BAT FAU during cold expo-
sure was associated with obesity (waist circumference, BMI) and markers of meta-
bolic syndrome (M-value and plasma HDL-cholesterol concentration) as well as age. 
Obesity has been previously linked to reduced BAT glucose uptake during cold ex-
posure in several studies (Cypess et al., 2009; Orava et al., 2013; Saito et al., 2009; 
Zingaretti et al., 2009). It has been suggested that obesity causes the reduced capacity 
to recruit adipocytes with thermogenic potential, or it might cause a dysfunction in 
the regulation of BAT activity, or that subjects with obesity simply have less BAT 
in their depots (Bartelt and Heeren, 2014; Carpentier et al., 2018; Ouellet et al., 
2012). Age was the strongest predictor of reduced BAT FAU during cold exposure 
in multivariate regression analysis when comparing the different predictors.  This 
would indicate that while obesity does have a blunting effect on BAT metabolism, 
BAT activity also diminishes with aging. Aging is related to diminished UCP1 ac-
tivity, mitochondrial dysfunction, changes in SNS, and hormonal changes, which 
could all contribute to the loss of BAT function (Bahler et al., 2016; Lenaz, 1998; 
Zoico et al., 2019). Subjects with histological evidence of BAT have several folds 
higher FAU in BAT compared to those with no detected BAT. While in the whole 
group cold exposure BAT FAU was associated with BMI, waist circumference, and 
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M-value, there was no difference between high BAT and low BAT subjects, how-
ever, subjects with histological evidence of BAT were younger compared to low 
BAT subjects. As would be expected, there was an association between having his-
tological evidence of BAT and higher BAT FAU and perfusion. Since this distinc-
tion between high and low BAT subjects was based solely on histological evidence, 
including other markers of BAT could have revealed additional study subjects with 
lesser amounts of BAT, which were not detected here. 

Increased perfusion was associated with increased FAU during cold exposure 
and at basal state. Perfusion has been previously shown to be positively associated 
with BAT GU, as well as BAT oxygen consumption (Orava et al., 2011; U Din et 
al., 2016). BAT FAU is also related to BAT oxygen consumption (U Din et al., 
2016). It is important to note that, using our method of 18F-FTHA PET/CT-imaging, 
does not directly measure fatty acid metabolism, since it is not certain what happens 
to FFAs after uptake into tissue (Guiducci et al., 2007). Inhibition of lipolysis by 
nicotinic acid decreases BAT GU and oxidative metabolism during cold exposure 
(Blondin et al., 2017; Labbé et al., 2015), showing that internal TG storages are es-
sential for BAT metabolism. While 18F-FTHA uptake does not measure FA metab-
olism directly, the association between FAU and oxygen consumption of BAT would 
indicate that it is related to the metabolism of BAT, and not only replenishment of 
TG stores. 

6.2 BAT FAU is blunted in obesity already at basal 
level 

In addition to a blunted cold exposure effect in obesity, in study I lean subjects BAT 
FAU was two-fold higher compared to subjects with obesity even at basal conditions. 
In subjects with obesity at basal state, there was no difference between BAT and 
SAT FAU. However, in lean subjects, BAT FAU at basal state was over two-fold 
higher compared to SAT values. This indicates that subjects with obesity have a re-
duced amount of BAT in their supraclavicular region and that the tissue would con-
sist more of white than brown adipocytes. Reduced BAT GU in subjects with obesity 
at basal state has not been reported, however, BAT glucose metabolism is more ac-
tive than WAT at basal level (Weir et al., 2018). It is possible that glucose does not 
play a prominent role in BAT metabolism during basal conditions and GU increases 
during an acute need for energy, such as during cold exposure. 

While increased BAT activity, as measured by several variables, has been linked 
to a more favorable metabolic profile and reduced fat mass in humans, it is still un-
clear what role BAT plays in energy homeostasis. In rodents, BAT increases energy 
expenditure significantly, since the amount of tissue is relatively large (Cannon and 
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Nedergaard, 2004). Cold exposure increases BAT substrate uptake and oxygen con-
sumption significantly also in humans; however, the amount of BAT is smaller, and 
the contribution of BAT to total energy expenditure is comparably smaller (Carpen-
tier et al., 2018). BAT activity has been associated with increased thermogenesis 
during cold exposure (Chen et al., 2013; Ouellet et al., 2012), but humans most likely 
rely on other means of heat production such as skeletal muscles (Brychta and Chen, 
2017). So, while BAT has a role in human metabolism, it is uncertain how much it 
can contribute by itself and the interactions between BAT and other tissues warrants 
further investigation.     

6.3 Mixed meal increases BAT perfusion similarly 
to cold exposure, but reduces BAT fatty acid 
uptake 

Mixed meal ingestion increased BAT perfusion as much as cold exposure. Blood 
flow also plays an important role in substrate mobilization and transportation in AT 
(Frayn et al., 2003). This is an important indicator of increased BAT activation after 
a mixed meal. A carbohydrate-rich meal does not seem to stimulate BAT FAU. FAU 
of all measured tissues decreased after having a meal compared to cold and room 
temperature. After meal ingestion plasma FFA levels are reduced due to the effects 
of rising insulin levels (Czech et al., 2013; Holm et al., 2000; Stahl et al., 2002). As 
briefly mentioned in the methods and the results sections, FAU values are calculated 
using plasma FFA concentrations. This causes the postprandial FAU levels to be 
significantly lowered, compared to results from results recorded at a fasting state at 
room temperature or cold exposure. FAU is calculated using the net influx rate of 
the tracer (Ki). Ki is independent of available plasma FFAs and is a quantity of frac-
tional uptake rate of the tracer, 18F-FTHA, while FAU is dependent on plasma FFAs 
telling us the absolute net FFA uptake per minute. In lean subjects, postprandial BAT 
Ki was higher than at room temperature or even cold exposure Ki. Having a mixed 
meal did not increase Ki in subjects with obesity as it did in lean subjects; in subjects 
with obesity BAT Ki was similar after cold exposure and meal ingestion. Increased 
BAT Ki was related to lower plasma FFA concentrations. FFA transport activity may 
increase in response to lower plasma FFA concentrations because the brown adipo-
cytes are attempting to retain a certain rate of FFA uptake into the cell, even when 
the available FFAs decrease. Insulin stimulation increases BAT GU in humans 
(Orava et al., 2011). So, while BAT attempts to increase FAU during the postpran-
dial state, it is likely that glucose and internal TG stores are the primary energy 
source postprandially since circulatory FFAs are not available. BAT GU could be 
more detectable compared to FAU in a postprandial state. It is increased after a high-
calorie carbohydrate-rich meal compared to SAT and VAT  (Vosselman et al., 2013). 
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Cold exposure increased BAT GU more than meal ingestion, and it was proposed 
that this could be due to increased GU seen in skeletal muscles following meal in-
gestion, which leads to decreased substrate availability for BAT. Insulin stimulation 
increases BAT GU even at room temperature, however not to the extent seen during 
cold exposure (Orava et al., 2011). Increased SNS activity after a meal (van Baak, 
2008) increases BAT activity, however, the substrate utilization seems to be depend-
ent on meal composition. 

6.4 Effects of bariatric surgery on SAT and VAT 
blood flow  

Perfusion plays an integral part in regulating AT metabolism (Frayn and Karpe, 
2014). In study III it was shown that stimulation of SAT blood flow by GIP or a 
mixed meal is blunted in subjects with obesity with T2D. The response of SAT per-
fusion towards a mixed meal is normalized in subjects with obesity two months after 
bariatric surgery. Bariatric surgery did not induce any substantial changes in GIP-
induced increase of perfusion in SAT or VAT of subjects with obesity. 

6.5 Bariatric surgery normalizes SAT blood flow re-
sponse to a mixed meal 

In the postprandial state, insulin increases adipose tissue blood flow (Baron, 1994; 
Lambadiari et al., 2015). This effect is reduced in subjects with obesity  (Ardilouze 
et al., 2012; Coppack et al., 1996; Jansson et al., 1998), and subjects with insulin 
resistance, even independent of weight (Karpe et al., 2002b). The response of SAT 
perfusion to a mixed meal normalized after bariatric surgery. There was no change 
in VAT perfusion over time to meal stimulation. However, after bariatric surgery 
VAT perfusion increased already 20 minutes after a meal in subjects with obesity, 
whereas this increase occurred only after 50 minutes before bariatric surgery. This 
shows that there was some improvement in the responsiveness of VAT to a meal. 
This faster increase of perfusion after a meal could contribute to the ability of AT 
to store lipids after a meal into VAT, decreasing lipid accumulation into other tis-
sues. 

There was a positive correlation between SAT perfusion AUC and plasma GIP 
concentration AUC in subjects with obesity after bariatric surgery, so while GIP in-
duced perfusion response did not change after bariatric surgery, GIP does seem to 
play some role in postprandial SAT perfusion response after bariatric surgery.  
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6.6 GIP induced blood flow increase is reduced in 
obese subject SAT, but not VAT 

GIP has been shown to increase SAT blood flow in the presence of insulin (Asmar 
et al., 2016a). Effects of GIP on AT blood flow are blunted in subjects with obesity, 
presumably due to decreased insulin sensitivity. GIP-infusion increased SAT and 
VAT perfusion in lean and subjects with obesity. GIP-infusion induced a higher in-
crease of SAT perfusion over time in control compared to subjects with obesity be-
fore or after bariatric surgery. Indeed, bariatric surgery had no effect on SAT perfu-
sion over time in response to GIP infusion.  

In VAT GIP-infusion induced an increase of perfusion in all subjects. There was 
no difference in GIP-induced increase of perfusion between control or subjects with 
obesity before or after bariatric surgery. It seems that in VAT the blood flow increas-
ing effects of GIP are not blunted in obesity. 

Bariatric surgery did not induce any change in VAT or SAT regarding GIP sig-
naling. Previously it has been shown that SAT perfusion response to GIP-infusion 
increases after weight loss by caloric restriction over 16 weeks (Asmar et al., 2016b). 
SAT blood flow response to GIP may normalize after a longer period after bariatric 
surgery. However, the pre-surgery weight and the degree of weight loss were lesser 
in study III compared to the study by Asmar et al. Subjects in study III were still 
obese and in the weight loss phase at the time of follow-up scans, and the average 
weight loss was 17 kg at that time point. If the blunted effects of GIP are indeed 
related to insulin resistance in subjects with obesity, there should be some improve-
ment as insulin sensitivity has been shown to increase as early as 6 days preceding 
bariatric surgery (Ballantyne et al., 2006; Wickremesekera et al., 2005). In addition, 
insulin sensitivity improved in study III as well, indicated by lower HOMAIR in sub-
jects with obesity after bariatric surgery. 

There was a robust increase in GLP-1 levels in subjects with obesity after bari-
atric surgery in response to mixed meal stimulation. This response was far greater 
than control subjects. GLP-1 secretion after a meal increases following bariatric sur-
gery (Jirapinyo et al., 2018). This increase is thought to be due to the more rapid 
delivery of nutrients into the gastrointestinal tract, but the mechanism is not com-
pletely understood. GLP-1 has several functions, including functions related to insu-
lin secretion and appetite decreasing effects (Müller et al., 2019; Nauck and Meier, 
2018). It is thought that increased postprandial GLP-1 secretion is a major contribu-
tor to improved metabolic health after bariatric surgery, however not all mechanisms 
are well understood (Grill, 2020; Nannipieri et al., 2013). GLP-1 increases SAT and 
VAT blood flow in healthy individuals (Asmar et al., 2017; Müller et al., 2019). 
However, there was no association between SAT perfusion AUC and plasma GLP-
1 AUC after a mixed meal in subjects with obesity after bariatric surgery. So, while 
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increased GLP-1 secretion is likely a contributor to improved metabolic health after 
bariatric surgery, it was not directly associated with SAT perfusion improvements. 

Obesity-related complications are connected to the accumulation of VAT more 
than that of SAT (Cinti, 2005; Gallagher et al., 2009). It has been shown that bariatric 
surgery reduces both VAT and SAT, however, a larger portion of VAT is reduced 
(Bazzocchi et al., 2015; Guiducci et al., 2007; Merlotti et al., 2017; Toro-Ramos et 
al., 2015). In study III bariatric surgery reduced both SAT and VAT mass in subjects 
with obesity. A mixed meal and GIP-infusion induced similar responses in VAT 
blood flow of subjects with obesity before and after bariatric surgery and control 
subjects, indicating that VAT perfusion is not blunted in obesity as SAT perfusion 
is. 

6.7 Strengths and limitations 
PET/CT imaging is a non-invasive method, which is highly sensitive. Using dynamic 
PET image acquisition tissue-specific tracer uptake can be quantified. In studies I 
and II the same subjects were imaged twice, which allowed for pairwise compari-
sons. In study I the room temperature scans worked as a negative control for cold 
exposure scans, and in study II cold exposure scans acted as a positive control when 
compared to postprandial activation. In study III SAT and VAT perfusion was meas-
ured under non-stimulated and stimulated conditions both in lean and obese – as well 
as before-and-after bariatric surgery-associated weight loss. Since the same subject 
was imaged at basal conditions and at two time points after stimulation this allowed 
a pair-wise comparison of the results, as well as observing the interaction over time. 
The same limitations apply to all studies; PET scanners used in these studies only 
had a limited FOV not allowing for the simultaneous dynamic image acquisition of 
more tissues, the resolution of images limits the quantification of tracer uptake of 
smaller areas, and since subjects are exposed to radiation it decreases the number of 
times each subject can be imaged. 

A limiting factor in the BAT studies (I-II) was the low number of subjects who 
demonstrated histological evidence of BAT (7 out of 31 that volunteered for biopsy), 
making statistical comparison difficult in some cases. Merely the histology of the 
tissue samples has been studied, and differentiation between BAT and SAT can be 
challenging based on histology alone. Further, due to the small sample size and inter-
individual variability of FAU in BAT, it is not possible to suggest a FAU value cutoff 
point for a subject to be likely possessing histologically evident BAT. The groups in 
studies I-II differed in terms of age, with subjects with obesity tending to be older on 
average (not significantly, p=0.1). The number of subjects with obesity was also 
lower compared to lean subjects. In multiple linear regression analysis, no confound-
ing factors were found. When comparing cold exposure and room temperature values 
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paired t-tests were performed, to reduce the effect of interindividual variation. Ad-
ditionally, BAT FAU measured with PET merely tells us the tissue intake of fatty 
acids. This method cannot reveal the subsequent post-uptake fate of fatty acids i.e., 
whether they are utilized for mitochondrial oxidative metabolism, or intracellular 
lipid storage. Spillover from other tissues is also an issue when analyzing smaller 
depots, which might cause an overestimation of activity. This is the reason why the 
focus of these studies is on the supraclavicular BAT depot since they are the largest 
“uniform” depot of BAT in humans. In postprandial study II, the use of FAU to 
compare activity proved difficult, since its calculation is dependent on plasma FFA 
levels, which are greatly suppressed in the postprandial state. This causes postpran-
dial FAU levels to be low. To avoid this, the net influx rate was used in these com-
parisons, since it is unaffected by plasma FFA levels. While this does not reflect the 
actual FAU, it does tell us of the potential of FAU. 

The follow-up time after bariatric surgery (study III) was relatively short, the 
mixed meal test was repeated on average 69 days, and the GIP-infusion test 80 days 
following the surgery. Since the subjects with obesity were still in the process of 
rapid weight loss, it is possible that more pronounced changes in AT blood flow 
could be seen at a later time point after surgery. However, this can also be considered 
a strength of the study, since the rapid changes in AT perfusion under stimulation 
can already be seen shortly after bariatric surgery.  In study III there was no statisti-
cally significant difference in visceral AT blood flow between controls and subjects 
with obesity, which could be due to high inter-individual variation, where a larger 
study cohort could have helped. It is difficult to determine whether the changes are 
more dependent on changes in insulin sensitivity and glucose homeostasis or weight 
loss. 
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7 Conclusions 

I. Cold exposure increases BAT FAU in lean subjects, but this effect is blunted 
in subjects with obesity. Lower BAT FAU is related to obesity and several 
obesity-related parameters, as well as age. In subjects with obesity, BAT 
metabolism is not only lower during cold stimulation but also at the basal 
level. This suggests that supraclavicular fat depots of subjects with obesity 
mostly consist of WAT. The increased BAT FAU at basal state compared to 
SAT in lean subjects shows that BAT is somewhat active even at basal state, 
implying an increased fatty acid metabolism or increased lipid turnover. 

II. A mixed meal increased BAT perfusion similarly to cold exposure, indicating 
that BAT is activated by meal ingestion as well as cold exposure. BAT FAU 
was reduced by meal ingestion in all tissues, due to reduced plasma FFA con-
centrations by insulin action. The net influx rate of the palmitate analog 18F-
FTHA into BAT increased in lean but not in subjects with obesity after meal 
ingestion. In lean subjects, this increase was even more pronounced than during 
cold exposure. However, it seems that obesity has a blunting effect on 18F-
FTHA uptake in both stimulated conditions. It is possible that lower plasma 
FFA concentrations increased BAT fatty acid transport increasing the influx 
rate. This shows that BAT metabolism increases after meal ingestion and since 
FFAs are less available during postprandial state, intracellular TGs or glucose 
may be the most important energy sources for BAT after a meal. 

III. SAT blood flow of subjects with obesity following a meal or GIP infusion 
is blunted. After bariatric surgery meal ingestion elicits a normalized re-
sponse in SAT, increasing perfusion similarly to control subjects.  Normal-
ization of postprandial SAT perfusion may contribute to the improved met-
abolic condition induced by bariatric surgery. Postprandial normalization of 
WAT blood flow would reduce lipid overflow, reducing ectopic fat accumu-
lation. VAT perfusion remained similar after bariatric surgery, showing that 
VAT function is at least somewhat retained in obesity. Since GIP induces an 
increase in blood flow to SAT and VAT even before bariatric surgery, the 
normalized meal response seen in SAT after bariatric surgery could be me-
diated via other regulators than GIP, such as other gut hormones. 
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