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Chapter 1

General Introduction

Due to a sedentary lifestyle and easy access to food, we are facing a world in 

which obesity dominates. Numerous studies demonstrate the continuous growing 

pandemic of obesity and the associated obesityrelated complications. In Western 

countries, 27% of total health care costs can be attributed to obesity and this is 

only expected to increase.(1)

Obesity is the result of an imbalance between energy intake and energy expendi

ture. Ontogenetically, the human body strongly favors energy storage and there

fore, our obesogenic habits are hard to break.(2) To restore the balance, the intake 

of energy must be reduced and/or energy expenditure needs to increase.

A reduction of energy intake is difficult to achieve.(35) Achieving weight loss 

by dietary restrictions requires fundamental changes in lifestyle and often fails. 

Drastic measures such as bariatric surgery are effective but mutilating.(3, 6)

Energy expenditure can be increased by performing physical activity, but for many 

people this is also hard to implement in daily life. Tissues able to combust the 

excess calories are an interesting target in the battle against obesity.

The main aim of this thesis is to focus on tissues able to burn off calories. The 

main focus is on brown adipose tissue (BAT), but also the potential of the colon to 

function as an energy dissipating tissue will be discussed.

Brown Adipose Tissue
BAT is abundant in newborns and young children and functions to maintain a stable 

core temperature. Activation of BAT by cold results in the production of heat, and 

during this process, significant amounts of energy are dissipated.(7) During cold 

exposure, the main source of heat production in adults is by means of shivering. 

Newborns lack the possibility to shiver and therefore, BAT is essential to maintain 

a stable core temperature. This may be the reason why the prevalence of active 

BAT significantly decreases with increasing age. Nonetheless, BAT, long thought to 

dwindle after infancy, is present and metabolically active in adults.(810) Consider

ing the capability of BAT to dissipate significant amounts of energy, BAT could pos
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sibly play a pivotal role in the management and prevention of obesity by increasing 

energy expenditure.(7)

The mean weight of coldactivated BAT in humans is estimated from 9 to 296 gram 

(1013) and maximal BAT activity in humans is estimated at up to 5% of the basal 

metabolic rate.(14) If BAT would be used as a means to lose weight, recruitment of 

additional BAT is essential.

Stimulation by the sympathetic nervous system (SNS) is the principal driving force 

for activation as well as proliferation of BAT.(15) This is demonstrated by patients 

with unilateral malignant disease that causes sympathetic denervation, which 

results in isolated contralateral uptake of 18Ffluorodeoxydglucose (18FFDG) in 

BAT.(16)

By far, the strongest activator of BAT identified is coldexposure. Cold exerts its 

effects via β3adrenergic pathways, but attempts to activate BAT with sympatho

mimetics were rather disappointing.(1719) So far, only one group successfully suc

ceeded in the activation of BAT using a selective β3adrenergic receptor agonist.

(20)

To summarize factors that might influence the autonomic nervous system of BAT in 

adult humans, we reviewed the literature in chapter 2.

Metabolically active BAT is generally visualized with 18FFDG positron emission 

tomography computed tomography (PETCT). 18FFDG PETCT imaging pinpoint 

areas with high glucose turnover. However, metabolically inactive BAT will result 

in diminished or even absent uptake of 18FFDG on PETCT.(21) Also, 18FFDG PETCT 

imaging ignores the primary stimulating role of SNS in BAT activation. Sympathetic 

stimulation of BAT can be visualized with 123Imetaiodobenzylguanidine (123ImIBG). 
123ImIBG is a norepinephrine analogue that accumulates in the presynaptic sympa

thetic nerve terminals and can be assessed with single photon emission computed 

tomography CT (SPECTCT).(22) 123ImIBG, in combination with 18FFDG PETCT, has 

provided the field of human BAT research with a powerful tool to investigate sym

pathetic activity in relation to metabolic BAT activity.
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BAT activity is generally found to be much lower with increasing age or BMI.(810) 

This can either result from a relatively low central sympathetic stimulation to BAT 

or from peripheral sympathetic resistance. The latter finds support in the fact that 

with increasing age, sympathetic activity increases.(23, 24) Investigating SNS dif

ferences between younger and older subjects and between lean and obese subjects 

using 123ImIBG SPECTCT in combination with metabolic BAT activity by performing 

on 18FFDGPETCT imaging, enabled us to assess whether the activation of BAT is 

located at the central of peripheral level. We describe this in chapter 3.

Although the number of human BAT research publications is rapidly increasing, the 

comparability of these studies is low due to considerable variations in methodol

ogy. One of the most apparent reasons is differences in cooling procedures.

Since cold is the strongest activator of BAT known, most studies are performed 

during cold exposure but methods used to realize cold exposure differ. Frequently 

used methods are cold exposure in an air cooled room (13, 22, 25), and cold expo

sure with personalized cooling methods using either a cooling blanket (18, 26) or 

a cooling vest.(19)

Cold exposure by air conditioning leads to uniform exposure of the whole body 

at a fixed medium cold temperature (~1618°C) for all participants, whereas the 

individualized cooling protocol with a blanket leads to localized cooling of some 

(but not all) body parts at lower temperatures (shivering temperature 9.9°C, 

average cooling temperature 19°C). The extreme cooling of the skin may convey 

an increased cold sensation and hence a totally different sympathetic response. 

However actual thermogenic loss might be similar, or less compared to lowering 

ambient room temperatures, as a result of the concomitant skin vasoconstriction.

(27, 28) In chapter  4 we elaborate on the differences in the cooling procedures 

used during human BAT research and the implications of interpretation of BAT 

activity data.

Since the field of human BAT research is relative new, it is unknown whether and to 

what extent variation exists in the evaluation of the PET scans between observers 

but also of one observer on different time points. If we want to be able to compare 
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the outcomes of different BAT PET studies, it is important to know to what extent 

interobserver and intraobserver variability exists.

Important parameters in the assessment of BAT activity are SUVmax, SUVmean and 

BAT volume. The relative merits of these parameters have never been systemati

cally compared. BAT volume is the most frequent used parameter to indicate BAT 

recruitment.(21, 26) However, BAT volume measurement is highly dependent on 

the cut off value used. SUVmax is the only parameter that is unlikely to be influenced 

by a difference in cutoff values or by observer variation. In chapter 5 we therefore 

assessed the inter and intraobserver variability for detecting and quantifying 

active BAT on 18FFDG PETCT scans.

In retrospective analysis, the chance of detecting BAT on diagnostic 18FFDG PETCT 

scans is strongly dependent on outdoor temperatures (i.e. significantly more during 

winter than summer).(9, 10) Before a diagnostic 18FFDG PETCT, patients are rested 

on a bed in a warm room to minimalize 18FFDG uptake in both muscles and BAT.

In dedicated BAT studies, cold exposure is used to activate BAT in humans. 

Whether the seasonal variation, found during retrospective analysis of diagnostic 
18FFDG PETCT scans, was still present when BAT was actively stimulated with cold 

was unknown. It seemed likely that BAT might be preconditioned in winter months 

leading to an increased BAT response to various stimuli. To this end, we assessed 

the influence of outdoor temperatures, and other weather characteristics, on BAT 

activity in dedicated studies in chapter 6.

Considering the relative small volume of BAT in humans, it may be necessary to 

increase its volume by recruitment to get meaningful changes in energy expendi

ture. Repetitive exposure to cold indeed leads to recruitment of BAT,(26, 29, 30) 

however, humans are not willing to expose themselves to cold during a great part 

of the day. Therefore, other stimuli with a potential to activate and recruit BAT must 

be identified.

Bromocriptine is a centrally acting agonistic dopaminergic drug with plasma 

glucose lowering and weight reducing effects in obese subjects.(31, 32) Conversely, 

dopaminergic drugs that act as agonists, induce negative metabolic effects.(33, 

34) Ontogenetically, dopamine is thought to play a role in food intake and nutrient 
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storage by resetting the sympathetic tone within the central nervous system.(35, 

36) Involvement of BAT in the beneficial metabolic effects of bromocriptine seems 

likely because bromocriptine was shown to increase resting energy expenditure in 

humans.(37) Therefore, we investigated whether bromocriptine had an effect on 

BAT activity in lean, healthy subjects in chapter 7.

As mentioned above, treatment with bromocriptine was shown to improve several 

metabolic parameters such as glucose levels in obese patients with and without 

diabetes mellitus.(31, 32, 3742) Unexpectedly, in the study described in chapter 7, 

lean subjects became less insulin sensitive after using the bromocriptine in the 

evening.(43) To elucidate this unexpected outcome, we evaluated 2 potential 

causative factors in chapter 8. In this chapter we evaluated whether bromocrip

tine administration had a different effect on insulin sensitivity in lean subjects as 

compared to overweight subjects and whether there was an effect of the timing 

of bromocriptine administration on insulin sensitivity. We specifically investigated 

whether bromocriptine administration in the morning had a beneficial effect on 

insulin sensitivity as compared to bromocriptine administration in the evening.

Colon as a novel energy exposing organ
BAT has been identified as a potential target in the battle against obesity as it is 

able to combust calories. BAT shows physiological uptake of 18FFDG in 29% of the 

primary diagnostic 18FFDG PETCT scans.(10, 4446) Physiological 18FFDG uptake 

is also frequently seen in the colon. Approximately half of the patients who under

went a diagnostic 18FFDG PETCT scan show physiological uptake of 18FFDG in the 

colon,(47) suggesting that the colon has a comparatively high glucose consump

tion. BAT volume is small and therefore making the relative contribution of acti

vated BAT to the total energy disposal small. Considering the volume of the colon, 

the relative contribution of the colon to the total energy disposal might exceed the 

contribution of BAT by far.

Interestingly, the use of metformin, the primary drug for the treatment of type 2 

diabetes mellitus, is associated with weight maintenance or loss but also with 

increased 18FFDG uptake in the colon. The increased glucose consumption by 

the colon might contribute to this weight losing effect of metformin. Apart from 
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metformin, it was unknown whether other factors influence 18FFDG uptake in the 

colon. Therefore, in chapter 9 we retrospectively assessed independent determi

nants of colonic 18FFDG uptake.

In this retrospective analysis we found that metformin use was a major indepen

dent determinant of increased colonic 18FFDG uptake.(47) In mice, the colon has 

been shown to be a site of increased glucose utilization during metformin treat

ment.(48, 49) Whether this increased glucose utilization of the colon also results 

in an increase in energy expenditure and/or an increase in core body temperature 

is unknown. We therefore assessed in chapter 10 whether metformin increases the 

metabolic activity of the colon by an increased glucose uptake and thus increases 

core body temperature and/or energy expenditure.

In chapter 11 the clinical implications of the most important findings of this thesis 

as well as future perspectives are discussed.
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Abstract

Brown adipose tissue (BAT) is able to convert calories into heat rather than storing 

them. Therefore, activated BAT could be a potential target in the battle against 

obesity and type  2 diabetes. This review focuses on the role of the autonomic 

nervous system in the activation of human BAT. Although the number of studies 

focusing on BAT in humans is limited, involvement of the sympathetic nervous 

system (SNS) in BAT activation is evident. Metabolic BAT activity can be visualized 

with 18Ffluorodeoxyglucose, whereas sympathetic activation of BAT can be visu

alized with nuclearmedicine techniques using different radiopharmaceuticals. 

Also, interruption of the sympathetic nerves leading to BAT activation diminishes 

sympathetic stimulation, resulting in reduced metabolic BAT activity. Furthermore, 

both β and αadrenoceptors might be important in the stimulation process of BAT, 

as pretreatment with propranolol or αadrenoceptor blockade also diminishes BAT 

activity. In contrast, high catecholamine levels are known to activate and recruit 

BAT. There are several interventional studies in which BAT was successfully inhib

ited, whereas only one interventional study aiming to activate BAT resulted in 

the intended outcome. Most studies have focused on the SNS for activating BAT, 

although the parasympathetic nervous system might also be a target of interest. To 

better define the possible role of BAT in strategies to combat the obesity epidemic, 

it seems likely that future studies focusing on both histology and imaging are 

essential for identifying the factors and receptors critical for activation of human 

BAT.
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Introduction

Brown adipose tissue (BAT) has the capacity to turn free fatty acids (FFAs) and 

glucose into heat. While BAT was thought to be present only in children, in 2009, 

it became clear that adults also have functional BAT following cold exposures.(13) 

Intriguingly, BAT was more often observed in lean than in obese individuals.(1, 4) 

These findings sparked interest in BAT activation as a potential treatment target for 

type 2 diabetes (T2D), one of the world’s leading health problems in terms of both 

increased allcause mortality as well as health costs.(59) Although interest in BAT 

has exponentially increased, there are still many uncertainties. It is not known, 

for example, whether the relatively small amount of BAT in humans is enough to 

correct body mass index (BMI) scores or metabolic imbalances. Furthermore, the 

exact working and control mechanisms of BAT are yet to be unravelled.

Obesity reflects an imbalance between energy consumption and energy expendi

ture. Strategies to combat obesity focus on correcting this imbalance by decreasing 

energy intakes with dietary strategies and bariatric surgery, and increasing energy 

expenditure through physicalexercise programs. However, energy expenditure 

is the sum of physical activity, dietinduced thermogenesis and resting energy 

expenditure, and coldstimulated heat production by BAT increases resting energy 

expenditure.(10, 11) Thus, BAT may be an interesting option in the treatment of 

obesity and obesityassociated T2D.

BAT is able to convert excess calories into heat, whereas white adipose tissue 

(WAT) stores these excess calories. Brown adipocytes contain multiple lipid drop

lets in comparison to the large lipid droplets found in white adipocytes, and brown 

adipocytes also contain far more mitochondria, causing the typical brown color 

of BAT.(12) In addition, the mitochondria in brown adipocytes contain a unique 

mitochondrial inner membrane protein: uncoupling protein 1 (UCP1). UCP1 enables 

brown adipocytes to uncouple the respiratory chain, which means that BAT mito

chondria are able to rapidly turn FFAs and glucose into heat instead of generating 

adenotriphosphate (ATP; Figure  1).(12, 13) In addition, BAT differs from WAT by 

having a greater degree of vascularization and a more pronounced sympathetic 
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innervation.(12, 14, 15) The latter has raised the hypothesis that the sympathetic 

nervous system (SNS) plays a major role in the activation of BAT.

Indeed, the SNS appears to be involved in coldactivated BAT. Animal studies show 

that cold sensation in the skin, by cooling cutaneous thermal sensory receptors and 

lowering core body temperature, initiates peripheral vasoconstriction, resulting in 

the release of the sympathetic neurotransmitter norepinephrine in BAT to maintain 

a normal body temperature.(16, 17) However, data derived from rodent research on 

the stimulating factors of BAT are not easily translated to humans, and it remains to 

be determined whether the same pathways are involved in human adults.(1820)

So far, only a few studies have shown that recruitment of BAT in human adults is 

possible by either bariatric surgery in obese subjects or repetitive cold exposure 

in lean subjects.(10, 2123) However, most people will not tolerate cold exposure 

Figure 1 BAT cell

The brown adipose tissue (BAT) cell. Stimulation of the adrenergic receptor by the neurotransmitter 
norepinephrine induces expression of UCP1 in BAT mitochondria. As a result, uncoupling of the 
aerobic respiration of FFA and glucose leads to the production of heat.
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for the majority of the day. Therefore, alternative activators of BAT have to be 

investigated.

The present review discusses human BAT studies focused on factors that might 

influence the autonomic nervous system control of BAT in adult humans. A broader 

aim of this review is to identify gaps in our knowledge, thereby providing directions 

for future research.

Materials and methods

For our literature search on the autonomic nervous system and BAT in humans, 

MEDLINE was searched for studies on BAT published up to 16 March 2015, using 

the following text terms and medical subheadings: [(Brown Adipose Tissue [mesh] 

OR Brown Adipose Tissue [tiab] OR Brown Fat [tiab] OR Hibernating Gland [tiab]) 

NOT (animals [MeSH] NOT humans [MeSH]) OR (rat [ti] OR rats [ti] OR mouse [ti] OR 

mice [ti])]. A broad definition of entry terms was used to avoid missing potentially 

relevant articles. The papers thus obtained were scanned by two authors (L.B. 

and R.J.M.) for relevance, based on titles and abstracts, and all studies providing 

insight into the role of the nervous system in human BAT were included. Finally, 

the reference lists of the obtained papers were manually examined for relevant 

studies.

The MEDLINE search resulted in 2061 articles, and two further articles were found 

by reference screening; in total, 39 articles were suitable for the present review. 

Of these 39 publications, six were related to two different topics: Gelfand, 2004 

(24); Fukuchi et al., 2004 (25); OchoaFigueroa et al., 2012 (26); Hadi et al., 2007 

(27); Cheng et al., 2012 (28); and Søndergaard et al., 2015 (29) [Figure 2]. Eleven 

articles considered BAT visualization and the SNS, while eight articles described 

BAT inhibition, two described interruption of the sympathetic nerves leading to 

BAT activation and six interventional studies tried to decrease BAT activity. Also, 26 

articles considered BAT activation: 20 described patients with high catecholamine 

levels causing BAT activity; and six were interventional studies aiming to activate 

BAT.
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Imaging studies highlighting the importance of the SNS  
in BAT activation
Several imaging studies provided evidence of the importance of sympathetic 

stimulation in the activation process of BAT. Most prospective BAT studies were 

performed, using 18Ffluorodeoxyglucose (18FFDG) positron emission tomogra

phycomputed tomography (PETCT), to show the glucose metabolic activity of BAT. 

However, several tracers are now available with the ability to visualize sympathetic 

BAT activity.

Search via MEDLINE
N = 2,061

Articles for review of title and abstract
N = 2,061

Articles included
N = 39

Papers for review of full text
N = 52

Manual search
N = 2

Papers excluded
N = 2,011

Papers excluded
N = 13

Figure 2 Flow chart search 

Flow chart of our literature search. Excluded were animal studies, studies not considering insight into 
the role of the autonomic nervous system in human BAT, reviews.
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The radiolabeled norepinephrine analogue 123Imetaiodobenzylguanidine (123I 

mIBG) can be used to visualize and quantify sympathetic stimulation, using sin

glephoton emission CT (SPECT).123ImIBG SPECT is often used in the diagnosis of 

children with neuroblastoma. Frequently, bilateral symmetrical uptake of 123ImIBG 

in the upper thorax has been found and, by 1994, the uptake of 123ImIBG at these 

specific sites was already being reported as physiological in these children. 

However, it took until 2002 for the origin of this physiological uptake to be identi

fied as BAT.(3032)

Since then, several imaging studies using 123ImIBG have suggested the impor

tance of sympathetic innervation for BAT.(2426, 31) In a retrospective study of 

paediatric patients with neuroendocrine tumors, the accumulation of 123ImIBG at 

BATspecific sites was observed with 123ImIBG SPECT.(31) This accumulation was 

observed more frequently in winter than in summer, leading to the hypothesis that 

BAT might be involved. In particular, the CT part of SPECT has allowed the colocal

ization of functional and anatomical images, thereby offering better differentiation 

of adipose tissue and tumor localization.

Two prospective studies compared 18FFDG and 123ImIBG uptake in BAT in subjects 

under mild cold conditions (33, 34) In all subjects showing 123ImIBG uptake in BAT, 
18FFDG uptake was also observed at the same anatomical locations, confirming the 

uptake of 123ImIBG in BAT. Furthermore, a positive correlation was found between 
18FFDG uptake and semiquantitative uptakes of 123ImIBG 24 h after administra

tion (r = 0.64, P = 0.04).(33)

618FFluorodopamine (618FFDA) is also used as a PET radiopharmaceutical to 

image sympathetic innervation.(35) In one retrospective study, 618FFDA and 
18FFDG PETCT scans of 96 patients with phaeochromocytoma were evaluated to 

determine the presence of BAT. If present, 123ImIBG SPECT scans were also eval

uated for the presence of BAT. BAT was found in 18% of the 618FFDA PET scans, 

19% of the 18FFDG PETCTs and 18% of the 123ImIBG SPECT scans. Even though the 

uptake of 618FFDA, 18FFDG and 123ImIBG in BAT was not always concordant, it was 

clear that 618FFDA can localize BAT.(27)
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Pain is known to activate the SNS, and studies looking at analgesics (such as diaz

epam and opioids) suggest an inhibiting role in BAT, although the results have not 

always been consistent.(3639)

BAT inhibition

Interruption of sympathetic nerves
The actual causal relationship between sympathetic BAT innervation and BAT activ

ity in humans has been nicely described in patients whose sympathetic nerves 

have been interrupted.

One case report describes a child with neuroblastoma in the right upper chest in the 

paraspinal region. Surgical removal of the neuroblastoma caused an interruption 

of the right upper thoracic and cervical sympathetic nerves, resulting in rightsided 

Horner’s syndrome. After the operation, 123ImIBG uptake in BAT was detected only 

on the ipsilateral side of the clinical findings of the Horner’s syndrome, on the left 

upper thoracic region. This asymmetrical 123ImIBG BAT uptake, with no uptake on 

the operated side, is most likely explained by surgical interruption of the sympa

thetic nerves.(24)

Destruction of the sympathetic nerves supplying BAT also interrupts the metabolic 

activity of BAT. This is clearly described in a small case series of two patients with 

Horner’s syndrome and one patient who had undergone surgical sympathectomy. 

All patients showed unilateral uptake of 18FFDG in BAT on PETCT on the unaffected 

side, but not on the side of interruption of the cervical/thoracic sympathetic chain.

(40)

This means that interruption of the sympathetic innervation of BAT results in dimin

ished sympathetic stimulation of BAT and, thus, reduced metabolic BAT activity.

Interventional studies
While these observational studies provide some insight into the working mecha

nism(s) of BAT activation, such findings are not always easy to translate to interven

tional studies. Several interventional studies have aimed at inhibiting BAT activity, 
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with the primary goal of reducing falsepositive outcomes in patients undergoing 
18FFDG PET for clinical reasons, and most of these interventional studies in humans 

have been performed with the nonselective βantagonist propranolol (primarily 

blocking β1and β2adrenoceptors). However, there is also evidence for the influ

ence of α1receptors in the activation of BAT.(41)

In 2005, a case report described, for the first time, that 80 mg of propranolol suc

cessfully suppressed the uptake of 18FFDG in BAT in a 51yearold man diagnosed 

with renal carcinoma.(42) His diagnostic scan showed extensive 18FFDG uptake in 

BAT, but BAT activity disappeared on a second scan taken 21 days later under the 

same circumstances, but following pretreatment with 80 mg of propranolol (single 

dose, orally) to examine whether this pretreatment could reduce BAT 18FFDG 

uptake in patients with BAT activity under thermoneutral conditions.(43) In this 

case, all patients (two men, nine women) showed a clear reduction of BAT activity 

after the administration of propranolol.

Another study was performed in a larger sample (26 men,14 women) of patients 

who had shown BAT activity on their scans, this time using a lower dose of pro

pranolol (40 mg, single dose, orally).(44) Of the 40 patients, 36 (90%) showed 

complete disappearance of 18FFDG uptake in BAT after propranolol administration. 

In addition, in a third study of 26 patients with BAT activity on scans, a clear reduc

tion of 18FFDG uptake was evident after an even lower dose of propranolol (20 mg, 

single dose, orally).(45) Interestingly, βadrenergic receptor blockade was even 

able to block 18FFDG uptake in BAT in a patient with phaeochromocytoma, known 

to be associated with massively increased metabolic BAT activity.(28)

From these data, it is clear that βadrenergic receptor blockade blocks 18FFDG 

uptake in BAT. However, the role of αreceptors and αblockade is less clear. There 

is only one case report which describes pretreatment with αblockade in a patient 

with a catecholaminesecreting paraganglioma.(29) On 18FFDG PETCT at diagno

sis, there was massively increased metabolic BAT activity. Treatment with αblock

ade markedly suppressed 18FFDG uptake in BAT, and 18FFDG uptake were further 

normalized after surgical removal of the tumor.

The role of central sympatholytic drugs has never been investigated in humans; 

nonetheless, clonidine has been shown to inhibit catecholaminemediated ther
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mogenesis. Whether this effect is caused by inhibition of BAT activity is not yet 

known.(46)

In summary, both α and βadrenergic receptors appear to be involved in the 

activation of BAT, whereas the role of central sympatholytic drugs has yet to be 

investigated.

BAT activation

BAT activation through high catecholamine levels
Both α and βadrenergic agents are of potential interest in the search for activators 

of BAT. Indeed, extremely high BAT activity is often seen in patients with phae

ochromocytoma, who are known to have elevated levels of catecholamines. The 

cause of such high catecholamine levels and BAT activity has been demonstrated in 

several ways. One case series described the positive relationship between plasma 

catecholamine levels and BAT activity in 14 patients with phaeochromocytoma and 

14 healthy subjects.(47) Plasma catecholamine levels were determined by plasma 

total metanephrines (TMNs). Phaeochromocytoma patients were divided into two 

groups according to TMN levels: eight had high TMN levels and six had normal TMN 

levels. All subjects underwent 18FFDG PETCT under thermoneutral conditions. Only 

patients with high TMN levels showed BAT activity on 18FFDG PETCT imaging, and 

this activity was positively correlated with TMN levels (r = 0.83, P < 0.0001). Both 

the phaeochromocytoma patients with normal TMN levels and the healthy controls 

showed no BAT activity.

The presence of BAT has also been confirmed in one case series and one case 

report, both of which took perinephric adipose tissue samples from patients with 

phaeochromocytoma and those with adrenocortical adenoma.(48, 49) Also, cau

sality has been even more strongly indicated by several case reports of patients 

with phaeochromocytoma before and after surgery. Before surgery, intense bilat

eral and symmetrical 18FFDG uptake in BAT regions was observed, whereas this 

uptake disappeared after tumor excision.(5052)



27

Role of the autonomic nervous system in activation of human BAT

2

Although increased BAT activity appears to result from increased catecholamine 

levels, the SNS is at least partly involved. The involvement of the SNS in BAT acti

vation through excess levels of catecholamines is clearly seen in several studies 

describing increased uptake of both 18FFDA and 123ImIBG in BAT in patients with 

phaeochromocytoma.(2527) Strikingly, the presence of phaeochromocytoma 

appears to induce metabolic BAT activity at the usual sites (for example, the shoul

derneck region, along the greater vasculature), as well as at less typical places 

(such as perinephric adipose tissue) and even at atypical places (omental fat).(28, 

29, 5361) Thus, not only do excessive levels of catecholamines induce (excessive) 

BAT activity, but they may also induce recruitment of BAT even at atypical sites. 

Furthermore, the increased uptake of 618FFDA, 18FFDG and 123ImIBG indicate that 

activation of BAT results, at least in part, through activation of the SNS.

Interventional studies using sympathomimetics
Given the promising effects of catecholamines on BAT recruitment described 

above, four prospective studies have been performed to study the effects of sym

pathomimetics on BAT activation in humans.

In the first study, the effect of the nonselective sympathomimetic ephedrine at 1 

mg/kg (single dose, intramuscular) in 10 healthy volunteers was compared with 

a placebo (saline) injection and exposure to cold. At 2  h after the intervention, 

BAT activity was visualized with 18FFDG PETCT scans. The intramuscular injection 

of ephedrine resulted in marked adrenergic signs, including increases in blood 

pressure, heart rate, basic metabolic rate and metabolites in the blood, but no 

increase in BAT activity. In contrast, cold exposure caused a substantial increase 

in BAT activity in all volunteers, as well as increases in energy expenditure, blood 

pressure and higher plasma norepinephrine. However, the overall systemic acti

vation of the SNS was less pronounced than with ephedrine, as nearly all other 

metabolites remained unchanged together with a decrease in heart rate.(62)

In the second study, the effect of ephedrine (2.5 mg/kg, single dose, orally) or 

a placebo (lactose) on BAT activity was evaluated in nine lean and nine obese 

men.(63) In both lean and obese participants, oral administration of ephedrine 

caused an increase in systemic sympathetic activation (blood pressure, heart rate, 
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energy expenditure, plasma glucose and plasma norepinephrine). However, while 

BAT activity was increased in seven of the nine lean subjects – observed as an 

increase in 18FFDG maximum standardized uptake (SUVmax) by 145 ± 48% – it did 

not increase BAT activity in obese subjects.

In the third study, the effects of a systemic infusion of the nonselective βad

renergic agonist isoprenaline were investigated in 10 lean men.(64) The subjects 

were first exposed to cold to define BAT activity, using 18FFDG PETCT, after which 

isoprenaline (at incremental doses of 6, 12 and 24 (ng)/(kg fatfree mass × min) 

was intravenously administered at thermoneutrality. Cold exposure led to a sub

stantial increase in BAT activity on 18FFDG PETCT in all subjects. Moreover, cold 

exposure increased energy expenditure, blood pressure, core body temperature 

and several metabolites in the blood(plasma norepinephrine, plasma FFAs, glyc

erol, triglycerides and glucose), while decreasing respiratory quotient, heart rate, 

and distal skin temperature and perfusion. In contrast, only one of the 10 subjects 

showed BAT activity after isoprenaline infusion, despite increased sympathetic 

stimulation in all patients.

In the fourth study, the effects of ephedrine were again investigated in 12 subjects 

who received ephedrine (1.5 mg/kg) and 11 subjects who received a placebo for 

28 days in a doubleblind, randomized, placebocontrolled trial. BAT activity was 

measured after 28 days following a single 2.5 mg/kg dose of ephedrine. Those in 

the ephedrine group lost significant amounts of total body fat and visceral fat com

pared with the placebo group. However, BAT activity was significantly reduced.(65)

Thus, the promising effects of sympathomimetics suggested by observational 

studies were not readily reproduced in prospective interventional studies: only one 

of the four studies showed an increase in BAT activity. However, cutoff values for 

BAT activity differed across the studies, with values for active BAT ranging from an 

SUV ≥ 2.0 g/mL (62) to ≥ 1.0 g/mL (63), making comparisons of the studies difficult. 

The BAT activity found after ephedrine administration may have resulted from the 

use of either a higher ephedrine dose or a lower SUV cutoff value. In addition, 

all subjects experienced sideeffects with ephedrine. In any case, the increase in 

BAT activity after ephedrine administration was much smaller than the increase 
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observed after cold exposure (63) and, in the last study, ephedrine even appeared 

to reduce BAT activity.(65)

Thus, neither ephedrine nor isoprenaline appear to be activators of first choice for 

the activation and recruitment of BAT in humans.

Interventional study using β3-adrenergic receptor agonists
Only one study has investigated the role of β3adrenergicreceptor agonists in 

humans. This study evaluated the effect of 200 mg of oral mirabegron, a β3adren

ergic receptor agonist approved for treatment of an overactive bladder, on BAT 

activity compared with a placebo. BAT activity was measured using 18FFDG PETCT 

at a room temperature of 23°C (73 F). All 12 study subjects showed significant 

increases in BAT activity.(66)

Role of the parasympathetic nervous system
Not much is known of the role of the parasympathetic nervous system (PNS) in 

the activation process of BAT. However, the PNS appears to play an important role 

during hibernation.(67, 68) Therefore, it seems likely that the PNS has at least 

some involvement in the activation of BAT. Indeed, one study has shown choliner

gic nerves supplying mediastinal BAT in rodents.(69)

Vagal nerve stimulation (VNS) is known to induce weight loss in humans. One study 

evaluating the effect of VNS on energy expenditure and BAT activity included 15 

patients receiving stable VNS therapy for refractory epilepsy. In 10 of the patients, 

BAT activity and energy expenditure were investigated during active and inactive 

VNS; in the remaining five patients, BAT activity and energy expenditure were 

investigated during active VNS under conditions of cold exposure and at room tem

perature. Energy expenditure decreased significantly when VNS was inactivated.

While no significant difference in BAT activity was found between active and in 

active VNS therapy, the change in energy expenditure after inactivation of VNS was 

significantly related to changes in BAT activity.(70) Nevertheless, it should be noted 

that the patients in this study were relatively old for the detection of active BAT, as 

BAT activity is known to diminish with increasing age.(2) Although this study seems 



30

2

Chapter 2

to show no real role for the PNS in the activation of BAT, it would be premature to 

reject the idea completely.

Conclusion:  clinical impact and future considerations

Our present review of the literature on human BAT activation clearly indicates the 

involvement of sympathetic stimuli through a number of findings (Tables 1 and 2). 

First, the uptake of the sympathetic tracers 123ImIBG and 618FFDA in BAT (27, 31, 

33) and, second, interruption of the sympathetic nerves innervating BAT dimin

ishes its metabolic activity.(24, 40) Third, β and αadrenergic receptor blockade 

are highly successful pretreatment strategies for reducing BAT activity.(28, 29, 

4245) In contrast, only one study aiming to activate BAT using sympathomimetics 

was successful, and used the β3adrenergic receptor mirabegron.(6266) Surpris

ingly, while β3adrenergic receptors are present on human BAT cells (3), and are 

considered to be responsible for thermogenesis in rodents, only high doses of 

propranolol inhibited the β3adrenergic receptor.(71)

This raises the question of whether the effect of propranolol in humans is caused 

by blocking β1 and β2adrenergic receptors or by blocking β3adrenergic recep

tors, too. Histological analysis of human BAT might help to determine the presence 

and importance of other β (and α) adrenergic receptor subtypes in BAT, but such 

analyses are difficult to perform due to the close proximity of the main arteries and 

central nervous system. Nevertheless, delineating the contributions of individual 

α and β receptors to human obesity and its treatment should be a focus of future 

research. Virtanen et al.(3) calculated that, on the basis of one subject who had 63 

g of activated BAT, this could burn the caloric equivalent of approximately 4.1 kg 

of adipose tissue over the course of a year. Thus, successfully activated BAT could 

contribute substantially to weightloss strategies.

During the past few years, considerable knowledge has been gained on the physi

ology of BAT, albeit mostly from animal research. Although rodent and human data 

are frequently used interchangeably, this has to be done with caution because of 

known differences in BAT between species.(1820) First, the location and volume 
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of BAT differs between rodents and humans.(72) Second, human BAT in adults may 

not consist of “true” brown adipocytes, but may rather result from the “browning” 

of WAT, the process by which white adipocytes increase their mitochondria, leading 

to increased expression of UCP1 (beige adipose tissue).(73, 74) There is also evi

dence that beige fat might originate from stem cells other than those of WAT.(48) 

If beige adipocytes originate from a cell lineage different from “true” brown adi

pocytes, they may also have different physiological properties and, therefore, the 

control of BAT in rodents and humans could differ substantially. In fact, ephedrine 

has been found to stimulate BAT in animals, whereas contrary effects have been 

found in human studies.(6264, 75) Thus, it is essential to extend BAT research in 

humans.

It is also important to note that the effects of drugs modulating autonomic nervous 

system activity may differ between individuals according to their basal sympathetic 

and parasympathetic activity.(76) Also, basal sympathetic and parasympathetic 

activity changes with increasing BMI and age. For instance, vagal (cardiovascular) 

activity is depressed in a large proportion of nondiabetic obese people, while 

central sympathetic overactivity is present in the obese.(77) In addition, both older 

and obese subjects have diminished BAT activity.(1, 2, 78, 79) What reconciles 

these data is some evidence suggesting a diminished sensitivity of BAT to SNS 

stimulation in older men, whereas there was no difference in BAT activity between 

obese and lean men.(80)

As the SNS plays a pivotal role in the activation of human BAT, it is remarkable that 
18FFDG PETCT has become the main method for visualizing active BAT, as 18FFDG 

is just a reflection of glucose metabolism. Because BAT uses FFAs as its main sub

strate, the absence of BAT activity cannot be inferred from a lack of 18FFDG uptake, 

thereby limiting the interpretation of negative 18FFDG findings. As it is estimated 

that approximately 10% of the substrate used by BAT is glucose (81), the use of fat

tyacid tracers would appear to be a more logical step; in fact, the fattyacid tracer 
18Ffluoro6thiaheptadecanoic acid was successful in identifying active BAT in 

humans.(82) However, internally stored fats cannot be measured, thereby causing 

a gap in the actual substrate consumption of BAT. Nevertheless, as the SNS is such 

an important factor in the activation of BAT, both 123ImIBG SPECT and 618FFDA PET 
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could serve as alternative visualization techniques. While such techniques cannot 

evaluate metabolic BAT activity, they are still of value for identifying factors that 

might stimulate BAT via the SNS.

While the main focus has been on the SNS in the activation of human BAT, the 

role of the PNS has generally been overlooked in both rodent and human studies. 

Organs are generally innervated by both the SNS and PNS and yet, until now, the 

one available PNS study showed no activating effect of VNS stimulation on BAT. 

However, the subjects in this study were relatively old (45 years) for the detec

tion of active BAT.(70) There is also considerable controversy over the question of 

whether BAT and WAT are innervated by the PNS, with various studies suggesting 

either null, regional or global PNS supplies to these tissues.(69, 8385) Clearly, 

the role of the PNS in BAT is still a matter of debate and should be investigated in 

future studies.

Such future studies could also use various tracers for imaging the PNS.(86) 
11Cmethylquinuclidinylbenzylate is a metabolically stable muscarinic (M2) 

receptor antagonist, and studies in humans have shown its high affinity for cholin

ergic receptors, at least in the heart. Also, 2deoxy218FfluorodglucoseA85380 

is an antagonistic nicotinic acetylcholine receptor that binds with high affinity to β2 

nicotinicreceptor subunits. However, the presence of BAT has not been described 

while using these imaging tracers.

Thus, the SNS appears to play an important role in the activation of human BAT, 

while the role of the PNS remains to be elucidated. Future research using both 

histological analyses as well as imaging studies is now needed to establish which 

factors are essential to the activation process of human BAT.
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Table 1  Visualization methods used in human brown adipose tissue (BAT) 

studies [references]

Method & target What is visualized

Metabolic imaging
18FFDG PETCT Glucose analogue targets glucose transporters & 

hexokinases; 
phosphorylation prevents tracer release from cells

Tissue glucose 
metabolism

Sympathetic imaging

618FFDA PETCT [27] Sympathetic neuron transporters & dopamine 
βhydroxylase; 618FFDA is converted to 18FFNE & 
stored in presynaptic vesicles in sympathetic nerve 
endings

Sympathetic 
innervation

123ImIBG SPECT(CT) 
[24, 26, 27, 30, 31, 
33, 34] 

Norepinephrine analogue with presynaptic 
reuptake via norepinephrine transporters; 
123ImIBG is taken up by neuroendocrine cells & 
stored in presynaptic neurosecretory granules

Sympathetic 
innervation / tumors 
of endocrine origin

18FFDG PETCT: 18Ffluorodeoxyglucose positron emission tomographycomputed tomography; 
618FFDA: 618Ffluorodopamine; 18FFNE: 18Ffluoronorepinephrine; 123ImIBG SPECT: 123Imetaiodo
benzylguanidine singlephoton emission CT.

Table 2  Pharmacological drugs used in human brown adipose tissue (BAT) 

studies

Mechanisms  
of action

Affects  
α receptors

Affects  
β receptors

Activating

Ephedrine(62, 63) Indirect stimulation of the adrener
gic receptor system by increasing 
the activity of norepinephrine at the 
postsynaptic receptors

yes yes

Isoprenaline(64) Nonselective βadrenergic agonist, 
structurally similar to epinephrine

no yes  
(particularly β1, β2)

Mirabegron(66] β3adrenergic receptor agonist no yes

Inhibiting

Propranolol 
(28, 4245)

Nonselective βadrenergic 
antagonist

no yes  
(particularly β1, β2)

Alpha blocker  
(type unknown)(29)

Nonselective αadrenergic 
antagonist

yes no
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Abstract

Brown adipose tissue (BAT) could facilitate weight loss by increasing energy 

expenditure. Cold is a potent stimulator of BAT, activating BAT primarily through the 

sympathetic nervous system (SNS). Older or overweight individuals have less met

abolic BAT activity than the lean and young, but the role of the SNS in this decline 

is unknown. We aimed to determine whether this lower metabolic BAT activity in 

older or overweight individuals can be explained by a lower SNS response to cold.

Methods: This was a prospective observational study. We included 10 young 

obese, 11 old lean, and 14 young lean healthy men. All subjects underwent 18FFDG 

PETCT and 123Imetaiodobenzylguanidine (123ImIBG) SPECTCT after an overnight 

fast and 2 h of cold exposure. Metabolic BAT activity was expressed as volume and 

as SUVmax of 18FFDG. BAT SNS activity was expressed as volume and as the ratio 

between 123ImIBG uptake in BAT and a reference region (SQUVmax of 123ImIBG).

Results: SUVmax, BAT volume, and SQUVmax were significantly different between 

young and old (SUVmax, 7.9 [range, 4.217.3] vs. 2.9 [range, 0.04.0]; volume, 124.8 

[range, 10.9338.8] vs. 3.4 [range, 0.010.9]; and SQUVmax, 2.7 [range, 1.94.7] vs. 

0.0 [range, 0.02.2], respectively) (all P  < 0.01) but not between lean and obese 

(SUVmax, 7.9 [range, 4.217.3] vs. 4.0 [range, 0.013.5] [P  =  0.69]; volume, 124.8 

[range, 10.9338.8] vs. 11.8 [range, 0.0190.2] [P = 0.64]; and SQUVmax, 2.7 [range, 

1.94.7] vs. 1.7 [range, 03.5] [P = 0.69], respectively). We found a strong positive 

correlation between BAT activity measured with 18FFDG and 123ImIBG in the whole 

group of BATpositive subjects (ρ = 0.82, P < 0.01).

Conclusion: Both sympathetic drive and BAT activity are lower in older but not in 

obese men.
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Introduction

The increasing prevalence of obesity in the young heralds a period in which we will 

be confronted with an older and obese population with an abundance of adverse 

consequences and associated health costs.(1, 2) So far most solutions for this 

problem have been unsatisfactory because attempts to lose weight fail in most 

cases.(3, 4)

Metabolically active brown adipose tissue (BAT) increases energy expenditure and 

could play a role in the battle against obesity by facilitating weight loss.(5, 6) If we 

could identify factors that contribute to stimulation or recruitment of metabolically 

active BAT, it would be possible to use BAT as a means to lose weight. Though 

cold exposure is the strongest activator of BAT known so far (7), people will not be 

exposed to cold for most of the day. Factors activating BAT during thermoneutrality 

have to be found. An important target in this respect is the sympathetic nervous 

system (SNS), which is thought to be the primary activator of BAT.(8)

In both older and overweight people, metabolic activity of BAT is generally found 

to be much lower than in younger or leaner controls.(912) The reason for this 

decreased metabolic BAT activity remains unknown, and the role of the SNS in BAT 

activation in the older and the obese has not been studied.

The common method to demonstrate metabolically active BAT is by performing 
18FFDG PETCT. Recently, our group showed that the sympathetic nervous stimu

lation of BAT can be visualized by 123Imetaiodobenzylguanidine (123ImIBG) SPECT.

(13) We showed a strong, positive correlation between 18FFDG and 123ImIBG in BAT 

in lean young men.

We hypothesized that SNS activation is diminished in both older and obese sub

jects as compared with young lean subjects as a cause for the diminished BAT 

activity. Therefore, we investigated whether SNS activation of BAT (123ImIBG) as a 

mediator of BAT activity (18FFDG) is diminished in young obese or lean older men 

when compared with the lean and young. In addition, we investigated whether the 

strong correlation between 18FFDG and 123ImIBG in lean men is also present in 

obese and older men. Finally, we investigated whether energy expenditure cor

related with BAT activity.
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Materials and Methods

This study was approved by the Medical Ethics Committee of the Academic Medical 

Center of the University of Amsterdam and was conducted according to the Decla

ration of Helsinki. Written informed consent was obtained from all subjects after 

oral and written explanation of the study procedures. The registration numbers of 

this study are NCT02173834 and NCT02130154 (www.clinicaltrials.gov).

Participants
This study consists of 2 separate protocols, which we have combined into 1 study. 

Power calculations were performed using nQuery Advisor (Statistical Solutions 

Ltd.), and they were based on previous studies.(13)

Assuming an α of 5%, 10 subjects per group were needed to be included in the 

study to obtain a power of 80% to detect a significant difference between the 

young obese and young lean subjects. To detect a significant difference between 

the young lean and old lean subjects, assuming an α of 5%, 11 subjects per group 

were needed to be included in the study to obtain a power of 80% to detect a 

significant difference between the young lean and old lean subjects.

We decided to combine the 2 studies after inclusion of 14 young lean subjects. In all, 

we included a group of 35 healthy, Caucasian male volunteers. We studied 10 young 

obese men (inclusion criteria: age, 1830 y; body mass index [BMI],  > 28 kg/m2; later 

referred to as the obese men), 11 old lean men (inclusion criteria: age, > 40 y; BMI, 

1925 kg/m2; later referred to as the older men), and 14 lean young men (inclusion 

criteria: age, 1830 y; BMI, 1925 kg/m2; later referred to as lean young). Subjects 

were included when they met the age and BMI criteria of the specified group and did 

not use any medication or drugs.

Baseline characteristics were obtained during the first visit. Anthropometric data 

were measured with the subjects wearing only underwear. Weight was measured 

on the same calibrated mechanical scale (SECA) to the nearest 100 g, and height 

and waist circumference were recorded to the nearest 0.01 m.
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18F-FDG PET-CT and 123I-mIBG SPECT-CT Imaging Protocols
18FFDG PETCT and 123ImIBG SPECTCT were performed on 2 separate days within 

an interval of 2 wk between April 2013 and March 2014 according to the previously 

established protocol.(14) In short, all subjects arrived in the morning after an over

night fast, after which they were exposed to mild cold (~16°C17°C) in an aircooled 

room for 2  h. During the cold exposure, subjects were wearing underwear only. 

After 1 h of cold exposure, the radioactive tracer was administered (the 18FFDG was 

adjusted for BMI, leading to dosages of ~200 MBq; for 123ImIBG, a fixed dose of 

185 MBq was used). 18FFDG PETCT was performed directly after the 2h cold expo

sure (i.e., 1 h after 18FFDG administration), and 123ImIBG SPECTCT was performed 

approximately 24 h after the 123ImIBG administration (according to the previously 

established protocol).(13) After every 2 subjects, the sequence of 18FFDG PETCT 

and 123ImIBG SPECT was changed to overcome order effects.

The scans were assessed by 2 authors, one trained in analyzing the scans and 

the other a nuclear physician. To compare areas with active BAT on both scans, 
18FFDG PETCT and 123ImIBG SPECTCT were aligned. Volumes of interest estab

lished on 18FFDG PETCT (i.e., uptake of 18FFDG identified by PET and the presence 

of fat identified by CT) were copied to the aligned 123ImIBG SPECTCT images. PET 

and SPECT images were aligned using an automated rigid method. We measured 

maximal uptake, mean uptake, and volume of BAT on both 18FFDG PETCT and 
123ImIBG SPECTCT.

BAT volume was measured using a PET or SPECTthresholdbased delineation. 

Therefore, volumes measured reflect activated BAT volume. All visually identified 

areas with active BAT were included in the analysis.

To be able to integrate the influence of both the metabolic and the sympathetic 

BAT activity within subjects across the 3 groups, we also calculated the SQUVmax 

to SUVmax ratio.

Other Measurements
Energy expenditure was recorded every minute using Quark RMR (Cosmed) during 

30 min via indirect calorimetry after the 2 h of cold exposure in the waiting period 
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after 123ImIBG administration and the SPECTCT acquisition (e.g., 1 h after the 
123ImIBG administration).

Oral glucose tolerance test and laboratory measurements were performed accord

ing to standard procedures (the supplemental data provide detailed methods; 

supplemental materials are available at http:// jnm.snmjournals.org).

Statistical Analysis
The characteristics of the study participants are reported as medians with inter

quartile ranges (IQRs). The p-values for differences between the lean young men 

and the older men and the obese were determined using the MannWhitney U test. 

Differences in the presence of BAT activity between the groups were calculated with 

the Fisher exact test. Correlations were determined with the Spearman correlation. 

Data analysis was performed using SPSS software 20.0 (IBM Software). A p-value 

of less than 0.05 was considered to indicate statistical significance.

Figure 1 Three typical examples

Three typical examples of BAT activity in accordance with subjects’ age and BMI. Left subject is a lean 
and old subject showing minimal BAT activity; middle subject is a lean and young subject showing 
abundant BAT activity; and right subject is an obese and young subject showing BAT activity but less 
than lean and young subject.
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Results

The study was performed between April 2013 and March 2014. Baseline charac

teristics of the subjects are shown in Table 1 (a more detailed table of baseline 

characteristics can be found in the supplemental data). As expected, the obese 

and the older men showed a more adverse metabolic profile than the lean and 




 





 





 








   








 











 





 





 













  







  












 





 





 













  




 





 







 





 





 









  










 




 







 





 





 













  






 



 




  

 




 







 





 





















 



 







Figure 2 BAT activity

(AC) Metabolic activity of BAT between the 3 groups defined as median (IQR) SUVmax, SUVmean, and 
volume of 18FFDG (defined as activity in Bq/mL within region of interest divided by injected dose in 
Bq/g of body weight), respectively. 
(DF) Sympathetic nervous stimulation to BAT between the 3 groups defined as median (IQR) SQUVmax 
and volume of 123ImIBG (calculated as maximum count in BAT divided by mean count per voxel in the 
mediastinum), respectively. 
NS = not significant.
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young subjects; that is, older subjects had a significantly higher HbA1c and total 

and lowdensity lipoprotein cholesterol whereas obese subjects were significantly 

less insulinsensitive and had higher highdensity lipoprotein cholesterol values 

and triglycerides (Supplemental Table 1).
18FFDG uptake was visually seen in 7 of 10 subjects in the obesemale group, 6 of 

11 in the oldermale group, and 13 of 14 in the leanyoungmale group. The presence 

of BAT activity on 18FFDG PETCT was not significantly different between the obese 

and lean males (P = 0.27) and borderline significant between the old and young 

males (P = 0.056). Figure 1 shows 3 typical cases of metabolically active BAT in 

our subjects. Metabolic BAT activity (maximal and mean) and volume measured on 
18FFDG PETCT were different between the lean older men and lean young (P < 0.01) 

men but not between the obese and lean young men (figure 2).

Uptake of 123ImIBG was seen in 7 of 10 subjects in the obesemale group, 5 of 

11 in the oldermale group, and 13 of 14 in the leanyoungmale group. Again, the 

presence of BAT activity on 123ImIBG SPECT was not significantly different between 

the obese and lean men. The maximal sympathetic nervous stimulation of BAT 

(SQUVmax) and volume measured on 123ImIBG SPECT were significantly diminished 

in the older men as compared with the lean young but did not differ between the 

obese and the lean young men. Mean sympathetic nervous stimulation of BAT 

(SQUVmean) was not significantly different between any of the groups (figure 2).

All the subjects with 123ImIBG uptake in BAT also showed 18FFDG uptake in BAT. 

Conversely, there was 1 older subject who showed 18FFDG uptake in BAT but no 
123ImIBG uptake.

To assess the relative influence of the sympathetic drive, we calculated the 

maximal and mean SQUV/SUV ratio in all subjects who were BATpositive on both 

scans. Although both the SQUVmax and the SUVmax were lower in the older men, 

the SQUVmax to SUVmax ratio was higher in the older men than the lean young. 

There was no difference in the ratio between the obese and the lean young. The  

SQUVmean/SUVmean ratio did not differ between the groups (figure 3).

There was a negative correlation between age and maximal metabolic and sympa

thetic BAT activity. Although the correlation remained significant for age and mean 

metabolic BAT activity, the correlation disappeared for age and the mean sympa
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thetic BAT activity (Table 2). There was no correlation between BMI and maximal 

or mean metabolic and maximal sympathetic BAT activity or BMI and BAT volume 

(Table 2). There was a strong and positive correlation in the whole group for both 

maximal and mean BAT activity measured with 18FFDG and 123ImIBG (figure  4). 

Also after removal of the BATnegative subjects, this correlation remained strong 

and positive for maximal BAT activity but not for mean BAT activity (figure 4).

After stratification, the strong positive correlation between maximal BAT activity 

measured with 18FFDG and 123ImIBG was still apparent in the lean young and the 

obese men but not in the older men (Table 3). After removal of the BATnegative 

subjects, the correlation was still significant in the lean young men (spearman 

correlation ρ, 0.74; P < 0.01) but not for the obese men (spearman correlation ρ, 

0.12; P = 0.64). There was no correlation between mean BAT activity measured with 
18FFDG and 123ImIBG for any of the groups (Table 3).




 





 





 












  








 



 










 











 





 





 





















 



 











 








 

Figure 3 SQUV-to-SUV ratio

Relative influence of sympathetic drive, calculated as SQUVtoSUV ratio in all subjects who were 
BATpositive on both scans for maximal values (A) and mean values (B). 
NS = not significant.
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Energy expenditure during cold did not differ significantly among the 3 groups 

(Table 1). There was a positive relation between energy expenditure in cold and 

maximal metabolic and sympathetic BAT activity in the whole group (Table 2).

Discussion

We found a lower SNS activity in the older men than in the lean young men, which 

may be the explanation for the lower metabolic BAT activity. In line with our earlier 

data, we found a strong and positive correlation for detecting BAT on 18FFDG PETCT 

 

    








  

     





 









   

    






      

  





 








 

    










      

  





 









   

    










      

  





 









 

 

Figure 4 Correlations

Spearman correlations for metabolic BAT activity measured on 18FFDG PETCT (expressed as SUVmax 
of 18FFDG) and sympathetic nervous stimulation to BAT measured on 123ImIBG SPECT (expressed as 
SQUVmax of 123ImIBG). (A) Maximal BAT activity in all subjects (n = 35). (B) Maximal BAT activity in all 
BATpositive subjects (n = 26). (C) Mean BAT activity in all subjects (n = 35). (D) Mean BAT activity in all 
BATpositive subjects (n = 26); regression line not shown because of nonsignificance.
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and 123ImIBG SPECTCT in the lean young men.(13) This correlation disappeared in 

the older men.

The higher SQUVmaxtoSUVmax ratio in the older men than in lean young men may 

suggest a dissociation between the stimulus and effect. This dissociation might 

also explain the absence of a correlation for detecting BAT between 18FFDG PETCT 

and 123ImIBG SPECTCT.

Because the SNS drive is supposed to be the main determinant of BAT activity, an 

increasing ratio of SNS activity over metabolic BAT activity (for our purposes the 

ratio of 123ImIBG uptake over 18FFDG uptake) might imply that BAT becomes less 

sensitive to SNS signals on aging. After all, the SNS signal, relative to metabolic 

activity (i.e., the SQUVmaxtoSUVmax ratio) was higher in the older men than in the 

lean young men, though just short of statistical significance.

The combination of both a lower absolute SNS signal and a possible declined sen

sitivity of BAT for SNS stimulation may cause the lower ability to activate and recruit 

BAT in the older men. However, the relative role of the SNS should be confirmed in 

trials with larger subject numbers.

Strikingly, older humans have an inability to appropriately regulate their tempera

ture when exposed to cold.(1517) At least some part of this inability is due to an 

increased heat loss caused by inefficient vasoconstriction responses or changes 

in peripheral blood flow during cold exposure.(1719) Nonetheless, there is also 

evidence that on aging, the ability to produce metabolic heat decreases.(20) Hypo

thetically, this might at least in part be caused by the lower absolute SNS signal to 

BAT in the elderly population, causing a lower ability to activate and recruit BAT in 

the older men. These findings support the idea that the SNS has an important role 

in the activation process of BAT.

Studies investigating the effects of sympathicomimetics (e.g., ephedrine, isopren

aline) on BAT activation did not result in unequivocal evidence.(2124) However, 

recently Cypess et  al. showed an intense BAT activation after administration of 

mirabegron (a β3 adrenergic receptor agonist).(25) Similar to our previous study 

(13), we also clearly show involvement of SNS in BAT. The SNS activity to BAT can be 

visualized and quantified by performing 123ImIBG SPECT.
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The involvement of the SNS in BAT activation is clearly demonstrated by the strongly 

positive correlation for detecting BAT on 123ImIBG SPECT and 18FFDG PETCT in lean 

young, healthy men.(13) The lower metabolic BAT activity in the older men than in 

the lean young men is in line with previous studies, though less pronounced.(10, 

12) We found a fairly high metabolic BAT activity in the older men as compared with 

the literature; this might be explained by the fact that the older men in our study 

were in a good physical condition as illustrated by a relatively low BMI and the fact 

that none of our subjects used any medication, despite the median age of 54 y 

(IQR; range, 5060 y). We found a borderline significant difference in the presence 

of BAT activity on 18FFDG PETCT between the young and older men. Though the 

metabolic BAT activity in the older men was relatively high, the borderline signifi

cant difference is probably a type 2 error, caused by the small sample size.

In addition to the lower metabolic BAT activity in the older men, we now demon

strate a lower SNS activity to BAT, as compared with the lean, young. This might, 

at least in part, explain the lower metabolic BAT activity in older men. Promising 

results have been obtained in several studies indicating that BAT can be recruited, 

even in individuals with decreased BAT activity.(26, 27) However, whether this 

could also be applied in older humans has to be investigated.

We used 123ImIBG SPECT to measure sympathetic stimulation in an acute exposure 

setting. The uptake of 123ImIBG in neuroendocrine cells occurs by an active uptake 

mechanism via the norepinephrine transporter. There is evidence that acute modu

lation of norepinephrine transporter trafficking may provide additional modulatory 

capacity for noradrenergic signaling.(28) This means that the 123ImIBG uptake 

patterns we have observed most likely reflect the fast sympathetic response to the 

acute cold exposure.

After the uptake, 123ImIBG is stored in neurosecretory granules and may subse

quently be secreted in the synaptic cleft. 123ImIBG uptake in a specific organ is 

dependent on catecholamine excretion or the adrenergic innervation of the spe

cific organ.(29)

In contrast to other groups, we used a uniform cooling method in which all sub

jects were exposed to the same room temperature instead of personalized cooling. 

Uniform cooling is considered clinically more relevant because humans are exposed 
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to outdoor temperatures, which are also uniform. Nonetheless, despite the uniform 

cooling, we found no differences in metabolic BAT activity between the lean young 

and the obese men. This might be explained by the slightly lower age of the obese 

subjects than the subjects in the literature.(30, 31) Aging processes might be more 

important as determinants of BAT than BMI.(9) Furthermore, the small number of 

participants may have caused a lack of power to demonstrate a difference between 

the obese and the lean young subjects. However, other studies, using the same 

sample size but a different cooling protocol, found a significant difference in met

abolic BAT activity and volume between the lean young and the obese.(11, 30, 31)

Likewise, there was no difference in SNS stimulation between the lean and the 

obese. The strong and positive correlation for detecting BAT on 18FFDG PETCT and 
123ImIBG SPECTCT we found in the lean young was also found in the obese, con

firming that 123ImIBG SPECTCT is capable of detecting the SNS BAT activity in both 

the lean young and the obese subjects.

We measured BAT volume using a PET/SPECT thresholdbased delineation. There

fore, BAT volumes included in this study reflect activated BAT volume instead of 

total BAT volume, and total BAT volume might be underestimated. However, by 

exposing our subjects to cold, BAT is maximally activated. Therefore, in this setting 

the differences between activated BAT and total BAT are probably small.

We found a weak but positive correlation between energy expenditure during cold 

exposure and BAT activity, emphasizing that activated BAT could contribute to 

weight loss. These findings are in line with previous publications.(26, 27, 32)

Conclusion
A lower sympathetic drive may explain the lower BAT activity in the older men 

but not in the obese men. Furthermore, with increasing age there might also be a 

diminished sensitivity of BAT to SNS stimulation. If the activation of BAT is regarded 

as a promising antiobesity strategy, future research has to be directed to identify 

factors able to reactivate or recruit BAT in thermoneutrality, possibly by increasing 

the SNS signal to BAT.
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Table 1 Characteristics of male volunteers

Characteristic
Obese 
young IQR

Lean 
young IQR Lean old IQR

N 10 14 11

Age (years) 25.5 21.031.3 25.5 20.828.0 54* 50.060.0

BMI (kg/m2) 32.2* 30.838.9 22.0 20.923.2 23.1 21.723.8

Waist circumference 
(cm)

117.5* 110.5144.5 83.0 82.085.0 90.0† 85.093.0

Laboratory values

 HbA1c (mmol/mol) 35.0 32.837.8 33.5 31.835.0 39.0* 36.040.0

  Thyroidstimulating 
hormone (mE/L)

2.4 1.53.3 1.8 1.02.4 1.7 1.42.2

  Free Fatty Acids 
(mmol/L)

0.6 0.60.8 0.5 0.40.7 0.5 0.30.8

  Energy Expenditure 
in cold (kcal/24h)

2,421 1,4992,530 2,294 1,8072,666 1,484 1,0332,294

 *  P < 0.001, significantly different as compared with lean young men.
 † P < 0.01, significantly different as compared with lean young men.
  Data are presented as n or median.

Table 2 Correlations between BAT parameters and patient characteristics

SUVmax SUVmean SQUVmax SQUVmean
BAT 

volume
BAT 

volume 

Age (years) ρ = –0.48* ρ = –0.44* ρ = –0.38† ρ = –0.272 ρ = –0.43* ρ = –0.37†

BMI (kg/m2) ρ = –0.26 ρ = –0.28 ρ = –0.27 ρ = –0.29 ρ = –0.26 ρ = –0.28

Energy Expenditure 
in Cold (kcal/24h)

ρ = 0.47† ρ = 0.48† ρ = 0.46† ρ = 0.41 ρ = 0.55† ρ = 0.41

 * P < 0.01
 † P < 0.05
  Spearman correlations for BAT activity parameters and age, BMI, and energy expenditure in cold.
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Table 3  Correlations between BAT parameters after stratification

SUVmax SUVmean

Young lean

 SQUVmax ρ = 0.79*

 SQUVmean ρ = 0.17

Young obese

 SQUVmax ρ = 0.88*

 SQUVmean ρ = 0.58

Old lean

 SQUVmax ρ = 0.57

SQUVmean ρ = 0.56

Stratification of Spearman correlations between maximal and mean BAT metabolic activity 
(respectively, SUVmax and SUVmean) and maximal and mean sympathetic nervous stimulation to BAT 
(respectively, SQUVmax and SQUVmean).
 *  P < 0.01.
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Supplementary data

Methods of oral glucose tolerance test and laboratory 
measurements
All subjects underwent a sevenpoint oral glucose tolerance test (OGTT) at the 

department of clinical diabetology in the Academic Medical Center. During the OGTT 

subjects ingested a standardized amount of 75 g of glucose dissolved in 300 ml 

water, at time point 0. Blood samples were collected at time points 0 (before the 

administration of the glucose), 10, 20, 30, 60, 90 and 120 minutes. Data were anal

ysed using a glucoseinsulin model to derive an OGTTbased insulin sensitivity (oral 

glucose insulin sensitivity [OGIS]) index to predict glucose clearance.(1) Plasma 

glucose levels were measured using a HemoCue Glucose 201 RT Analyzer. Plasma 

insulin levels were measured using sandwich enzyme immunoassay(Roche Diag

nostics, Rotzkreuz, Switzerland). Furthermore we assessed HbA1c (ionexchange 

chromatography on a TosohG8 analyser; Tosoh Bioscience, Tokyo, Japan), levels 

of total cholesterol, HDLcholesterol, LDLcholesterol, triacylglycerol (enzymatic 

colorimetric method for all cholesterol and triacylglycerol measurements, Roche 

Diagnostics) and creatinine (colorimetric). Free fatty acids were measured using 

spectrophotometry.

Results

The obese were significantly more insulin resistant, as measured with HOMAIR 

(homeostatic model assessment  insulin resistance) and OGIS than the lean young 

(table 1). Measurements for insulin sensitivity did not correlate with any of the scin

tigraphic BAT parameters (table 2).

References

 1  Mari A, Pacini G, Murphy E, Ludvik B, Nolan JJ. A model-based method for assessing insulin 
sensitivity from the oral glucose tolerance test. Diabetes Care. 2001;24:539548.



60

3

Chapter 3

Table 1 Characteristics of the male volunteers

Obese 
young IQR

Lean 
young IQR Lean old IQR

N 10 14 11

Age (years) 25.5 21.031.3 25.5 20.828.0 54*** 50.060.0

BMI (kg/m2) 32.2*** 30.838.9 22.0 20.923.2 23.1 21.723.8

Waist circumference (cm) 117.5*** 110.5144.5 83.0 82.085.0 90.0** 85.093.0

Bodysurface area (m2) 2.4*** 2.32.5 2.1 2.02.1 2.0 1.92.0

Laboratory values

  HbA1c (mmol/mol) 35.0 32.837.8 33.5 31.835.0 39.0*** 36.040.0

 Creatinin (µmol/L) 77.5 69.887.3 76.0 71.582.5 82.0 76.090.0

  Fasting plasma 
glucose (mmol/L)

3.9 3.74.4 4.2 4.04.6 4.2 3.74.5

  Fasting plasma 
insulin (pmol/L)

86** 52132 27 1542 41 1752

  Total Cholesterol 
(mmol/L)

4.2 4.15.4 4.0 3.64.5 5.8*** 5.26.0

  HDL Cholesterol 
(mmol/L)

1.0** 0.91.3 1.5 1.31.7 1.4 1.31.8

  LDL Cholesterol 
(mmol/L)

2.6 2.23.1 2.1 1.62.6 4.0*** 2.94.1

 Cholesterol ratio 4.4** 3.45.0 2.6 2.13.4 4.1* 3.04.7

  Triglycerides 
(mmol/L)

1.1* 0.81.7 0.6 0.51.1 0.9 0.81.1

 TSH (mE/L) 2.4 1.53.3 1.8 1.02.4 1.7 1.42.2

  Free Fatty Acids 
(mmol/L)

0.6 0.60.8 0.5 0.40.7 0.5 0.30.8

 HOMAIR 2.4** 1.33.5 0.7 0.41.3 1.0 0.41.4

  OGIS (ml/min/m2) 440* 395505 530 455571 495 429545

  Energy Expenditure 
in Cold (kcal/24h)

2,421 1,4992,530 2,294 1,8072,666 1,484 1,0332,294

BMI, body mass index; HDL, high density lipoprotein; LDL, low density lipoprotein; TSH, thyroid 
stimulating hormone; OGIS, oral glucose insulin sensitivity.
HOMAIR, homeostatic model assessment  insulin resistance, calculated as 
([glucose(mmol/L) × insulin(mU/L)]/22.5).
Data are presented as n or median [interquartile range].
Significant different as compared to the lean young males: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 2 Correlations between BAT parameters and insulin sensitivity tests

SUVmax SUVmean SQUVmax SQUVmean
BAT 

volume
BAT 

volume 

HOMAIR ρ = –0.10 ρ = –0.11 ρ = –0.10 ρ = –0.15 ρ = –0.15 ρ = –0.07

OGIS (ml/min/m2) ρ = –0.00 ρ = –0.02 ρ = –0.27 ρ = 0.01 ρ = 0.02 ρ = 0.14

Spearman’s correlations for BAT activity parameters and HOMAIR (homeostatic model assessment 
 insulin resistance, calculated as ([glucose(mmol/L) × insulin(mU/L)]/22.5) and OGIS (oral glucose 
insulin sensitivity).
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Abstract

Brown adipose tissue is able to increase energy expenditure by converting glucose 

and fatty acids into heat. Therefore, BAT is able to increase energy expenditure and 

could thereby facilitate weight loss or at least weight maintenance. Since cold is 

a strong activator of BAT, most prospective research is performed during cold to 

activate BAT.

In current research, there are roughly two methods of cooling. Cooling by lower

ing ambient air temperature, which uses a fixed temperature for all subjects and 

personalized cooling, which uses cooling blankets or vests with temperatures that 

can be adjusted to the individual set point of shivering. These methods might 

trigger mechanistically different cold responses and hence result in a different BAT 

activation.

This hypothesis is underlined by two studies with the same research question (dif

ference in BAT activity between Caucasians and South Asians) one study found no 

differences in BAT activity whereas the other did found differences in BAT activity. 

Since most characteristics (e.g. age, BMI) were similar in the two studies, the best 

explanation for the differences in outcomes is the use of different cooling protocols.

One of the reasons for differences in outcomes might be the sensory input from the 

facial skin, which might be important for the activation of BAT.

In this review we will elaborate on the differences between the two cooling proto

cols used to activate BAT.
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Introduction

In the battle against the continuously growing health problems of obesity and type 2 

diabetes mellitus (DM2), interventions such as medication, exercise and diet have 

been extensively studied but do not always achieve the intended goal.(1) Currently, 

bariatric surgery is still the most effective method to lose weight and correct met

abolic deficits during the course of the disease.(2, 3) This is by no means a proce

dure without risks.(3) Therefore the necessity to find new options for the treatment 

of hyperglycaemia and hyperlipidaemia (triglycerides) remains.

Brown adipose tissue (BAT) is a specialized tissue capable of dissipating large 

amounts of energy (glucose and fatty acids) in the form of heat as part of a process 

called adaptive thermogenesis.(4) Therefore, BAT might be important in correcting 

and regulating cholesterol and glucose levels in DM2.(57) Since BAT is able to dis

sipate energy, changing BAT activity could potentially also play a role in facilitating 

or maintaining weight loss.

Since the discovery of BAT as a potential means to treat hypertriglyceridemia, 

hyperglycaemia and obesity, the number of publications on this topic has massively 

increased. BAT is strongly activated when subjects are exposed to cold. This effect 

is primarily mediated by the sympathetic nervous system (SNS).(4, 8) Since cold 

is one of the strongest activators of BAT, most studies are performed during cold 

exposure. However, the methods used to expose human subjects to cold differ. 

Frequently used methods are cold exposure in an aircooled room (913), and cold 

exposure with personalized cooling methods using either a cooling blanket or a 

cooling vest.(1416) These methods might trigger mechanistically different cold 

responses and hence result in a different BAT activation.

This hypothesis is further strengthened by the following observations during a 

protocol in which we investigated BAT activity in young lean, young obese and 

old lean subjects.(17) Typically, in our studies in which we examine BAT activity, 
18FFDG uptake and energy expenditure are measured on 2 separate days. Because 

of technical failure of the energy expenditure device, we measured energy expen

diture in 3 consecutive subjects during the 2 hours of cold exposure before the 

administration of 18FFDG. Energy expenditure was measured using a hood which 
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covered the head, therefore the air in the hood was warmer than the aircooled 

room. In these 3 subjects BAT activity was significantly less as compared to the 

Figure 1 Brown Adipose Tissue activity in volunteers with and without hood

Figure 1 shows the 18FFDG PET images of 6 young (2026 years), lean(BMI 2023kg/m2), healthy 
volunteers which were scanned during summer (June and July) 2013. Pictures A, B and C illustrate 
the volunteers, when the 18FFDG was administered in an aircooled room with their heads covered 
in a hood (necessary for energy expenditure assessment). Pictures D, E and F shows the 18FFDG PET 
images of the volunteers, in whom the 18FFDG was administered in the aircooled room without any 
covering of their heads.

A

D

C

F

B

E
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other study subjects (figure  1). Although we realize that this observation needs 

further validation, this finding suggests that sensory input from the facial skin is 

important for the activation of BAT in humans as measured with 18FFDG PETCTs.

Since this observation may have implications for BAT research, it triggered us to 

look into the specifics of the different cooling protocols. In this article we aim 

to described these differences and discuss the relative merits of the different 

protocols.

We performed a literature search on BAT in humans using air cooling and/or cooling 

blankets as methods to activate BAT. MEDLINE was searched for studies on human 

BAT, published until August 25th 2016 using the following terms and medical sub

heading ((Brown Adipose Tissue[mesh] OR Brown Adipose Tissue[tiab] OR Brown 

Fat[tiab] OR Hibernating Gland[tiab]) NOT ((animals[MeSH] NOT humans[MeSH]) 

OR (rat[ti] OR rats[ti] OR mouse[ti] OR mice[ti]))). We used a broad definition of entry 

terms and selected relevant articles for this review. We did not include all human 

BAT studies using air cooling and/or cooling blankets as methods to activate BAT 

because this had no additional value for this review.

Cooling protocols

Cold exposure by air conditioning
Cold exposure by air conditioning leads to uniform exposure of the whole body at 

a fixed medium cold temperature. The BAT activity measured with such a 18FFDG 

PETCT protocol is most likely a reflection of the daytoday and seasonal fluctua

tions in BAT volume and activity, as it is most often difficult to adjust surrounding 

temperatures to individual needs or likings for the majority of the day (e.g. work 

environment). Therefore, this protocol might best be used to explain differences 

between groups (e.g. ethnicities, groups differing in age or BMI), i.e. the actual 

activity under similar environmental conditions.
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Personalized cold exposure 
Cold exposure by a personalized cooling protocol leads to localized cooling with an 

individualized cooling temperature for each separate study participant. The tem

perature in cooling blankets or vests will drop gradually until the subjects shiver. 

Once the subjects shiver, the temperature is raised a little, just above the personal 

shivering point. By using the temperature closest to the personal shivering point, 

BAT will be, most likely, maximally stimulated in every individual participant.(18) 

The big advantage of this protocol is the comparability of maximally stimulated BAT 

activity between subjects, i.e. the potential activity.

Other possibilities
There are several variations of the cooling protocols described above e.g. cold 

exposure by air conditioning in combination with localized topical cooling (e.g. 

placing legs/feet on ice or in ice water (1921) or the use of cooling blankets with a 

fixed cooling temperature.(22)). However, we feel that these alternatives are vari

ations on a theme and cooling protocols fall into two broad groups to generalized 

cooling versus local, topical cooling.

Differences in outcomes

The importance of distinguishing between cooling methods is shown by differences 

in outcomes in 2 studies which used two different cooling methods.(16, 23) Both 
18FFDG PETCT studies investigated whether the susceptibility for DM2 in South 

Asians could be associated with a lower BAT activity. Admiraal et al. used a fixed 

cooling temperature with cold exposure in an aircooled room and Bakker et al. 

used individualized cooling protocols using cooling blankets.(16, 23) In general 

it seems that the total BAT volume, maximal and mean BAT activity found during 

personalized cooling were considerably higher than during aircooling. In addi

tion using aircooling no significant differences in BAT activity and volume were 

found between South Asians and Caucasian subjects whereas during personalized 

cooling BAT volume was significantly lower in South Asians than in Caucasians, but 
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there was no difference in BAT activity. During personalized cooling, 1 Caucasian 

subject was BAT negative versus none of the subjects during aircooling. Interest

ingly, the average personal cooling temperatures of the Caucasian subjects were 

19.8 ±2.5°C vs 18.7 ±2.2°C in the South Asian subjects. Since subject groups in 

both studies were comparable for clinical characteristics such as age and BMI, the 

most plausible explanation for the differences found is the different methods of 

cooling.

Reasons for differences in outcomes

Several factors might be responsible for differences in outcomes between the two 

cooling protocols (table 1).

First, core temperature is thought to be an important determinant in the activa

tion of BAT. However, equally or more important than core body temperature, the 

sensory input from the skin might play a role in BAT activation. The direct cooling of 

the skin using cooling blankets may elicit an increased cold sensation and hence 

a totally different (sympathetic) response even though actual thermogenic loss 

(and thus core body temperature) might be similar as during aircooling because 

of the concomitant skin vasoconstriction.(24, 25) Furthermore, when using cooling 

blankets to induce cold exposure, the head is not included. As illustrated by our 

observations, cooling of the head might be important in the activation process of 

BAT. Considering the small volume and the distribution of BAT in humans in close 

proximity to the central nervous system (CNS) (26), the main function of human 

BAT might be to protect the CNS against (extreme) cold.(4, 27) Therefore, sensory 

input from the facial skin might have priority in the activation of BAT in humans. In 

rodents, it has been shown that BAT indeed is important for temperature control in 

the central nervous system.(28) 

Second, conductive heat loss during the use of cooling blankets is much bigger 

than during aircooling and might therefore affect core body temperature. However, 

in humans there have been no studies indicating that (the relative small amount 

of) active BAT is able to increase core body temperature. Furthermore, if core 
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body temperature would indeed play a major role in the activation process of BAT, 

BMI would be an important determinant of BAT activity due to increased isola

tion. Although retrospective analysis has shown that BAT activity decreases with 

increasing BMI,(29) the evidence from prospective data is less convincing.

Several studies showed no significant differences in BAT volume between lean and 

obese subjects.(17, 30) Furthermore, in other studies there were no differences in 

BMI between the BAT positive and BAT negative groups.(20, 21) In studies where 

BMI seems to play a significant role(e.g. higher BMI is associated with lower BAT 

activity), the influence of age is not fully considered. There is one prospective study 

showing a relative low prevalence of BAT in morbidly obese subjects (e.g. 20%)

(31), however, apart from differences in BMI there was a also considerable differ

ence in mean age between the obese and lean. Surprisingly, in studies where an 

increase in BMI has been correlated with a decrease in BAT activity.(20, 31) BAT 

positive subjects and BAT negative subjects in these studies mainly differed in age, 

but not in BMI.(17, 20) So, the inverse correlation between BMI and BAT activity 

may have been driven by age rather than BMI and therefore, the role of BMI (e.g. 

insulation) as a determinant in BAT activation might be overestimated. Nonethe

less, using different cooling protocols undeniably leads to different outcomes and 

therefore, future research needs to focus on the implication of using a specific 

cooling protocol.

Conclusions
Sensory input from the facial skin seems to be important for the activation of BAT 

in humans and cooling of the facial skin might influence the (type of) BAT response. 

An optimized understanding of the influence of (localized) cooling on BAT activity 

can only be gained by a headtohead comparison of the two major cooling proto

cols (i.e. generalized cooling versus local, topical cooling) in the same individuals.
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Table 1 Differences between cooling protocols

Cooling blankets
Personalized cooling protocol

Air cooling
Fixed temperature

BAT activity Maximally activated (sub)maximally activated

Comparability Comparable between subjects Reflecting “real life”

Cooling Directly to skin
increased conductive heat loss

Surrounding cooling
less conductive heat loss

Excluding head Including head
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Abstract

Objective: Measurement of brown adipose tissue (BAT) activity is the focus of 

intensive research, among others as a potential target for weightlowering strate

gies. In this, BAT activity is visualized and quantified using 18Ffluorodeoxyglucose 

(18FFDG) PETCT. The aim of this study was to determine the interobserver and 

intraobserver variability for detecting and quantifying BAT on 18FFDG PETCTs.

Methods: Three observers retrospectively independently assessed 55 18FFDG 

PETCTs (performed between April 2013 and January 2014) for BAT activity para

meters: BAT volume, the maximal and mean standardized uptake value (SUVmax 

and SUVmean) obtained in healthy male controls.

One observer reassessed the scans after 2 months for the intraobserver variability. 

Interobserver and intraobserver variability were expressed using Lin’s concordance 

coefficient (LCC) and BlandAltman plots. Correlations between the three parame

ters were assessed using Spearman’s correlation.

Results: The LCCs for the interobserver and intraobserver concordance for SUVmax 

were the highest (LCC SUVmax varied between 0.998 and 0.999, for SUVmean 

between 0.989 and 0.991 and for volume between 0.947 and 0.972). The Bland

Alt man analysis showed a small absolute mean difference between all observers 

for both SUVmax and SUVmean, but the differences for volume were markedly higher. 

All parameters correlated statistically strongly and positively.

Conclusion: The SUVmax showed the lowest interobserver and intraobserver 

variation. Although SUVmean and BAT volume had a higher interobserver and 

intraobserver variation, the variation is still within acceptable limits. Therefore, all 

parameters can be used to describe BAT activity. However, for an adequate com

parison between studies, we recommend the use of SUVmax.
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Introduction

Brown adipose tissue (BAT) is capable of dissipating large amounts of energy in 

the form of heat. Therefore, BAT could potentially play a role in facilitating weight 

loss.(1)

Considering the small volume and the location of BAT in the neck region, histologi

cal research of human BAT is difficult.(2) Fortunately, nuclear medicine techniques 

enable us to quantify BAT activity and volume. Currently, 18Ffluorodeoxyglucose 

(18FFDG) positron emission tomographycomputed tomography (PETCT) imaging is 

the most commonly used method to visualize metabolically active BAT in humans 

by identifying regions of adipose tissue on CT that have a high uptake of 18FFDG on 

the PET scan. Importantly, BAT detected using 18FFDG PETCT indeed corresponds 

histologically with BAT.(3) The discovery of BAT as a potential means to lose weight 

has generated a massive scientific interest, resulting in a vast number of publi

cations. Although the number of human BAT research publications is increasing 

rapidly, the comparability of these studies is low because of considerable varia

tions in methodology.

One of the most obvious variations is a variability in cooling methods.(4) Cold is 

the strongest activator of BAT activity known; therefore, most studies are carried 

out during cold exposure.(3, 5, 6) However, the methods used to achieve cold 

exposure differ (e.g. cold exposure in an aircooled room (79) or with personalized 

cooling methods (1013)), leading to different outcomes.(8, 13)

Another important source of variation in the determination of BAT activity on 18FFDG 

PETCTs may be the interobserver and intraobserver variability of the measurement. 

So far, it is unknown to what extent variation exists during the evaluation of BAT 

between different observers (interobserver variation) but also for one observer at 

different time points (intraobserver variability). Several parameters are commonly 

used when assessing BAT activity; the maximal and mean standardized uptake 

value (SUVmax and SUVmean) and BAT volume. BAT volume is the most frequently 

used parameter to indicate BAT recruitment.(11, 14) The determination of BAT 

volume as well as SUVmean is dependent on the defined regions of interest (ROI) 

and cutoff value used. To be able to create a ROI, a cutoff value has to be chosen, 
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every pixel with a SUV equal to or higher than this ROI setting is included in the 

ROI. Thus, a lower cutoff value automatically results in a larger volume and a lower 

SUVmean. SUVmax is the only parameter that is unlikely to be influenced by a differ

ence in cutoff values or by observer variation. If we want to be able to compare 

the outcomes of different BAT studies, it is important to know to what extent the 

interobserver and intraobserver variability exists. Therefore, the aim of this study 

was to determine the interobserver and intraobserver variability for detecting and 

quantifying BAT on 18FFDG PETCTs.

Methods

18F-FDG PET-CTs
We included 55 18FFDG PETCTs of 49 participants. The participants were healthy 

men who participated in BAT research at the Academic Medical Center in Amster

dam. The 18FFDG PETCT scans were performed between April 2013 and January 

2014 for the purposes of two studies.(15, 16) The institutional ethics committee 

of the Academic Medical Center approved these study protocols. All participants 

provided informed consent during the execution of these protocols. All par

ticipants were scanned after an overnight fast. Six individuals participated in a 

protocol where BAT activity was measured before and after administration of the 

dopamine receptor agonist bromocriptine at 21°C (e.g. two 18FFDG PETCT scans). 

Thirtyfive individuals participated in a study in which we investigated whether 

sympathetic nervous system (SNS) activation of BAT, as a mediator of BAT activity, 

was diminished in young obese or lean older men compared with the lean, young 

men. Furthermore, we included eight individuals who have participated in research 

protocols but who have never been previously reported. The 35 individuals and 

eight individuals mentioned above were scanned after 2 h of mild cold exposure 

(1617°C in an aircooled room). In the current study, we use the 18FFDG PETCTs of 

the previously mentioned studies to determine the interobserver and intraobserver 

variability for detecting and quantifying BAT on 18FFDG PETCTs.
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In all participants, 18FFDG PETCT imaging was performed 1 h after the administra

tion of 18FFDG (~200 MBq). The 18FFDG PETCT images were acquired on a Gemini 

timeofflight multidetector helical PETCT scanner (46 min/bed position; Philips 

Medical Systems, Eindhoven, the Netherlands).

Assessment of 18F-FDG PET-CT
Three readers, one experienced PhD student (observer 1; L.B.), one inexperienced 

internal medicine physician (observer 2; F.H.), and one experienced nuclear med

icine physician (observer 3; H.J.V.) on BAT activity assessment, independently 

assessed the 18FFDG PETCT scans. This was a retrospective analysis of the pro

spectively acquired 18FFDG PETCT scans. BAT was defined as adipose tissue on CT 

(between −250 and −50 HU) with a minimal uptake of 18FFDG on PET of more than 

2 g/l. First, the presence of active BAT was determined on 18FFDG PETCT. When BAT 

activity was assessed as negative, the values of SUVmax, SUVmean, and BAT volume 

were 0.0. When BAT activity was assessed as positive, observers defined ROI using 

Hybrid Viewer (Hermes Medical Solutions, Stockholm, Sweden) in all the regions 

with active BAT on the 18FFDG PETCT. To be able to create a ROI, the observers 

had to choose a cutoff value every pixel with a SUV equal to or higher than this 

ROI setting was included in the ROI. The observers were free to determine the ROI 

setting that they would use for every single 18FFDG PETCT scan with a minimum of 

2 g/l. However, when a ROI setting was chosen, this was used for every BAT foci in 

the same participant. The observers included as many BAT foci as they could find. 

All observers measured 18FFDG derived BAT volume, SUVmax, and SUVmean using 

SUV values were defined as activity (Bq/ml) within the ROI/injected dose (Bq/g 

body weight). Two months after the first assessment, a single observer (L.B.) reas

sessed the scans, in a randomized order, to determine intraobserver variability.

Statistical analysis
All continuous variables are expressed as mean ±SD or as median and interquar

tile range. The intraobserver and interobserver variability for BAT activity analysis 

on 18FFDG PETCT was assessed using Lin’s concordance coefficient (LCC) and 

BlandAltman analysis (expressed as the mean difference between observers and 
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95% limits of agreement). For clinically relevant agreement, an LCC value of more 

than 0.99 was considered as almost perfect, 0.950.99 as substantial, 0.900.95 

as moderate, and less than 0.90 was considered as poor.(17) Correlations between 

parameters were calculated using Spearman’s correlation. All statistical analyses 

were carried out using SPSS software package (version 20.0; SPSS Inc., Chicago, 

Illinois, USA).

Results

Fiftyfive scans of 49 male participants were available for analysis. One scan was 

excluded from analysis because of interfering artifacts caused by an infection 

Figure 1  Participant with intense BAT activity

Participant with intense brown adipose tissue 
(BAT) activity on 18FFDG PETCT. 
This participant shows evident metabolic 
active BAT on 18FFDG PET. There was no 
difference in maximal standardized uptake 
value (SUVmax) between the three observers 
(SUVmax: 24.6). However, both mean 
standardized uptake value (SUVmean), BAT 
volume, and chosen SUV cutoff for metabolic 
active BAT showed differences between the 
three observers (i.e. SUVmean ranged from 3.9 
to 5.9; BAT volume ranged from 492 to 878 ml; 
chosen cutoff SUV for metabolic active BAT 
ranged from > 2 to > 4).
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in the supraclavicular region, identified independently by all three observers. In 

total, 54 scans of 48 men were evaluated by the three observers. The participants 

had a median age of 24 years (interquartile range: 2130 years) and a median BMI 

of 23.3 kg/m2 (21.327.2 kg/m2). Figure 1 shows a participant with active BAT on 
18FFDG PETCT.

Interobserver variability of 18F-FDG PET-CT for BAT quantification
The medians of BAT parameters determined on 18FFDG PETCT for all observers are 

shown in Table 1. There was a total agreement for the visual assessment for the 

presence of BAT activity on the 18FFDG PETCTs. All observers found the same 40 of 

54 scans positive for activated BAT and also identified the same 14 scans negative 

for activated BAT. 

  







   

 








 

 





  







  

 








 

 





  







  

 








 

 





 



Figure 2 Bland-Altman plots for SUVmax

BlandAltman plots showing the variability for maximal standardized uptake value (SUVmax) 
determination of brown adipose tissue activity on 18FFDG PETCT between observers. (a) Observer 1 
versus observer 2, (b) observer 1 versus observer 3, (c) observer 2 versus observer 3.  
Observer 1, L.B.; observer 2, F.H.; observer 3, H.J.V.
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LCCs for interobserver variability of BAT activity are shown in Table 2. The agree

ment between the three observers for SUVmax was almost perfect. The agreement 

between the observers for SUVmean was substantial to almost perfect and the 

agreement for BAT volume was moderate to substantial.

The BlandAltman analyses showed small absolute mean differences for deter

mining SUVmax and SUVmean values of BAT activity between the three observers 

(Table 3). However, the absolute mean differences for determining the volume of 

BAT were markedly higher (Table 3). The BlandAltman plots of the relative mean dif

ferences of SUVmax, SUVmean, and volume are shown in Figs 24. The Bland Altman 

plots for SUVmax and SUVmean showed no bias, but there was a negative trend for 

differences between observers 1 versus 2 and 1 versus 3. In the BlandAltman plots 

for volume, there was only a negative bias between observers 1 versus 2 and there 

was a negative trend for differences between observers 1 versus 3 and 2 versus 3. 

  







  

 








 

 







  







  

 








 

 








  







  

 








 

 








 



Figure 3 Bland-Altman plots for SUVmean

BlandAltman plots showing the variability for mean standardized uptake value (SUVmean) 
determination of brown adipose tissue activity on 18FFDG PETCT between observers. (a) Observer 1 
versus observer 2, (b) observer 1 versus observer 3, (c) observer 2 versus observer 3.  
Observer 1, L.B.; observer 2, F.H.; observer 3, H.J.V.
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There was a larger difference in volume when the difference in the chosen cutoff 

values between observers was larger (Table 4).

Intraobserver variability of 18F-FDG PET-CT for BAT quantification
LCCs for interobserver variability of BAT activity parameters are shown in Table 2. 

The intraobserver variability for SUVmax and SUVmean were almost perfect and the 

agreement for BAT volume was substantial.

The BlandAltman analysis showed a small absolute mean difference for deter

mining SUVmax and SUVmean values of BAT between the two different assessments 

of observer 1 (Table 3). However, the absolute mean differences for determining 

the volume of BAT were markedly greater (Table 3). The BlandAltman plots of the 

relative mean differences of SUVmax, SUVmean, and volume are shown in Figure 5. 

The BlandAltman plot for SUVmax showed no bias or trend. The BlandAltman plot 

   









   

  








 

  



 






    









   

  






 

  



 






   









   

  






 

  



 






 



Figure 4 Bland-Altman for BAT volume

BlandAltman plots showing the variability for volume determination of brown adipose tissue activity 
on 18FFDG PETCT between observers. (a) Observer 1 versus observer 2, (b) observer 1 versus observer 
3, (c) observer 2 versus observer 3.  
Observer 1, L.B.; observer 2, F.H.; observer 3, H.J.V.
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for SUVmean showed a positive bias and the BlandAltman plot for volume showed 

a negative bias. 

Correlations between parameters
All parameters of BAT quantification (SUVmax, SUVmean, and volume) correlated 

statistically strongly and positively (figure 6). There was a significant correlation 

between the difference in the cutoff values between two observers and the differ

ence in SUVmean between two observers (figure 7). This implies that for every 0.5 g/l 

SUV increase in the chosen cutoff value, SUVmean increased by 0.63 g/l. We also 

found a significant correlation between the difference in the cutoff values between 

two observers and the difference in volume between two observers (figure 7). This 

implies that for every 0.5 g/l SUV decrease in the chosen cutoff value, BAT volume 

increased by 180 ml.

  







  

 








 

 





  







  

 








 

 







    









   

  






 

  



 




 



Figure 5 Bland-Altman for intraobserver variability

BlandAltman analysis showing the intraobserver variability for maximal standardized uptake value 
(SUVmax), mean standardized uptake value (SUVmean), and volume determination of brown adipose 
tissue on 18FFDG PETCT.
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Figure 6 Correlations between BAT parameters

Correlations between parameters. Correlations between maximal standardized uptake value (SUVmax), 
mean standardized uptake value (SUVmean) and volume of brown adipose tissue activity on 18FFDG 
PETCT. (a) Correlation between SUVmean and SUVmax, (b) correlation between volume and SUVmax,  
(c) correlation between volume and SUVmean.

    













  
   
   

   
  

   






 

 


 


 
 






     











   

   








 

 


 


 
 






Figure 7 Correlations between BAT parameters and cut-off values

Correlation between difference in volume and difference in cutoff values between observers.  
Observer 1, L.B. (observer 1a, first assessment; observer 1b, second assessment); observer 2, F.H.; 
observer 3, H.J.V.  
Obs, observer; ROI, region of interest.
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Discussion

This is the first study investigating the interobserver and intraobserver variability 

for BAT activity on 18FFDG PETCT in healthy male controls. As expected, the SUVmax 

values showed the lowest variation in terms of agreement between the observers. 

The agreement for BAT volume was markedly less than the agreement for SUVmean.

There are several outcomes to quantify BAT activity that are used interchangeably in 

the literature (e.g. SUVmax, SUVmean, volume). All outcomes express the metabolic 

activity of BAT differently and they all have their advantages and disadvantages. 

SUVmax shows the maximal uptake of 18FFDG in BAT in a given ROI. SUVmax will 

hardly be influenced by the cutoff values used; as expected, we presently showed 

that this measurement has a very low interobserver and intraobserver variability. 

Nonetheless, the uptake of 18FFDG in BAT is not uniform and therefore the SUVmax 

does not reflect the uptake of 18FFDG in all BAT cells. SUVmean shows the mean 

uptake of 18FFDG in BAT in a given ROI and therefore seems to be representative 

for the overall uptake of 18FFDG in BAT. BAT volume seems to be a very attractive 

parameter as there is great interest in recruiting BAT for obesity treatment purposes. 

Thus, in recruitment studies, it might be logical to use BAT volume as the main 

parameter. Mostly, detectable BAT activity (ml × SUVmean) was used to quantify BAT 

recruitment.(14, 18) Nonetheless, our data showed that the reproducibility for the 

assessment of both BAT volume and SUVmean was less than SUVmax. Therefore, data 

should be interpreted carefully as the variability in BAT activity (ml × SUVmean) can 

be large.

However, the interobserver and intraobserver variability of both the SUVmean and 

volume are largely affected by differences in the cutoff values. A lower cutoff value 

obviously resulted in an increased BAT volume and a lower SUVmean. As our present 

data showed, a difference in the cutoff value of 0.5 g/l SUV results in a difference 

in BAT volume of 180 ml. Therefore, in recruitment studies, it is essential to assess 

BAT activity with a fixed SUV cutoff value. The cutoff value exerts less influence on 

SUVmean; nonetheless, a difference of 0.63 g/l in SUVmean is still considerable. Even 

with a fixed cutoff value per participant, the variability in the assessment of BAT 
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volume is still considerable and a potential effect in recruitment might be missed 

because of this variety.

We included all 18FFDG PETCTs that were performed for the purposes of two 

studies.(15, 16) The group included male participants with a considerable hetero

geneity in age and BMI. Nonetheless, this is less important for the determination 

of the interobserver and intraobserver variability. Most importantly, there is a 

considerable variety in BAT activity on the scans. As we included scans with a wide 

range in SUVmax (0.024.6), this is a representative group of scans to assess the 

interobserver and intraobserver variability.

It is important to note that various cutoff values are used in the literature, which 

does not enable comparison of SUVmean and BAT volume across the studies. Most 

research groups chose a cutoff value of SUVmax more than or equal to 2 g/l.(7, 9, 

12) However, a cutoff value of SUVmax more than or equal to 1 g/l (19, 20) or SUVmax 

more than or equal to 1.5 g/l is also used.(10, 11) Given the strong and significant 

correlation between SUVmax and volume and between SUVmax and SUVmean, SUVmax 

might also be an adequate parameter to assess BAT recruitment. Importantly, 

SUVmax is hardly influenced by differences in cutoff values.

Although the interobserver and intraobserver variability for the assessment of BAT 

on 18FFDG PETCTs is low, the testretest reliability (reproducibility) has not yet 

been investigated. Reproducibility assesses the degree to which test scores are 

consistent from one test to the next using the same methods or instruments and 

the same testing conditions. Reproducibility tests should include the daytoday 

variation of BAT (i.e. acquisitions at different time points after multiple administra

tions of 18FFDG), variation induced by repeated measurements (i.e. acquisitions 

at different but immediately subsequently following time points after a single 

administration of 18FFDG). Thus, to make definite statements on the accuracy for 

BAT assessment on 18FFDG PETCTs, future research has to focus on the possible 

variability of BAT activity in a testretest setting.

In terms of interobserver and intraobserver variability of BAT activity measurements 

with 18FFDG PETCT imaging, the variation was the lowest for SUVmax. Furthermore, 

there was a statistically significant and positive linear correlation between SUVmax 
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and both SUVmean and BAT volume; therefore, SUVmax may also be used in recruit

ment studies. Importantly, SUVmax is hardly influenced by cutoff values.

Although the interobserver and intraobserver variation of both SUVmean and BAT 

volume was higher than that for SUVmax, this variation is still clinically acceptable. 

Therefore, all parameters can be used to describe BAT activity; however, for com

parison between studies, we recommend the use of SUVmax.
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Table 1 Parameters of BAT quantification

All participants Observer 1a Observer 1b Observer 2 Observer 3

BAT positive (n) 40/54 40/54 40/54 40/54

SUVmax (g/l) 4.37  
(0.0012.46)

3.99  
(0.0012.46)

4.37  
(0.0012.46)

4.15  
(0.0012.46)

SUVmean (g/l) 2.44  
(0.003.72)

2.38  
(0.003.49)

2.41  
(0.003.81)

2.25  
(0.003.55)

Volume (ml) 17.56  
(0.00164.62)

17.96  
(0.00254.90)

19.65  
(0.00164.28)

23.48  
(0.00193.98)

ROI cutoff value 2.00  
(2.002.50)

2.00  
(2.002.25)

2.00  
(2.003.00)

2.00  
(2.002.75)

Median values (interquartile range) of BAT quantification determined on 18FFDG PETCT of all 
observers.
Observer 1, L.B. (observer 1a and observer 1b, first and second assessment, respectively); observer 2, 
F.H.; observer 3, H.J.V.
BAT, brown adipose tissue; SUVmax, standardized uptake value; SUVmean, mean standardized uptake 
value; ROI, region of interest.

Table 2  LCC for the interobserver and intraobserver variability of BAT activity

LCCs
Observer 1a vs. 

observer 1b
Observer 1 vs. 

observer 2
Observer 1 vs. 

observer 3
Observer 2 vs. 

observer 3

SUVmax (95% CI) 0.998  
(0.9960.999)

0.999  
(0.9991.000)

0.998  
(0.9970.999)

0.999  
(0.9980.999)

SUVmean (95% CI) 0.991  
(0.9850.995)

0.991  
(0.9840.995)

0.988  
(0.9800.993)

0.989  
(0.9820.994)

Volume (95% CI) 0.976 
(0.9590.986)

0.972  
(0.9520.983)

0.947  
(0.9120.969)

0.968  
(0.9460.981)

LCC for the interobserver and intraobserver variability of BAT activity quantification determined on 
18FFDG PETCT after log transformation
Observer 1, L.B. (observer 1a, first assessment; observer 1b, second assessment); observer 2, F.H.; 
observer 3, H.J.V.
CI, confidence interval; LCC, Lin’s concordance coefficient; SUVmax, maximal standardized uptake 
value; SUVmean, mean standardized uptake value.
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Table 3 Mean difference between the observers

Mean difference 
observer 1a vs. 

observer 1b

Mean difference 
observer 1 vs. 

observer 2

Mean difference 
observer 1 vs. 

observer 3

Mean difference 
observer 2 vs. 

observer 3

SUVmax 0.0  
(−0.4; 0.4)

0.0  
(− 0.4; 0.4)

0.0  
(−0.5; 0.5)

0.0  
(− 0.3; 0.3)

SUVmean 0.1  
(−0.4; 0.4)

0.1  
(− 0.5; 0.5) 

0.0  
(−0.4; 0.4)

0.1  
(− 0.4; 0.4)

Volume −25.0  
(−131; 81)

−9.0  
(− 97.9; 79.9)

−3.4  
(−81.7; 74.9)

− 5.6  
(− 55.7; 44.5)

Mean differences in variables of BAT quantification (range of difference) between all observers. 
Observer 1, L.B. (observer 1a, first assessment; observer 1b, second assessment); observer 2, F.H.; 
observer 3, H.J.V.
SUVmax, maximal standardized uptake value; SUVmean, mean standardized uptake value.

Table 4  Variation in difference in volume between observers for different ROI 

cut-off values

Difference in volume (ml)

Difference in ROI cutoff value 0.0 < 0.5 g/l 2.1 (0.06.6)

Difference in ROI cutoff value 0.5 < 1.0 g/l 49.0 (32.389.0)

Difference in ROI cutoff value 1.0 < 1.5 g/l 104.3 (50.9226.6)

Medians (interquartile ranges) of difference in brown adipose tissue volume between observers for 
several ranges of differences of ROI cutoff values between observers.
ROI, region of interest.
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Abstract

Retrospective studies have shown that outdoor temperature influences the prev

alence of detectable brown adipose tissue (BAT). Prospective studies use acute 

cold exposure to activate BAT. In prospective studies, BAT might be preconditioned 

in winter months leading to an increased BAT response to various stimuli. There

fore the aim of this study was to assess whether outdoor temperatures and other 

weather characteristics modulate the response of BAT to acute cold. 

To assess metabolic BAT activity and sympathetic outflow to BAT, 64 18Ffluoro

deoxy glucose (18FFDG) positron emission tomographycomputed tomography 

(PETCT) and 56 additional 123Imetaiodobenzylguanidine (123ImIBG) singlephoton 

emission computed tomographyCT (SPECTCT) scans, respectively, of subjects 

participating in previously executed trials were retrospectively included. BAT activ

ity was measured in subjects after an overnight fast, following 2 h of cold exposure 

(~17°C). The average daytime outdoor temperatures and other weather characteris

tics were obtained from the Dutch Royal Weather Institute. 

Fortynine subjects were BAT positive. One week prior to the scan, outdoor tem

perature was significantly lower in the BATpositive group compared with the 

BATnegative group. Higher outdoor temperatures on preceding days resulted in 

lower stimulated metabolic BAT activity and volume (all P < 0.01). Outdoor tempera

tures did not correlate with sympathetic outflow to BAT. 

In conclusion, outdoor temperatures influence metabolic BAT activity and volume, 

but not sympathetic outflow to BAT, in subjects exposed to acute cold. To improve 

the consistency of the findings of future BAT studies in humans and to exclude bias 

introduced by outdoor temperatures, these studies should be planned in periods 

of similar outdoor temperatures.
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Introduction

Brown adipose tissue (BAT) has the ability to dissipate energy by producing heat 

through uncoupling of the respiratory chain.(6) Importantly, an inverse correlation 

between body mass index (BMI) and BAT activity has been observed, suggesting a 

possible role for BAT in the treatment of obesity and obesityassociated diabetes 

mellitus type 2.(12, 24) Contrary to prior belief, BAT has been shown to be present 

and metabolically active in adult humans.(7) Since the discovery of BAT as a 

potential energydissipating organ in adult humans, a wealth of studies has been 

performed.

The usual method to visualize metabolically active BAT is by performing 18Ffluoro

deoxy glucose (18FFDG) positron emission tomographycomputed tomography 

(PETCT). The strongest stimulator of BAT known so far is cold. This effect is primar

ily mediated by the sympathetic nervous system (SNS).(13, 14) SNS BAT stimula

tion can be visualized using 123Imetaiodobenzylguanide (123ImIBG) singlephoton 

emission computed tomographyCT (SPECTCT), as demonstrated by our group.(1)

In retrospective studies, 29% of the subjects have metabolically active BAT on 

diagnostic 18FFDG PETCTs.(3, 7, 11, 12) This prevalence is dependent on patient 

characteristics such as BMI, medication use (e.g., beta blockers), and age.(7, 20) 

However, outdoor temperatures seem to influence BAT activity even more, with 

a noticeably higher prevalence of metabolically active BAT during winter months 

compared with summer months.(3, 7)

Prospective studies in healthy volunteers show a prevalence of metabolically active 

BAT in 90100% of the subjects after acute cold exposure.(2, 19, 23, 25) Relatively 

small changes in surrounding temperature seem to have a large influence on BAT 

activity; BAT is rarely activated at 24°C whereas 95% of subjects show metaboli

cally active BAT at 16°C.(23, 29)

Since cold is the strongest activator of human BAT known so far, it might be 

conceivable that after stimulation by cold, BAT is maximally activated during pro

spective research. However, though acute cold exposure activates BAT in humans, 

the response of BAT (activation and volume) to various stimuli used in prospec

tive trials might still be influenced by the outdoor temperatures in the preceding 
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period. Considering the evolutionary function of BAT in maintaining body tempera

ture, winter months might precondition BAT leading to an altered response (e.g., 

increased activity and/or volume) after exposure to acute cold in prospective trials. 

Indeed, repetitive cold exposure has been shown to recruit BAT volume in healthy 

volunteers.(5, 22, 28)

Therefore outdoor temperatures might significantly influence outcomes in prospec

tive BAT studies. Several studies have directly considered this factor (3, 7, 19), but 

there are only two prospective studies that showed increased BAT activity in winter 

months in subjects exposed to acute cold.(19, 26) However, these studies had a 

relatively small sample size. In addition, these studies did not take other weather 

characteristics into account even though (the lack of) light exposure is thought to 

be a potential contributing factor in the development of human obesity. Because 

of artificial lighting, the periods of relative darkness are considerably reduced. This 

disrupts endogenous melatonin production. Melatonin has been found to increase 

BAT activity in small mammals.(21)

A better understanding of the effect of outdoor temperature in the preceding period 

on BAT response to a stimulus in prospective trials (i.e., exposure to acute cold prior 

to the scintigraphic evaluation) might have important implications for prospective 

BAT research when BAT research is performed in different seasons. Namely, BAT 

might be preconditioned in winter months leading to an increased BAT activity 

and volume detection. Therefore the aim of this study was to evaluate the effect of 

outdoor temperature and other weather characteristics on BAT activity and volume 

on both 18FFDG PETCT and 123ImIBG SPECTCT in subjects exposed to acute cold.

In this study, we investigated whether outdoor temperatures influence BAT activity 

after acute cold exposure (1 day, 1 wk, 2 wk, and 4 wk prior to the 18FFDG PETCT 

and 123ImIBG SPECTCT scan). Furthermore, we wanted to investigate whether 

other weather characteristics than temperature alone influenced BAT activity after 

acute cold exposure. We hypothesize that during winter months, BAT is recruited 

and that this will influence the BAT activity measured after acute cold exposure.
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Methods

We included 64 scans, pooled from 3 different BAT studies performed by our group 

between January 2010 and November 2013.(2, 4, 27) All subjects were healthy men 

over 18 yr. Subjects were aged between 18 and 67 yr with a BMI of 1748 kg/m2. 

Most subjects were of Caucasian origin (54); the remaining 10 subjects were of 

South Asian origin. These studies were approved by the Medical Ethics Committee 

of the Academic Medical Center of the University of Amsterdam (Amsterdam, The 

Netherlands) and were conducted according to the Declaration of Helsinki. Written 

informed consent was obtained from all subjects after oral and written explanation 

of the study procedures. All the scans were performed after 2 h of cold exposure and 

did not include any intervention that could interfere with BAT activity such as diet 

or clamp studies. Weather data (outdoor temperature), air humidity (expressed as 

percent), cloud cover (expressed as oktas, a unit of measurement used to describe 

the amount of cloud cover at any given location), and day duration (i.e., minutes of 

daylight and hours of sunshine) were obtained from sourcing data from the Royal 

Netherlands Meteorological Institute (KNMI, https://www.weerstatistieken.nl).

Average daytime outdoor temperature in the Netherlands on the scanning day 

and during the preceding 7, 14, and 28 days was calculated. The temperature was 

measured in de Bilt, that being the most centrally located weather station in the 

Netherlands and in close proximity to Amsterdam.

Scanning protocol
Both the 18FFDG PETCT and the 123ImIBG SPECTCT scans were performed accord

ing to the methods described earlier by Admiraal et al.(1) In short, after an overnight 

fast, subjects came to the Academic Medical Center and were exposed to cold for 

2 h in an aircooled room (1618°C). After 1 h of cold exposure, the radioactive tracer 

was administered intravenously (~200 MBq of 18FFDG or 185 MBq of 123ImIBG).

One hour after 18FFDG administration, an upper body 18FFDG PETCT was performed 

to determine BAT activity. 18FFDG PETCT images were acquired using a Gemini 

timeofflight multidetector helical PETCT scanner (Philips). Metabolically active 

brown adipose tissue was identified by the presence of adipose tissue (Hounsfield 



98

6

Chapter 6

units between –50 and –250) on CT and a 18FFDG standardized uptake value (SUV) 

of ≥2 kBq/ml. Maximal standardized uptake values (SUVmax) and volume of BAT 

(ml) were determined using Hybrid Viewer (HERMES Medical Solutions).

The 123ImIBG SPECTCT of the upper body was performed 24 h after 123ImIBG 

administration. After the 2 h of cold exposure, subjects were allowed to stay in a 

thermoneutral zone.
123ImIBG SPECTCT and 18FFDG PETCT were aligned via the CT scans using Hybrid 

Viewer. The specific volumes of interest on the 18FFDG PETCT were copied to 

the aligned 123ImIBG SPECTCT images, after which the semiquantitative uptake 

(SQUV) of 123ImIBG in BAT was calculated. SQUV of 123ImIBG was determined 

as the maximum count per voxel in the volumes of interest divided by the mean 

count per voxel in a reference region (mediastinum). The scans were assessed by a 

student (J. W. Deelen) and the research physician (L. Bahler), and the assessment 

of the scans was checked by a nuclear physician (H. J. Verberne). The scans were 

assessed in randomized order.

Statistical analysis
Data are reported as either means ± SD or median with interquartile range. Differ

ences between groups were calculated using the Student’s t test or MannWhitney 

Utest. Correlations between BAT (SUVmax and volume) and weather characteristics 

were determined with Spearman’s correlation coefficient. A p-value < 0.05 was con

sidered statistically significant. Data analysis was performed with SPSS software, 

version 22 (IBM).

Results

Baseline characteristics of the subjects are shown in Table 1. Most subjects were 
18FFDG BAT positive (77%, n = 49). The 18FFDG BATpositive group was significantly 

younger and leaner than the 18FFDG BATnegative group (Table 1).

The distribution of scans made over the four yearly seasons did not differ signifi

cantly between the BATpositive and BATnegative groups (Table 2).
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The daytime outdoor temperature in the week prior to the scan was significantly 

lower in the 18FFDG BATpositive group than in the BATnegative group. The scan 

day, twoweekly, and fourweekly outdoor temperature all tended to be lower in the 

BATpositive group, but this did not reach statistical significance.

There was no significant difference between the BATpositive and BATnegative 

groups in daytime outdoor temperature at the different time points with regard to 

the 123ImIBG SPECTCT results (Table 2).

Humidity, cloud cover, hours of sun, and day length (i.e., hours of daylight) were not 

significantly different between the BATpositive and BATnegative groups (Table 2).

There were statistically significant negative correlations between the daytime 

outdoor temperature on the scan day and the average weekly, twoweekly, and 

monthly daytime outdoor temperature on one hand, and maximal and mean BAT 

activity and volume on the other as measured on 18FFDG PETCT (Table 3, Figure 1). 

So, for each drop in average daytime temperature of 10°C in the 24 h before the 

scan, there is an increase in SUVmax of ~7 g/l and an increase in volume of ~142 ml.

Of all the other weather characteristics, there was only a significant correlation 

between daylight and BAT activity and volume as measured on 18FFDG PETCT 

(Table 4).

There were no statistically significant correlations between any of the outdoor tem

peratures and BAT activity or volume as measured on 123ImIBG SPECTCT (Table 3) 

or any of the other weather characteristics (data not shown).

Discussion

We found a highly significant but weak inverse correlation between outdoor tem

peratures and maximal and mean 18FFDG metabolic activity and volume of BAT in 

healthy volunteers following 2 h of acute cold exposure. Although the correlations 

found were highly statistically significant, the correlations were not very strong. 

This is in line with expectation since many factors contribute to the variation in 

BAT activity apart from outdoor temperatures (e.g., age, BMI). However, in periods 

when ambient temperature is low, both BAT activity and volume are significantly 
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higher compared with periods with higher daytime temperatures demonstrating 

that outdoor temperature significantly modulates the response of BAT (activity and 

volume) as measured in response to acute cold.

These results are in line with retrospective studies on the relation between outdoor 

temperature and BAT activity.(3, 7, 10, 16, 17) We confirm the results found earlier 

in two smallsized prospective studies.(19, 26) Our results suggest that prolonged 

cold exposure during winter months results in a preconditioning of BAT. Even 

though BAT is actively stimulated by cold in prospective studies, the precondi

tioning of BAT results in a detection of higher BAT volume and activity in winter 

months compared with summer months. Nonetheless, this is based on single 

measurements in subjects. The actual causal relationship has to be investigated in 

prospective studies in which BAT activity is measured both in the summer and in 

the winter months in the same subjects.

However, the positive influence of prolonged cold exposure on BAT activity and 

volume is strengthened by several studies that show an increase in energy expen

diture and/or BAT recruitment after frequent cold exposure, where a period of 2 wk 

was sufficient to increase BAT volume and metabolic activity.(5, 22) Since seasonal 

outdoor temperature has a significant influence on coldactivated BAT in prospec

tive studies, it might be an important confounder of BAT activity during crossover 

research. Our results show that each drop in average daytime temperature of 10°C 

in the 24 h before the scan results in an increase of SUVmax of ~7 kBq/ml and an 

   









 
 
     

        





 








 




   











 
 
     

        


 





 




Figure 1  Correlation between BAT visualized using 18F-FDG PET-CT and outdoor 

temperature

Spearman correlations between average daytime temperature in the 24 hours before the scan and BAT 
(maximal 18FFDG uptake and volume).  
Young and Lean subjects: age 1830 years, BMI 1925 kg/m2; Young and Obese subjects: age 
1830 years, BMI > 28 kg/m2; Old and Lean subjects: age > 40 years, BMI 1925 kg/m2
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increase in volume of ~142 ml. So, seasonal outdoor temperature should be taken 

into account when conducting prospective studies.

Surprisingly, we found no correlation between outdoor temperature and BAT activ

ity and volume measured on 123ImIBG SPECTCT. Therefore it seems plausible that 

the SNS is involved in the activation of BAT during acute cold exposure but its role 

in the longterm seasonal effect on BAT activity and volume is less pronounced. A 

possible explanation for this discrepancy might be that nervous tissue is known 

to have a low plasticity in adults, probably leaving little room for seasonal recruit

ment as opposed to the seasonal variation and regeneration of brown adipose 

tissue. The same SNS signal might still be sufficient to activate BAT after recruit

ment, resulting in a higher signal on the 18FFDG PET CT and a similar signal on the 
123ImIBG SPECTCT. Of course, there might also be other mechanisms involved that 

might act more slowly than the acute effect of SNS stimulation, such as hormones, 

particularly thyroid hormones.(8)

In our study, day length was inversely correlated to BAT activity, a finding that is 

reported in another study.(17) Given the relation between day length and tempera

ture, our finding is probably confounded by the effect of the correlated change in 

temperature.

Other aspects of weather, humidity, sun hours, and cloud cover, did not correlate 

with BAT activity. These aspects theoretically could have been of influence, since 

humidity and sun exposure can have a major influence on body temperature and 

heat perception. However, the intrinsic variability of humidity is large, and there

fore the sample size of our study might have been insufficient to detect any effect 

of humidity on BAT activity.

The adults we studied spent most of the day indoors. So sun hours might not accu

rately reflect the sun exposure of the subjects, and differences in sun exposure 

between the days might therefore be low.

We did not find significant differences in weather characteristics on the days the 

subjects were investigated between BATpositive and BATnegative subjects, apart 

from the 1wk outdoor temperature preceding the scan. However, the factors inves

tigated are not independent. Therefore the significance found might have been 

a coincidence. So, though outdoor temperatures might not cause BATnegative 
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subjects to become BAT positive, outdoor temperatures do influence maximal BAT 

activity and volume.

The composition of the group of subjects is not homogenous. The group con

sists mostly of young, lean Caucasian subjects, but there are also a small group 

of South Asian subjects, old but lean subjects, and a group of young but obese 

subjects. Despite this variety, we found a consistent relationship between outdoor 

temperatures and coldstimulated BAT activity that has major consequences for 

future human BAT research. However, the group mainly consisted of young, lean, 

healthy men. Whether this data could be translated to women, for instance, has to 

be investigated in future research.

In some ways, our findings are remarkable since the modern human is indoors, and 

thus in stable temperature conditions, most of the day. Therefore there is only little 

exposure to outdoor temperatures and other weather characteristics. Speculating 

on this, there might be several explanations for our findings. First, only a small 

period of exposure to cold might be sufficient to activate BAT. Indeed, even shorter 

periods of cold exposure are already sufficient to recruit human BAT.(5, 22) Second, 

indoor temperatures might also be lower during winter months. Third, though evi

dence is lacking, it might be conceivable that sensory input from the facial skin 

might contribute more to the activation of BAT in humans than input from the skin 

from the rest of the body. A small period of facial cooling might already be effec

tive to activate BAT. Considering the small volume and the distribution of BAT in 

humans, in close proximity to the central nervous system, the main function of 

BAT might be to protect the central nervous system against cold.(9, 18) Indeed, 

research in rodents shows that BAT is important for temperature control in the 

central nervous system.(15) Although our results may help to further knowledge of 

the biological behavior of BAT in humans in response to cold, the effects are not yet 

fully understood and are in need of additional explanatory studies.

Conclusion
Outdoor temperatures influence metabolic BAT activity and volume, but not sym

pathetic outflow to BAT, in subjects exposed to acute cold. Apart from day length, 

which shows an inverse correlation to BAT activity, other weather characteristics 
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had no influence. To improve the consistency of the findings of future BAT studies 

in humans and to exclude bias introduced by outdoor temperatures, these studies 

should be planned in periods of similar outdoor temperatures, preferably in 

periods of relative cold.

Disclosures
No conflicts of interest, financial or otherwise, are declared by the author(s).

New & noteworthy

We assessed the effect of outdoor temperature and other weather characteristics on 
metabolic brown adipose tissue (BAT) activity and sympathetic outflow to BAT by performing 
18Ffluorodeoxyglucose (18FFDG) positron emission tomographycomputed tomography (PETCT) 
and 123Imetaiodobenzylguanidine (123ImIBG) singlephoton emission computed tomographyCT 
(SPECTCT) scans, respectively. Though cold was known to influence metabolic BAT activity, the 
influence on the sympathetic outflow to BAT has never been investigated. Surprisingly, outdoor 
temperatures had an influence on metabolic BAT activity and volume, but not on sympathetic 
outflow to BAT, in subjects exposed to acute cold.
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Table 1 Baseline table

Total BAT – BAT + p‑value

Number (N) 64 15 (23%) 49 (77%)

Age (years) 25.4 [21.431.8] 31.0 [24.054.0] 25.0 [21.129.4] 0.022

BMI (kg/m2) 22.9 [21.524.8] 25.4 [23.231.0] 22.6 [21.323.7] 0.003

Waist circumference (cm) 
(N = 57)

85.0 [79.593.5] 93.0 [89.0115.0] 83.0 [79.085.0] 0.005

Body surface area (m2) 2.0 [1.92.2] 2.1 [1.92.3] 2.0 [1.92.1] 0.338

TSH (mU/L) 2.4 (± 1.3) 2.2 (± 1.1) 2.5 (± 1.3) 0.318

Free Fatty Acids (mmol/L) 
(N = 37)

0.6 (± 0.2) 0.6 (± 0.2) 0.6 (± 0.3) 0.761

HOMAIR 1.0 [0.51.8] 1.3 [0.53.0] 0.8 [0.51.6] 0.264

HbA1C (mmol/mol) (N = 58) 35 (± 4.0) 35 (± 5) 34 (± 4) 0.326

Cholesterol ratio (N = 38) 3.5 [2.84.5] 4.4 [3.64.7] 3.1 [2.54.3] 0.010

SUVmax 4.8 [2.59.7] NA 7.8 [3.516.7]

SUVmean 2.5 [2.13.7] NA 3.0 [2.43.8]

Volume of BAT on  
18FFDG PETCT (mL)

20.0 [0.7109.0] NA 53.0 [6.4150.2]

SQUVmax (N = 45) 2.0 [0.03.4] NA 2.4 [1.84.0]

SQUVmean (N = 43) 1.0 [0.01.3] NA 1.1 [0.91.3]

Volume of BAT on  
123ImIBG SPECTCT (mL)

9.4 [0.760.0] NA 32.6 [7.392.3]

Characteristics of subjects.
Data presented as n, as median [interquartile range] or as mean ± (standard deviation).
BMI, body mass index; TSH, thyroid stimulating hormone. HOMAIR, homeostatic model assessment  
insulin resistance, calculated as ([glucose(mmol/L) × insulin(mU/L)]/22.5).
Maximal and mean standardized uptake value (SUVmax and SUVmean) defined as activity in Becquerel 
per milliliter within region of interest divided by injected dose in Becquerel per gram of body weight.
Maximal and mean semiquantitative uptake of 123ImIBG (SQUVmax and SQUVmean) was calculated as 
maximum count in anatomical volumes of interest divided by mean count per voxel in reference region 
(i.e. the mediastinum).
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Table 2 Weather characteristics

BAT – BAT + p‑value
18FFDG PET CT (n) 15 49

Scans in Spring (n) 3 (20%) 14 (28.6%) 0.426

Scans in Summer (n) 9 (60%) 15 (30.6%)

Scans in Autumn (n) 3 (20%) 13 (26.5%)

Scans in Winter (n) 0 (0%) 7 (14.3%)

Daytime outdoor temperature (°C) 14.3 [7.916.5] 7.9 [4.914.4] 0.101

Week outdoor temperature(°C) 15.2 [9.418.1] 14.5 [6.216.6] 0.029

Two week outdoor temperature(°C) 16.5 [8.117.0] 11.1 [5.516.7] 0.118

Four week outdoor temperature(°C) 14.9 [10.616.5] 10.6 [7.716.3] 0.078

Humidity day before scan (%)* 87 [7290] 87 [7891] 0.949

Cloud Cover day before scan (Okta)†* 7.0 [6.08.0] 6.0 [5.58.0] 0.148

Sun hours day before scan (h)* 0.9 [0.92.8] 2.8 [0.85.9] 0.221

Minutes of daylight day before scan (min)* 968 [757984] 875 [530929] 0.052
123ImIBG SPECT CT (n) 15 41

Scans in Spring (n) 6 (40%) 10 (24%) 0.151

Scans in Summer (n) 6 (40%) 15 (37%)

Scans in Autumn (n) 3 (20%) 12 (29%)

Scans in Winter (n) 0 (0%) 4 (10%)

Daytime outdoor temperature (°C) 15.2 [9.418.1] 14.5 [6.216.6] 0.271

Week outdoor temperature(°C) 15.0 [8.216.6] 11.0 [6.416.0] 0.263

Two week outdoor temperature(°C) 13.8 [8.816.0] 11.4 [6.916.6] 0.359

Four week outdoor temperature(°C) 12.0 [9.716.2] 11.2 [7.316.7] 0.630

Summer: June 21September 21, autumn: September 21December 21,  
winter: December 21March 21, spring: March 21June 21.
Outdoor temperature is the average daytime outdoor temperature calculated over the period.
Differences between categorical variables between the groups were determined using the chisquare 
test.
Differences in continuous variables between the groups were determined using MannWhitney U test.
 *  For the correlation between other weather characteristics (humidity day before scan, cloud cover 

day before scan, sun hours day before scan and minutes of daylight before scan) and BAT activity, 
only the BAT activity on the 18FFDG PETCT scan was used.

 †  Okta is a unit of measurement used to describe the amount of cloud cover at any given location.
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Table 4  Correlation between BAT visualized using 18F-FDG PET-CT and weather 

characteristics

SUVmax of 18F-FDG Volume of BAT

Correlation 
Coefficient p‑value

Correlation 
Coefficient p‑value

Humidity day before scan (%) –0.052 0.681 –0.085 0.506

Cloud Cover day before scan (Okta)* –0.112 0.377 –0.110 0.386

Sun hours day before scan (h) 0.132 0.300 0.146 0.249

Minutes of daylight day before scan (min) –0.369 0.003 –0.334 0.007

Spearman correlations between weather characteristics and BAT (maximal 18FFDG uptake and 
volume).
 *  Okta is a unit of measurement used to describe the amount of cloud cover at any given location.

Table 3  Correlation between BAT (maximal activity and volume) and outdoor 

temperature

18F-FDG PET-CT SUVmax of 18F-FDG SUVmean of 18F-FDG Volume of BAT

Daytime outdoor 
temperature  
prior to scan

Correlation 
coefficient p‑value

Correlation 
Coefficient p‑value

Correlation 
Coefficient p‑value

One day –0.445 0.000 –0.455 0.000 –0.421 0.001

One week –0.456 0.000 0.479 0.000 –0.408 0.001

Two weeks –0.421 0.000 –0.447 0.000 –0.379 0.002

Four weeks –0.454 0.000 –0.482 0.000 –0.413 0.001

123I-mIBG SPECT-CT
SQUVmax  

of 123I-mIBG
SQUVmean  

of 123I-mIBG Volume of BAT

Daytime outdoor 
temperature  
prior to scan

Correlation 
coefficient p‑value

Correlation 
Coefficient p‑value

Correlation 
Coefficient p‑value

One day –0.021 0.919 0.118 0.449 –0.146 0.284

One week –0.000 0.999 –0.001 0.993 –0.187 0.167

Two weeks –0.031 0.878 0.124 0.430 –0.184 0.176

Four weeks –0.023 0.908 0.568 0.090 –0.158 0.244

Spearman correlations between average daytime outdoor temperatures in different timeperiods and 
BAT (maximal 18FFDG uptake, maximal 123ImIBG uptake (corrected by the uptake in the reference 
region) and volume).
18FFDG PETCTs were performed in all subjects (N = 64), 123ImIBG SPECTCTs were only available in a 
selection of included subjects (N = 56).
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Introduction

The current therapeutic strategies to treat the pandemic of obesity and noninsulin 

dependent diabetes mellitus (NIDDM) seem to be inadequate.(1, 2) A relatively new 

player in the field of glucoselowering therapies is a quickrelease formulation of 

bromocriptine, a selective dopamine D2receptor agonist, which also weakly stim

ulates dopamine D1receptors.(3) In obese NIDDM patients, bromocriptine induces 

positive metabolic effects.(4) Conversely, dopamine D2receptor antagonists (for 

example, antipsychotics) induce weight gain and negative metabolic effects in 

formerly healthy subjects.(5, 6) The exact mechanism(s) of action by which bro

mocriptine is involved in these metabolic processes is unknown.

Brown adipose tissue (BAT) might be involved in the insulinsensitizing effect of 

bromocriptine. BAT is able to uncouple the respiratory chain via uncoupling protein 

1 (UCP1), which results in the combustion of glucose and free fatty acids, which 

releases heat, leading to an increase in energy expenditure.(7) As the sympathetic 

catecholaminergic system is the primary activator of BAT (8), involvement of BAT in 

the positive metabolic effects of bromocriptine treatment might be possible.

The relationship between the positive metabolic effects of bromocriptine and 

activation of BAT has been investigated in vivo and in studies in vitro in rodents, 

and suggest an activating effect of dopamine on BAT (911), but the opposite effect 

as well.(12, 13) Importantly, sympathetic nerves supplying BAT have been found 

to release dopamine (11), and the radiotracer 618Ffluorodopamine is able to 

visualize BAT, thus underlining the potential role of the catecholaminergic/ dopa

minergic system in BAT activation.(14) In humans, the effect of bromocriptine on 

BAT activity has not been formally investigated. However, bromocriptine increases 

energy expenditure, which induces weight loss and improves insulin sensitivity in 

obese people (15, 16), making a stimulating effect on BAT activity likely.

Thus, the present nonrandomized, prospective, openlabel, mechanistic study 

attempted to find a physiological rationale for the effect of bromocriptine on insulin 

sensitivity by investigating the influence of bromocriptine on BAT activity in lean, 

healthy subjects before and after bromocriptine administration. Our hypothesis 

was that dopamine activates BAT and thereby improves insulin sensitivity.
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Patients and methods

The study was approved by the Medical Ethics Committee of the Academic Medical 

Center of the University of Amsterdam(The Netherlands). Written informed consent 

was obtained from all subjects after oral and written explanation of the study 

procedures. All procedures performed in the study were in accordance with the 

ethical standards of the institutional research committee and the 1964 Helsinki 

Declaration and its later amendments, or comparable ethical standards.

All participants were young healthy, lean male Caucasian volunteers. At the first 

visit, baseline measurements were taken. At the second visit, measurements were 

taken after the administration of bromocriptine. Bromocriptine was used in the 

evening for 2 weeks, at doses of 1.25 mg/day during the first week and 2.5 mg/

day over the second week, based on the recommended dosing regimens for the 

treatment of NIDDM in the US.(4)

At both study visits, the participants arrived in the morning after an overnight fast. 

Anthropometric data (weight, height and waist circumference) were measured with 

the subjects in their underwear. To activate BAT slightly, subjects were placed bare

chested in a climatecontrolled room at 21°C. The temperature of each volunteer 

was measured every 20 min (except during the energy expenditure (EE) measure

ment and the scan), using a tympanic thermometer. Subsequently, subjects had to 

lie on a bed while the rest of the measurements were taken. After 90 min, the EE 

measurement was performed, using a ventilated hood, for approximately 30 min. 

After this, around 100 MBq of 18Ffluorodeoxyglucose (18FFDG) was administered 

intravenously. At 1 h after the 18FFDG administration, a positron emission tomog

raphycomputed tomography (PETCT) scan was performed. Imaging was done 

between the beginning of December 2013 and end of February 2014. The 18FFDG 

PETCT scans were done using a Gemini timeofflight helical PET multidetector CT 

scanner (Philips Medical Systems, Eindhoven, The Netherlands). Subjects were 

instructed to minimize their movements from 1 h before to 1 h after the intravenous 
18FFDG administration of approximately 100 MBq.

The 18FFDG PETCT scans were assessed in random order by the study physician 

and a nuclear radiologist (H.J.V.), using the software programme Hybrid Viewer™ 
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(Hermes Medical Solutions, Stockholm, Sweden). In all areas likely to contain BAT, 

the maximum and mean standardized uptake values and volume were defined, as 

described elsewhere.(17)

After taking the scans, the oral glucose tolerance test (OGTT) was started. Blood 

samples were collected at t = 0 min (fasting) and at t = 10, 20, 30, 60, 90 and 120 min 

after ingestion of a glucose solution (75 g of glucose dissolved in 300 ml of water). 

Plasma glucose levels were measured using a HemoCue Glucose 201 RT analyzer. 

Plasma insulin levels were measured by sandwich enzyme immunoassay (Roche 

Diagnostics International, Rotkreuz, Switzerland). Fasting insulin sensitivity was 

measured by homoeostasis model assessment for insulin resistance (HOMAIR), 

calculated as glucose (mmol/L)  ×  insulin (mU/L) /22.5. Subjects were asked to 

keep track of their eating habits during the 4 days prior to each visit to control for 

any changes in eating behaviors before and after the use of bromocriptine.

Statistical analysis
Characteristics of the study subjects are reported as medians and interquartile 

range [IQR]. p-values for differences before and after the use of bromocriptine for 

all parameters were determined, using the Wilcoxon signedrank test for related 

samples. Correlations were calculated with Spearman’s correlation coefficient. 

Data analysis was performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, 

USA), and P < 0.05 was considered statistically significant.

Results

Effects of bromocriptine on BAT activity, EE, body temperature and 
weight
The present study included eight lean healthy Caucasian males. Seven of them tol

erated the drug well, while one dropped out of the study because of ongoing gas

trointestinal complaints(nausea) while using bromocriptine. The remaining seven 

subjects had a median age of 22.0 years [IQR: 19.023.0] and a median body mass 
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index (BMI) of 22.8 kg/m2 [IQR: 21.325.1].There were no significant differences in 

BAT activity or volume before and after the use of bromocriptine, nor were there any 

significant changes in parameters associated with BAT activity(Table 1).

Effect of bromocriptine on insulin sensitivity
A statistically significant difference was found in insulin sensitivity before and after 

the use of bromocriptine. Unexpectedly, subjects became less insulinsensitive 

after taking bromocriptine. Indeed, despite the increased insulin values, glucose 

values were also statistically significantly increased. However, peak values did not 

differ significantly either before or after the use of bromocriptine (Table 1). Differ

ences in the area under the curve (AUC) were mainly caused by changes during the 

last 1.5 h of the OGTT (figure 1). There were no significant changes in diet to explain 

the difference in insulin sensitivity.

Correlations
BAT activity and volume were significantly correlated with EE before the subjects 

were treated with bromocriptine (ρ  =  0.89, P  =  0.007 and ρ  =  0.86, P  =  0.014, 

respectively). After the use of bromocriptine, this correlation was of borderline 

significance for BAT activity (ρ = 0.75, P = 0.052), but not for volume (ρ = 0.61, 

P = 0.148). There were no significant correlations between BAT activity and tym

panic temperature or BAT activity and the HOMAIR index before or after using 

bromocriptine.










     


 

 







 







  











    
    

     





 

 





 







Figure 1  Oral glucose tolerance tests

Median values of all study subjects for both glucose (left) and insulin (right) before and after 
administration of bromocriptine.
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Discussion

This is the first mechanistic study to investigate the effects of bromocriptine on BAT 

activity in healthy people. Unexpectedly, no significant effect of bromocriptine on 

BAT activity was found. Interestingly, the subjects became significantly less insu

linsensitive after the use of bromocriptine.

However, a positive correlation was found between BAT and EE, thereby confirming 

the potential of BAT to increase EE. These findings are in line with the findings of 

previous publications.(18, 19) After bromocriptine administration, the correlation 

became less strong for BAT activity and disappeared completely for BAT volume.

Bromocriptine is known to improve insulin sensitivity in obese NIDDM patients. For 

this reason, our study deliberately chose to include healthy lean subjects, as BAT 

prevalence and activity are known to be highest in such subjects.(20, 21) There

fore, the chances of finding any differences in BAT activity were also greatest in 

such subjects.

Our sample size calculation was based on an intervention during thermoneutral

ity (22), which resulted in a relatively small sample size. However, as there is no 

indication of any trend for changes in BAT activity before and after the use of bro

mocriptine, it seems unlikely that increasing the sample size would have changed 

the findings of our study. Nevertheless, as it is not known whether there are dayto

day variations in BAT activity, it is possible that a large daytoday variation in BAT 

activity might have masked small effects of bromocriptine on BAT activity.

The lack of effect might also be related to the bromocriptine administration proto

col (dose, duration and dose regime). Our dosing regimen was based on the rec

ommended regimen for the treatment of NIDDM in the US.(4) These dosages have 

significant effects on several metabolic parameters. Thus, if BAT were involved as 

a mediator in these processes, differences in BAT activity would have been found 

with these dosages.

As bromocriptine was administered in the evening, in contrast to the standard 

dosing regimens, its concentrations would have continued to be high throughout 

the night and into the following morning, considering the halflife (T½: 15 h) of 

bromocriptine. Paradoxically, however, this evening dosing regimen may have 
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perturbed normal circadian rhythm, thereby (negatively) influencing metabolic 

processes. This might also partially explain why insulin sensitivity decreased in 

our subjects.

Dopamine D2receptors were directly stimulated in our young healthy lean sub

jects, resulting in decreased insulin sensitivity in contrast to observations in 

NIDDM patients, in whom dopamine agonists improved insulin sensitivity. Never

theless, our present findings are in line with one other study wherein dopamine 

infusion in young healthy lean subjects also resulted in increased glucose and 

insulin levels.(23) The discrepancy between dopaminergic effects in lean and 

obese subjects might be explained by the circadian rhythm of dopamine excretion. 

In healthy subjects, dopamine peaks in the morning (24), whereas this hypotha

lamic dopaminergic peak in the morning is lower in obese patients with NIDDM.

(25) Administration of bromocriptine in the morning is thought to reset circadian 

neuroendocrine rhythms, believed to play a role in the development of obesity and 

insulin resistance.(26, 27) However, this might apply only to patients with NIDDM, 

as their circadian rhythm is disturbed. Furthermore, increased sympathetic tonus 

is a known phenomenon in obese subjects (28), which might also explain why 

bromocriptine has different effects in lean vs. obese subjects. Despite the fact 

that the present study had several limitations, the most plausible explanation for 

its negative outcome is that dopamine has no effect on human BAT. However, an 

adverse effect of bromocriptine was observed on the metabolic profiles of healthy 

lean subjects, which may be an important topic of future research.

Conclusion
Bromocriptine administration in the evening did not activate BAT and did not 

increase EE in lean healthy males. In fact, bromocriptine administration unexpect

edly decreased insulin sensitivity in such subjects.
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Table 1  Parameters associated with brown adipose tissue (BAT) activity before 

and after bromocriptine use

Before the use of 
bromocriptine

After the use of 
bromocriptine p‑value

BAT positive subjects (n) 7/7 7/7

SUVmax of 18FFDG (g/L) 11.9 [4.315.9] 10.3 [2.718.2] 0.499

SUVmean of 18FFDG (g/L) 4.0 [2.44.8] 3.7 [2.24.3] 0.310

Volume BAT (ml) 103.4 [27.7262.0] 279 [1.2305.4] 1.000

Tympanic Temperature (°C) 36.0 [35.636.4] 36.2 [36.036.7] 0.128

Energy expenditure (kcal/day) 2103 [13412485] 1915 [17842437] 0.866

Respiratory Quotient 0.81 [0.730.88] 0.71 [0.690.79] 0.063

Weight (kg) 80.0 [72.182.2] 80.0 [72.181.8] 0.463

HOMAindex 0.75 [0.391.10] 0.57 [0.311.83] 1.000

Area under the curve glucose 652 [539752] 857 [772992] 0.018

Area under the curve insulin 27380 [2562036870] 43855 [4111064630] 0.028

Peak Glucose 7.8 [7.09.5] 8.2 [7.911.0] 0.397

Peak Insulin 348 [296516] 585 [528837] 0.063

Significance levels with a p‑value < 0.05 have been made bold.
Data are presented as n or medians [IQR].
Differences between visits calculated by Wilcoxon’s signedrank test.
HOMAIR (homeostasis model assessment for insulin resistance) calculated as glucose (mmol/L) × 
insulin (mU/L)/22.5.
Maximum and mean standardized uptake value (SUVmax and SUVmean) defined as activity (Bq/mL) in 
region of interest divided by injected dose (Bq/g body weight).
18FFDG: radiolabelled fluorodeoxyglucose; EE: energy expenditure; AUC: area under the curve.
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Abstract

Design: Bromocriptine is a glucose lowering drug which was shown to be effective 

in obese subjects with insulin resistance. It is usually administered in the morning. 

The exact working mechanism of bromocriptine still has to be elucidated. There

fore in this openlabel randomized prospective crossover mechanistic study, we 

assessed whether the timing of bromocriptine administration (morning versus 

evening) results in different effects and whether these effects differ between lean 

and obese subjects.

Methods: We studied the effect of bromocriptine on insulin sensitivity in 8 lean 

and 8 overweight subjects using an oral glucose tolerance test. The subjects used 

bromocriptine in randomized crossover order for 2 weeks in the morning and 

2 weeks in the evening. 

Results: In lean subjects, bromocriptine administration in the evening resulted in a 

significantly higher postprandial insulin sensitivity as compared to the pre exposure 

visit (glucose area under the curve (AUC) 742 mmol/L  ×  120min [695818] vs 641 

[504750], p = 0.036 AUC for insulin did not change, p = 0.575). In obese subjects, 

both morning and evening administration of bromocriptine resulted in a significantly 

higher insulin sensitivity: morning administration in obese: insulin AUC (55900 

mmol/L × 120min [4323696831] vs 36448 [2521357711] p = 0.012) and glucose AUC 

p  =  0.069; evening administration in obese: glucose AUC ( 735 mmol/L  ×  120min 

[614988] vs 644 [568829] p = 0.017) and insulin AUC p = 0.208.

Conclusion: Bromocriptine increases insulin sensitivity in both lean and obese 

subjects. In lean subjects, this effect only occurred when bromocriptine was 

administrated in the evening while in the obese insulin sensitivity increased inde

pendent of the timing of bromocriptine administration.
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Introduction

In 3050% of the patients with type  2 diabetes mellitus current pharmaceutical 

options to reach an adequate glucose control are insufficient.(1) Therefore the 

search for new and better treatment options is still ongoing. Recently a quick 

release variant of bromocriptine has emerged as a new glucose lowering treatment 

in obese patients with type 2 diabetes mellitus. Bromocriptine is a centrally acting 

dopamine D2receptor agonist but it also weakly stimulates the dopamine D1re

ceptor.(2) Treatment with bromocriptine was shown to improve several metabolic 

parameters such as glucose levels in obese patients with and without diabetes 

mellitus as compared to placebo.(310) However, we recently performed a trial in 

which we administered bromocriptine, for 2 weeks, in the evening in 8 lean, healthy 

subjects. Unexpectedly, these lean healthy subjects became less insulin sensitive 

after using bromocriptine.(11) This adverse effect of bromocriptine in lean healthy 

males might have been caused by two factors. Firstly, bromocriptine might exert 

different effects in lean as compared to obese subjects. In other words, bromocrip

tine may correct a pathological condition in obese patients with diabetes mellitus 

type 2, whereas in lean subjects there is no pathological condition. Secondly, the 

timing of the bromocriptine may have interfered with the normal circadian dopa

mine rhythm.(1214) 

The aim of this clinical study was to gain a better understanding of the mecha

nism of action of bromocriptine on insulin sensitivity. First we aimed to investi

gate whether bromocriptine administration for 2 weeks had a different effect on 

insulin sensitivity in lean as compared to overweight subjects. Second, we aimed 

to investigate whether the timing of bromocriptine administration had an effect on 

insulin sensitivity (i.e. whether administration in the morning has a different effect 

on insulin sensitivity as compared to administration in the evening).



122

8

Chapter 8

Methods

Study population
Sixteen subjects were recruited by public advertisements in the Academic Medical 

Center (AMC) in Amsterdam and on websites for trial subjects, between October 

2014 and August 2015.

Eligible for the study were healthy, Caucasian males between 18 and 35 years old, 

with a stable weight for at least 3 months prior to inclusion. The subjects were either 

lean (BMI 1923 kg/m²) or overweight (BMI > 27 kg/m²). The included subjects were 

agematched (lean vs. overweight). None of the subjects had contraindications to 

the use of bromocriptine (e.g. known hypersensitivity to bromocriptine, uncon

trolled hypertension, a known history of coronary artery diseases or valvulopathy, 

a history of severe psychiatric disorders, prolactinomas), as determined by history, 

physical examination, and blood screening. Other exclusion criteria were use of 

prescription medication or drugs, or a foreseen aberrant lifestyle (e.g. excessive 

physical exercise, night shifts, excessive alcohol intake) during the study period 

that would potentially influence the outcome. All subjects gave written signed vol

untary informed consent before participation. The protocol was approved by the 

Medical Ethics Committee of the AMC. All procedures performed in this study were 

in accordance with the ethical standards of the institutional research committee 

and with the 1964 Helsinki declaration and its later amendments or comparable 

ethical standards.

Power analysis
Power calculation was performed using nQuery Advisor© and was based on a pre

vious study.(11) Assuming an alpha of 5%, 6 subjects were needed in each group to 

reach a power of 80%. To enlarge power and to allow for unexpected findings, two 

extra subjects per group have been included. This led to a total of 16.

Study design
This openlabel randomized prospective crossover mechanistic study consisted of 

8 lean and 8 overweight subjects. All participants used bromocriptine for a period 
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of two weeks in the morning and a period of two weeks in the evening according 

to a software driven randomization order (Castor edc, Ciwit B.V., the Netherlands). 

The periods were separated by a washout of at least two weeks (figure 1). The daily 

bromocriptine dose administrated was 1.25 mg (orally) during each first week and 

2.50 mg during each second week. So, the study consisted of two separate inves

tigation periods with two preexposure measurements (visits 1 and 3), after which 

lean (n=8)

Randomization

screening

glucose (mmol/L)

time

baseline visit visit 2 visit 3 visit 4

± 1 week 2 weeks 2-3 weeks 2 weeks

overweight (n=8)

morning

evening

morning

evening

wash-out

wash-out

AUC post-exposure

AUC pre-exposure

Effect of bromocriptine administration

Figure 1 Methods

A. Overview of the visits of the subjects. Subjects came for a screening visit after which they were 
randomized to the timing of bromocriptine administration.  
Visits 1 (baseline visit) and 3 were preexposure visits. Visits 2 and 4 were postbromocriptine 
exposure visits (in randomized order morning and evening administration) for 2 weeks. 
B. Graph of the effect of bromocriptine.



124

8

Chapter 8

bromocriptine was used according to the randomization (i.e. bromocriptine in the 

evening or morning) which was followed by an investigation day (visits 2 and 4).

Study visits
For all study visits, subjects arrived in the morning at the clinical diabetology 

department after an overnight fast. Each of the four visits consisted of the same 

measurements. Subject’s weight, wearing underwear only, was measured to the 

nearest 100 g on a calibrated mechanical scale (SECA, Germany). Energy expen

diture (EE) was measured and a cannula was inserted into an antecubital vein to 

obtain blood samples during the oral glucose tolerance test (OGTT). Subjects were 

instructed to keep their diet as constant as possible during study participation. 

To check for possible changes in eating behavior between visits the subjects were 

asked to record their diet of the 3 days before each visit. On visits 2 and 4, subjects 

were asked whether they experienced any side effects, furthermore, adequate use 

of the bromocriptine was controlled by pill count.

Oral Glucose Tolerance Test and Laboratory measurements
Fasting plasma glucose and insulin values were measured within 2 minutes before 

t0. At t0 subjects ingested a standardized solution of 75 g glucose dissolved in 

300 ml water (Added pharma, Oss, The Netherlands). Subsequent measurements 

took place at t10, t20, t30, t60, t90, and t120 with t in minutes. Plasma glucose mea

surements were performed using the HemoCue BGlucose Analyzer (HemoCue AB, 

Ängelholm, Sweden). Insulin was measured by chemiluminiscent immunometric 

assay (Immulite 2000, Siemens Healthcare Diagnostic Products Ltd. Llanbiris, 

Gwynedd, UK).

EE measurement
Energy expenditure (EE) was measured using a ventilated hood system (QuarkRMR 

Canopy). Subjects were instructed to minimize physical activity (e.g. avoid walking 

stairs) in the morning prior to the visit. Before the EE, subjects had to rest for thirty 

minutes on a bed. During the EE subjects were not allowed to sleep, talk or move. 

The EE was performed in a thermoneutral room of approximately 21˚C (69.8˚F). 
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Respiratory Quotient (RQ) and EE values (kcal/day) were measured by indirect 

calorimetry at 1 minute intervals during 20 minutes after a stable phase had been 

reached.

Outcome measures
The outcome – differences in effect on insulin sensitivity – was expressed by 

means of various glucose and insulin parameters: Areas under the curve (AUCs) for 

both glucose and insulin, peak values for glucose and insulin during the OGTT and 

homeostatic model assessment for insulin resistance (HOMAIR type  1) (fasting 

insulin (microU/L) × fasting glucose (nmol/L)/22.5).(15) Secondary outcomes were 

the differences in effect of bromocriptine on EE (kcal/day) and weight (kg).

Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics 22. Data was con

tinuous and not normally distributed; to test for possible statistically significant 

differences between groups the MannWhitney U test was used for unpaired data 

and the Wilcoxon Signed Rank test for paired data. Values are presented as median 

and full range. P < 0.05 was considered statistically significant.

The relative differences ( = (100 × absolute value postexposure)) / absolute value 

preexposure) were used to compare the effect of bromocriptine between the lean 

and obese subjects.

Results

We included 8 lean (BMI 21.5 [20.421.9] kg/m2, age 22.5 [20.325.0] years) and 8 

obese (BMI 32.1 [29.042.0] kg/m2, age 22.5 [20.325.0] years) healthy Caucasian 

males (Table 1). All subjects tolerated the drug well.

Effect of bromocriptine on insulin and glucose levels during the OGTT
In lean subjects, there was no effect of bromocriptine administration in the morning 

on either glucose or insulin values during the OGTT. Bromocriptine administration 
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in the evening resulted in significantly lower glucose values at t30 and t90 minutes 

(figure 2), but we observed no significant effect on insulin levels.

During the OGTT in obese subjects, bromocriptine administration in the morning 

resulted in significantly lower glucose values at t20 and t30 minutes and insulin 

values at t30, t60 and t90 minutes. Bromocriptine administration in the evening 

resulted in significantly lower glucose values at t60 minutes (figure 3), but no sig

nificant effect on insulin was observed.














     
 







 




















     




 







 
















     
 





 
















     
 





 










 

 

 



 



Figure 2 OGTT in lean subjects

Glucose and insulin values (median + IQR) obtained during the OGTT in lean subjects before the 
administration of bromocriptine (round icons) and after the administration of bromocriptine (square 
icons).  
A. Glucose values obtained before and after the administration of bromocriptine in the morning.  
B. Glucose values obtained before and after the administration of bromocriptine in the evening.  
C Insulin values obtained before and after the administration of bromocriptine in the morning.  
D. Insulin values obtained before and after the administration of bromocriptine in the evening.
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Effect of bromocriptine on insulin sensitivity
Lean subjects

In lean subjects, only administration of bromocriptine in the evening had a sig

nificant effect on fasting insulin sensitivity (fasting HOMA IR 0.35 [0.200.65] vs 

0.42 [0.180.79], p  =  0.036). Bromocriptine administration in the morning had 

no significant effect on the AUC for both glucose and insulin. Administration of 

bromocriptine in the evening led to a significant decrease in the AUC for glucose 

(742 mmol/L × 120min [695818] vs 641 [504750], p = 0.036) but not in the AUC for 














     
 







 




















     




 







 
















     
 





 
















     
 





 










 

 

 



 



Figure 3 OGTT in obese subjects

Glucose and insulin values (median + IQR) obtained during the OGTT in obese subjects before the 
administration of bromocriptine (round icons) and after the administration of bromocriptine (square 
icons).  
A. Glucose values obtained before and after the administration of bromocriptine in the morning.  
B. Glucose values obtained before and after the administration of bromocriptine in the evening.  
C Insulin values obtained before and after the administration of bromocriptine in the morning.  
D. Insulin values obtained before and after the administration of bromocriptine in the evening.
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insulin (32836 pmol/L × 120min [1882342053] vs 25698 [2424442143], p = 0.575) 

compared to the preexposure visit.

Bromocriptine in the morning or evening had no significant effect on the AUC for 

HOMAIR in lean subjects (Table 2).

Obese subjects

In obese subjects, variation in the administration of bromocriptine (i.e. morning vs 

evening) had no significant effect on fasting insulin sensitivity as compared to the 

preexposure visits. Bromocriptine administration in the morning led to a significant 

decrease in the AUC for insulin (55900 mmol/L × 120min [4323696831] vs 36448 

[2521357711], p = 0.012) without a significant change in the AUC for glucose (748 

pmol/L × 120min [674868] vs 669 [620734], p = 0.069) compared to the preex

posure visit. The reverse was observed for bromocriptine administration in the 

evening: a significant decrease in AUC for glucose (735 mmol/L × 120min [614988] 

vs 644 [568829], p = 0.017) without a significant change of the AUC for insulin 

(35446 mmol/L × 120min [2369452771] vs 38390 [25664104861], p = 0.208). The 

AUC for the HOMAIRs was significantly lower after bromocriptine administration in 

the morning (2405 HOMAIR × 120min [16494655] vs 1229 [8962348], p = 0.012), 

but not in the evening (1296 HOMAIR  ×  120min [8282666] vs 1356 [9315359], 

p = 0.401) (Table 2).

Difference in effect of bromocriptine between lean and obese subjects
To compare the differences in effect of bromocriptine between lean and obese 

subjects, we calculated the relative effect as compared to the preexposure visit.

Fasting HOMAIR values improved significantly more in obese subjects as com

pared to the lean subjects when bromocriptine was administered in the morning 

(100% [73119] vs 69%[5381], p  =  0.050) but not in the evening (90% [39115] 

vs 104% [90162], p = 0.083). There was no difference in effect of bromocriptine 

administration between lean and obese subjects on glucose AUC. 

The insulin AUC values decreased significantly more in obese subjects as com

pared to the lean subjects when bromocriptine was administered in the morning 



129

Bromocriptine and insulin sensitivity

8

(114% [77133] vs 58% [4771], p = 0.015) but not in the evening (90% [65131] vs 

111% [95177], p = 0.401).

The AUC for the HOMAIRs decreased significantly more in obese subjects as com

pared to the lean subjects when bromocriptine was administered in the evening 

morning (114% [87256] vs 82% [5999], p = 0.050) but not in the morning (88% 

[75131] vs 174% [104243], p = 0.401)(Table 3).

Effect of bromocriptine on energy expenditure, weight and diet
Bromocriptine administration in the morning or evening had no effect on EE, RQ 

or weight in both obese and lean subjects (Table 2). There were no changes in diet 

which could explain for the differences found in insulin sensitivity.

Discussion

In this study, we assessed the effect of bromocriptine administration on insulin 

sensitivity. We compared the effect between lean and obese subjects and between 

drug administration in the morning and evening. We confirm that bromocriptine 

administration improved insulin sensitivity in obese subjects, independent of the 

time of administration. The results found in lean subjects were ambiguous, there 

was a positive effect on insulin sensitivity of administration in the evening (i.e. 

lowered glucose AUC without significant changes of the AUC for insulin). However, 

fasting insulin sensitivity worsened in lean subjects when the bromocriptine was 

administered in the evening.

In lean subjects, bromocriptine administration in the evening resulted in a better 

overall insulin sensitivity, compared to the preexposure visit. Remarkably, fasting 

insulin sensitivity was significantly lower after bromocriptine administration in the 

evening. So, fasting insulin sensitivity diminished whereas postprandial insulin 

sensitivity increased. Indeed, bromocriptine is thought to promote postprandial 

glucose disposal after a glucose load (e.g. a meal or an oral glucose tolerance test)

(3, 16), which could explain the improvements seen in insulin sensitivity during the 

OGTT. Furthermore, healthy individuals show diurnal changes in insulin sensitivity 
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and glucose metabolism.(17) Glucose tolerance deteriorates in the evening with 

a decrease in insulin sensitivity and a reduced βcell responsiveness to glucose.

(18) Circadian neuroendocrine rhythms of both dopamine and noradrenaline play a 

pivotal role in insulin sensitivity (12, 13) and are considered to be still intact in lean 

subjects. In lean subjects, dopamine physiologically peaks in the morning.(14, 19)

Bromocriptine stimulates D2receptors, both pre and postsynaptically. The presyn

aptic D2receptor is located on the cell body of dopaminergic cells, and stimulation 

of this receptor reduces dopamine release (feedback mechanism). The postsyn

aptic receptor is located at the nerve terminal level, on nondopaminergic neurons 

or tissues, and plays a major role in dopamine signaling. Because bromocriptine 

directly stimulates dopamine D2receptors, the overall clinical effect of bromocrip

tine administration is mainly related to the effects on the postsynaptic receptor 

(20), and to a lesser extent to discrete lowering of dopamine concentration via 

stimulation of D2autoreceptors.

So, in healthy controls small changes in dopamine concentration and/or occu

pancy of the dopamine D2receptor postsynaptically, most likely will not have a 

large effect. However, in the evening, when the dopamine levels are lower, rel

atively small changes in both dopamine concentration and/or occupancy of the 

dopamine D2receptor postsynaptically may result in a larger (measurable) effect.

The effects of the D2 agonist bromocriptine were more pronounced in obese com

pared to healthy controls. Bromocriptine administration in obese subjects led to 

an increased insulin sensitivity independent of the timing of the administration.

Interestingly, imaging studies showed quite consistently lower striatal dopamine 

D2/3receptor binding in obese compared to nonobese subjects, which supports 

the hypothesis of a hypodopaminergic state in obese.(21) This lower D2/3receptor 

binding can be explained by a lower expression and/or lower binding capacity for 

dopamine due to obesityrelated conformational changes of the receptor (e.g., 

increased sensitivity of the receptor for dopamine). Because the insulin sensitivity 

is most likely related to an altered dopaminergic state, the effects of bromocriptine 

were expected to be more pronounced in obese as compared to nonobese sub

jects. This is also illustrated when directly comparing the effects of bromocriptine 
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between the lean and obese subjects in our study, showing that the effect of bro

mocriptine administration in obese subjects was more pronounced than in lean 

subjects.

The diurnal changes in insulin sensitivity and glucose metabolism, which are 

apparent in healthy individuals, are diminished or lost in obese patients with per

sistent insulin resistance.(22) 

Despite the fact that our obese subjects were normoglycaemic, they were signifi

cantly less insulin sensitive than the lean control group. So, their circadian dopa

mine rhythm might be disturbed and the timed administration of bromocriptine 

in the morning might have restored the diminished circadian dopamine peak and 

thereby improved insulin sensitivity.(3, 16) Indeed, administering bromocriptine 

within 2 hours after waking up, has been shown to prevent or even reverse insulin 

resistance in humans,(23) because it mimics the physiological peak of dopamine 

in the morning.

In this study, we were unable to confirm the results found in our previous study, in 

which bromocriptine administration led to a decreased insulin sensitivity in young, 

healthy and lean subjects.(11) A reason for this might be the difference in time 

when the OGTT was performed. In our previous study, the OGTT was performed at 

the end of the testing day in the afternoon, whereas in the current study the OGTTs 

were performed in the morning. Both duration of fasting preceding the OGTT and 

the time of the day might affect the results of the OGTT.(24) Furthermore, carbo

hydrate intake preceding the OGTT might also influence the results of the OGTT.(25) 

This study has several limitations. Due to the relative small sample size, external 

influences have a relatively large impact. Nonetheless, there were no significant 

changes in diet which could explain for the differences found, subjects did not alter 

their lifestyle during the trial (e.g. physical activity, alcohol consumption, sleeping 

habits) and none of the subjects became ill during the trial.

Furthermore, we used an openlabel randomization, this might have influenced the 

behavior of the subjects and in such way that it may have influenced the results. 
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However, the randomized order of bromocriptine administration has helped to 

prevent this possible effect and there were no changes in diet during the trial.

We used a standard bromocriptine preparation instead of a quick release variant. 

Standard bromocriptine preparations differ from the quick release variant in its 

pharmacokinetics (e.g. bioavailability, peak levels).(16) The tablets were taken 

unsupervised at home which may have resulted in inadequate use of the bro

mocriptine. However, the pill count was correct for all subjects and therefore the 

chance of inadequate use seems to be small.

The daily bromocriptine dose administrated was 1.25 mg (orally) during each first 

week and 2.50 mg during each second week. Both the treatment period as well as 

the used dosages may not have brought out full therapeutic effects, leading to an 

underestimation of the effect, since the recommended dose used to treat diabetes 

mellitus type 2 is 4.8 mg of the quick release formulation. Furthermore, we used 

standard dosing of bromocriptine, so there was no difference in dosing between 

the lean and obese subjects, the bromocriptine dosage was not corrected for BMI 

or bodyweight. However, a correction of the bromocriptine dosage according to 

BMI or bodyweight would have resulted in higher dosages for the obese subjects 

and would most likely have resulted in larger effects compared to the lean subjects. 

So, if anything, our results most likely underestimate the effect of bromocriptine in 

obese subjects. Nonetheless, future studies are needed to determine if a correc

tion in dosing of bromocriptine for BMI or bodyweight is needed and whether this 

has consequences for the administration of bromocriptine in clinical practice. 

Lastly, the results we found apply to Caucasian, young, male subjects. It is unknown 

whether they can be translated to the general population. Nonetheless, our results 

are in line with the effect of bromocriptine on insulin sensitivity found in other 

trials.

Conclusion
Bromocriptine increases insulin sensitivity in both lean and obese subjects. In lean 

subjects, this effect was only apparent when bromocriptine was administrated in 

the evening while in obese subjects insulin sensitivity increased, independent of 

the timing of bromocriptine administration.
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Table 2 Effect of bromocriptine

Lean Subjects Obese subjects

Pre-exposure Post-exposure p‑value Pre-exposure Post-exposure p‑value

glucose AUC (m) 
(mmol/L × 120min)

664 [584767] 670 [595784] 0.484 748 [674868] 669 [620734] 0.069

insulin AUC (m) (pmol/L × 120min) 29029 [2206938126] 24879 [1589338851] 0.779 55900 [4323696831] 36448 [2521357711] 0.012

HOMAIR (m) 0.36 [0.180.68] 0.59 [0.181.1] 0.161 2.46 [1.195.77] 2.10 [0.924.25] 0.263

HOMAIR AUC (m) 1181 [7971449] 1076 [5781560] 0.674 2405 [16494655] 1229 [8962348] 0.012

glucose AUC (e) (mmol/L × 120min) 742 [695818] 641 [504750] 0.036 735 [614988] 644 [568829] 0.017

insulin AUC (e) (pmol/L × 120min) 32836 [1882342053] 25698 [2424442143] 0.575 35446 [2369452771] 38390 [25664104861] 0.208

HOMAIR (e) 0.35 [0.200.65] 0.42 [0.180.79] 0.036 1.43 [0.293.78] 2.24 [1.203.25] 0.093

HOMAIR AUC (e) 1198 [7991731] 975 [7141290] 0.263 1296 [8282666] 1356 [9315359] 0.401

EE (m) (kcal/day) 1673 [14411893] 1539 [14311925] 0.889 2047 [18902214] 2011 [18142305] 0.327

EE (e) (kcal/day) 1694 [15422009] 1666 [14731784] 0.208 1996 [19402304] 2211 [18872356] 0.575

RQ (m) 0.78 [0.760.81] 0.79 [0.760.85] 0.401 0.81 [0.760.90] 0.80 [0.790.85] 0.889

RQ (e) 0.80 [0.79 0.84] 0.78 [0.750.80] 0.161 0.83 [0.800.85] 0.82 [0.790.91] 0.833

Weight (m) (kg) 71.4 [630179.3] 70.7 [63.380.0] 0.399 103.6 [95.9131.4] 104.3[96.6133.5] 0.176

Weight (e) (kg) 70.1 [64.380.2] 70.7 [64.580.8] 0.176 104.3 [97.9133.3] 105.4 [96.4134.1] 0.865

Absolute effect of administration of bromocriptine compared to its prior preexposure visit.
Data presented as n or as median [interquartile ranges].
Differences between visits were calculated with the Wilcoxon Signed Rank test.
Outcome after treatment with bromocriptine in the morning (m) and evening (e).

AUC: area under the curve. EE: energy expenditure.  
RQ: respiratory quotient.
HOMAIR, homeostatic model assessment  insulin resistance, 
calculated as ([glucose(mmol/L) × insulin(mU/L)]/22.5).

Table 1 Baseline table

Lean Obese p‑value

N 8 8

Age (years) 22.5 [20.325.0] 23.5 [18.530.3] 0.88

Body Mass Index (kg/m2) 21.5 [20.421.9] 32.1 [29.042.0]  < 0.001

Waist circumference (cm) 79.1 [77.383.1] 104.0 [99.6135.2]  < 0.001

Fasting plasma glucose (mmol/L) 4.2 [3.94.4] 4.3 [4.04.6] 0.645

Fasting plasma insulin (pmol/L) 13.8 [7.526.0] 67.0 [32.5204.5] 0.001

HOMAIR 0.35 [0.200.69] 1.9 [1.045.70] 0.001

Data presented as median [interquartile range]. Differences between the groups were calculated with 
the Mann Whitney U test.
HOMAIR, homeostatic model assessment  insulin resistance, calculated as 
([glucose(mmol/L) × insulin(mU/L)]/22.5).
BMI, body mass index.
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Table 2 Effect of bromocriptine

Lean Subjects Obese subjects

Pre-exposure Post-exposure p‑value Pre-exposure Post-exposure p‑value

glucose AUC (m) 
(mmol/L × 120min)

664 [584767] 670 [595784] 0.484 748 [674868] 669 [620734] 0.069

insulin AUC (m) (pmol/L × 120min) 29029 [2206938126] 24879 [1589338851] 0.779 55900 [4323696831] 36448 [2521357711] 0.012

HOMAIR (m) 0.36 [0.180.68] 0.59 [0.181.1] 0.161 2.46 [1.195.77] 2.10 [0.924.25] 0.263

HOMAIR AUC (m) 1181 [7971449] 1076 [5781560] 0.674 2405 [16494655] 1229 [8962348] 0.012

glucose AUC (e) (mmol/L × 120min) 742 [695818] 641 [504750] 0.036 735 [614988] 644 [568829] 0.017

insulin AUC (e) (pmol/L × 120min) 32836 [1882342053] 25698 [2424442143] 0.575 35446 [2369452771] 38390 [25664104861] 0.208

HOMAIR (e) 0.35 [0.200.65] 0.42 [0.180.79] 0.036 1.43 [0.293.78] 2.24 [1.203.25] 0.093

HOMAIR AUC (e) 1198 [7991731] 975 [7141290] 0.263 1296 [8282666] 1356 [9315359] 0.401

EE (m) (kcal/day) 1673 [14411893] 1539 [14311925] 0.889 2047 [18902214] 2011 [18142305] 0.327

EE (e) (kcal/day) 1694 [15422009] 1666 [14731784] 0.208 1996 [19402304] 2211 [18872356] 0.575

RQ (m) 0.78 [0.760.81] 0.79 [0.760.85] 0.401 0.81 [0.760.90] 0.80 [0.790.85] 0.889

RQ (e) 0.80 [0.79 0.84] 0.78 [0.750.80] 0.161 0.83 [0.800.85] 0.82 [0.790.91] 0.833

Weight (m) (kg) 71.4 [630179.3] 70.7 [63.380.0] 0.399 103.6 [95.9131.4] 104.3[96.6133.5] 0.176

Weight (e) (kg) 70.1 [64.380.2] 70.7 [64.580.8] 0.176 104.3 [97.9133.3] 105.4 [96.4134.1] 0.865

Absolute effect of administration of bromocriptine compared to its prior preexposure visit.
Data presented as n or as median [interquartile ranges].
Differences between visits were calculated with the Wilcoxon Signed Rank test.
Outcome after treatment with bromocriptine in the morning (m) and evening (e).

AUC: area under the curve. EE: energy expenditure.  
RQ: respiratory quotient.
HOMAIR, homeostatic model assessment  insulin resistance, 
calculated as ([glucose(mmol/L) × insulin(mU/L)]/22.5).
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Table 3 Bromocriptine effect in lean versus obese

Lean Obese p‑value

glucose AUC (m) 
(mmol/L × 120min)

106 [91115] 86 [81106] 0.382

insulin AUC (m) (pmol/L × 120min) 100 [73119] 69 [5381] 0.050

HOMAIR (m) 114 [77133] 58 [4771] 0.015

HOMAIR AUC (m) 88 [75131] 174 [104243] 0.083

glucose AUC (e) (mmol/L × 120min) 93 [62100] 91 [8197] 1.000

insulin AUC (e) (pmol/L × 120min) 90 [65131] 111 [95177] 0.401

HOMAIR (e) 90 [39115] 104 [90162] 0.083

HOMAIR AUC (e) 114 [87256] 82 [5999] 0.050

Absolute effect of administration of bromocriptine compared with its prior preexposure visit.
Data presented as n or as median (interquartile ranges).
Differences between visits were calculated with the Wilcoxon signedrank test.
HOMAIR, homeostatic model assessment – insulin resistance, calculated as  
(glucose (mmol/L) × insulin (U/L))/(22.5).
(m): outcome after treatment with bromocriptine in the morning.
(e): outcome after treatment with bromocriptine in the evening.
AUC, area under the curve; EE, energy expenditure; RQ, respiratory quotient. Bold indicated statistical 
significance (P < 0.05).
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Abstract

Aim: The use of metformin has been associated with diffusely increased colonic 
18Ffluorodeoxyglucose (18FFDG) uptake. Interestingly, metformin use is associ

ated with moderate weight loss. It could be hypothesized that increased colonic 

glucose disposal is related to this weight loss. It is unknown whether other factors 

influence 18FFDG uptake in the colon. The aim of this study was to retrospectively 

assess independent determinants of colonic 18FFDG uptake.

Methods: We retrospectively analysed 270 18FFDG PETCTs which were made for 

diagnostic purposes. Colonic 18FFDG uptake was assessed using a 4point scale 

using the liver as a reference (1; lower, 2; similar, 3; moderately higher than hepatic 

activity, 4; intense diffuse increased uptake). Determinants of 18FFDG uptake in 

the colon were assessed using forward logistic regression (i.e., grade 1&2 vs 3&4).

Results: The patients had a mean age of 60.2 ± 14.8 years, a BMI of 25.8 ± 5.2 kg/

m2 and 52% were female. Most patients had a grade 2 (44%) or grade 3 (39%) 
18FFDG uptake in the colon. Diabetes mellitus type 2 was observed in 14% of the 

patients. In total, 5% of the patients used insulin, 12% used metformin and 5% 

used sulfonylurea derivatives (SU). While there seemed to be an effect of SU on 
18FFDG uptake in the ileum [OR 3.6 (95% CI: 1.333.1), p = 0.03], metformin was the 

only drug associated with 18FFDG uptake for both the whole colon [OR 10.0 (95% 

CI: 2.934.7), p < 0.001] and all individual segments.

Conclusion: Metformin use is an independent determinant of increased colonic 
18FFDG uptake, suggesting a potential role for increasing colonic glucose disposal.
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Introduction

Obesity is the result of an imbalance between energy intake and energy expen

diture (EE). The number of people with obesity and associated diabetes mellitus 

type 2 is increasing at an alarming rate.(1, 2) So far, efforts to control this develop

ment have had only moderate success.(35) Thus, additional routes to dispose the 

caloric excess are explored. In light of these possible alternatives for the treatment 

of obesity, interest has focused on activating human tissues/processes capable of 

increasing EE or glucose disposal in vivo. Recently brown adipose tissue (BAT) has 

gained a lot of interest because of its capacity to convert calories (free fatty acids 

and glucose) into heat resulting in an increased EE.(68) Since BAT uses glucose as 

a substrate, activated BAT shows an intense 18Ffluorodeoxyglucose (FDG) uptake 

on positronemissiontomography (PET)CT.

Physiological 18FFDG accumulation is also frequently observed in the colon and 

terminal ileum, suggesting that the colon has a comparatively high glucose con

sumption. Indeed, in pigs it has been shown that intestinal glucose uptake from 

the blood can be quantified, in vivo, by performing 18FFDG PETCT.(9) Furthermore, 

the intestine is described as a gluconeogenic organ which is able to perform glu

coneogenesis, which has been shown to induces positive effects on glucose and 

energy combustion.(10, 11)

Little research has been performed on potential factors influencing colonic 18FFDG 

uptake. Intestinal characteristics such as increased smooth muscle peristalsis of 

the colon or constipation have been suggested as potential factors for increased 
18FFDG uptake in the colon.(1217) Furthermore, patient characteristics such as age 

and (female) gender are also considered to influence the 18FFDG uptake.(12, 18) 

The only consistent factor for increased 18FFDG uptake in the colon seems to be 

metformin.(1922) Interestingly, metformin is one of the few drugs in the treatment 

of diabetes mellitus type  2 that is associated with weight maintenance or loss 

rather than weight gain.(2325) An increased glucose consumption by the colon 

might contribute to this weight losing effect of metformin. Since the focus in other 

studies was only on the use of metformin, it is unknown whether other drugs might 

also influence the 18FFDG uptake in the colon. Therefore, the aim of this study 
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was to retrospectively assess determinants, especially medication use, of 18FFDG 

uptake in the combined colon and terminal ileum in patients who underwent a 

diagnostic 18FFDG PETCT. Furthermore, we analysed separate colonic segments to 

identify which specific segments contributed most to 18FFDG colonic uptake.

Materials and methods

Subjects
This was a retrospective analysis of 18FFDG uptake in the colon on diagnostic 
18FFDG PETCT scans. For this type of study, formal consent by the institutional 

ethics committee of the Academic Medical Center is not required. We included 

consecutive diagnostic 18FFDG PETCT scans of all patients older than 18 years 

acquired between January 1st and April 31st 2011. We did a separate analysis in 

which we only included primary diagnostic 18FFDG PETCT scans to assure that 

imaging was not influenced by specific therapies such as chemotherapy, radiation 

or antibiotics. All scans were performed at the department of nuclear medicine of 

the Academic Medical Center. Scans were excluded when the assessment of the 

colon and terminal ileum was hampered (e.g., imaging that did not include the 

abdomen, peritoneal cancer or an extensive history of intestinal surgery). When 

pathology was limited to one segment of the colon and/or terminal ileum, this 

segment was excluded from further analysis but the remaining segments were 

included and analysed. Apart from an overall colonic analysis, the colon was 

divided in five anatomical sections: the distal ileum (later referred to as ileum), 

the cecum and ascending colon (later referred to as cecum), the hepatic flexure 

and the transverse colon (later referred to as transverse colon), the splenic flexure 

and the descending colon (later referred to as colon descendens) and the sigmoid 

colon ending at the recto sigmoid junction (later referred to as sigmoid).

Patient characteristics such as age, gender, body mass index (BMI), fasting plasma 

glucose and medication use were obtained from the medical files of the patients.

Only patients in whom medication use could reliably be obtained were included in 

the analysis on the impact of medication use on 18FFDG uptake in the colon.
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Under Dutch national legislation, the retrospective nature of this study allowed us 

to perform the study without prior institutional ethical review or obtaining a signed 

informed consent. 

PET-CT acquisition
18FFDG PETCT scans were acquired using a Gemini timeof flight multidetector 

helical PETCT scanner (Philips Medical Systems, Eindhoven, the Netherlands). All 

scans were performed according to the standard 18FFDG PETCT scanning proto

col of the nuclear medicine department of the Academic Medical Center. In short, 

patients had to be fasted for a period of at least 6 h prior to the 18FFDG injection 

with a BMI adjusted 18FFDG dosage. Except for the six hours fasting, patients were 

allowed to use their medication normally. Half an hour before and half an hour 

after the administration of 18FFDG patients were rested on a bed in a warm room 

(25°C) in order to minimize 18FFDG uptake in muscles and BAT. One hour after the 

administration of 18FFDG PET images were acquired from the base of the skull to 

the upper thigh. (Low dose) CT imaging was subsequently performed for attenua

tion correction and anatomical colocation using the PETCT fused images. 

PET-CT image analysis 
18FFDG PETCT scans were analysed using the software program Hybrid Viewer™ 

(Hermes Medical Solutions, Stockholm, Sweden).

Visual assessment of the colonic uptake of 18FFDG was performed using the 

4point scale described by Gontier et al.(19) which uses liver uptake as a reference 

(i.e., 1; lower, 2; similar, 3; moderately higher than hepatic activity and 4; intense 

and diffuse increased uptake) (figure 1). To be able to quantify the 18FFDG uptake 

and to correlate with the visual scale, the SUVmax of colonic segments with a high 
18FFDG uptake (visual grading ≥ 3) were obtained by generating volumes of interest 

(VOI).

In colonic segments with a low 18FFDG uptake (visual grading ≤ 2), generating VOIs 

was not feasible. In these segments the SUVmax was determined using the tool 

‘‘quick ROI’’ which determines the SUVmax of the region covered by the tool. Focal 
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18FFDG spots, more likely to be representative of pathology (26), were excluded 

from analysis.

The maximal standardized uptake values (SUVmax) of the liver (determined in a VOI 

without pathology) were determined in five consecutive transverse 18FFDG PETCT 

slices.

Statistical analyses
Data are represented as mean ± standard deviation (SD) or median and inter

quartile range (IQR). A p-value  < 0.05 was considered as statistically significant. 

Differences in continuous variables between the four grades were assessed using 

the KruskalWallis test. Differences in continuous variables between two grades 

Figure 1 Visual assessment grades

Visual grading scale.  
From left to right: grade 1: 18FFDG uptake in the colon lower than the liver; grade 2: 18FFDG uptake in 
the colon similar as in the liver; grade 3: 18FFDG uptake in the colon higher than the liver; grade 4: 
intense 18FFDG uptake in the colon. 
The patient with grade 1 was known with lymphadenopathy and was referred to establish extent of 
disease and whether any 18FFDG positive lymph node was (easily) accessible for diagnostic biopsy. 
The patient with grade ad fever of unknown origin and was referred for any diagnostic clue to further 
guide the diagnostic process. 
The patient with grade 3 was known with a complicated infection of a hip prosthesis with increased 
18FFDG uptake and was referred to establish extent of disease. 
The patient with grade 4 had inflammation of unknown origin and was referred for any diagnostic clue 
to further guide the diagnostic process: 18FFDG uptake showed no abnormalities.
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were assessed using the MannWithney U test. Differences in categorical variables 

between the four grades were assessed using the FisherFreemanHalton exact test. 

Differences in categorical variables between two grades were assessed with the 

Chisquare test. All medication variables, gender and age were used as covariates 

in a forward logistic regression model for the prediction of 18FFDG colonic uptake 

(i.e., grade 1&2 vs grade 3&4). For the statistical analysis, SPSS 20.0 was used.

Results

Baseline characteristics
Available for analysis were 270 18FFDG PETCT scans of 270 different patients. 

Most patients underwent a 18FFDG PETCT with the referral diagnosis of malignancy 

(67%) or followup of a malignancy (13%), a smaller group was referred to diag

nose inflammation (7%) and the remaining group was referred for miscellaneous 

reasons. Baseline characteristics are shown in Table 1. Patients had a median age 

of 61 [5271] years, a BMI of 25.0 [22.528.7] kg/m2 and 52% (n = 140) of the patients 

were female. Medication use could be established in 76% (n = 205) of patients.

Most patients had a grade 2 (44%) or grade 3 (39%) 18FFDG uptake in the colon and 

terminal ileum. A low 18FFDG uptake in the colon was seen in 54% of the patients 

and 46% had a high uptake (i.e., grade 1&2 vs grade 3&4). The four grades did not 

significantly differ with regard to age, BMI or fasting plasma glucose. The percent

age of females was significantly lower ( p < 0.05) in grade 1 than in grade 2 and 3 but 

not compared to grade 4. In total, 1% of the patients had diabetes mellitus type 1 

and 14% of the patients had diabetes mellitus type 2. The percentage of patients 

with diabetes mellitus type 2 was significantly higher in grade 4 than in grade 1, 2 

and 3 ( p < 0.01).

Maximal 18F-FDG uptake in the separate colonic segments and the liver
All colonic segments showed a significant increase in SUVmax with increasing visual 

grading (Table 1). Of all the colonic segments, the cecum most often had a high 

(i.e., grade 3 and 4) 18FFDG uptake (35% of the patients had a high 18FFDG uptake 
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in the cecum, 13% in the ileum, 9% in the transversum, 8% in the descendens and 

11% in the sigmoid).

The liver showed no increase in SUVmax with increasing visual grading (Table 1).

Medication use
In total, 5% of the patients used insulin, 12% used metformin, 5% used sulfonyl

urea derivatives (SU), 23% used statins and 6% used alpha blockers (Table 2). The 

use of metformin ( p  < 0.001), insulin ( p  < 0.05), sulfonylurea derivatives (SU) ( 

p < 0.001), statins ( p < 0.001) and alpha blockers ( p < 0.05) differed significantly 

between the four grades. The percentage of subjects using metformin, insulin and 

SU’s was significantly higher in grade 4 than in the other grades. The percentage of 

subjects using metformin was also significantly higher in grade 3 than in grade 4. 

However, the percentage of subjects using statin was significantly higher in grade 

4 vs grade 2 and grade 3 but not compared to grade 1. The percentage of subjects 

using alpha blockers was only significantly higher in grade 1 compared to grade 2 

(Table 2).

After stratification into low (grade 1&2) and high (grade 3&4) 18FFDG uptake, both 

the use of metformin and SU’s was significantly higher in the group with a high 
18FFDG uptake (resp. p < 0.001 and p < 0.05).

Predictors of high 18F-FDG colonic-uptake
In the forward logistic regression analysis, the use of metformin was the only 

independent predictor for high (i.e., grade 3&4) 18FFDG uptake in the colon, irre

spective of a specific segment, with an odds ratio (OR) of 10.0 (95% CI: 2.9 34.7, 

p < 0.001). However, 18FFDG uptake on a segmental base showed that increased 
18FFDG uptake in the ileum was associated with both metformin [OR 10.9 (95% CI: 

3.731.9), p < 0.001] and SU’s [OR 3.6 (95% CI: 1.333.1), p = 0.03] (Table 3).

In a sensitivity analysis, in which we excluded the subjects who were referred for 

followup of a malignancy, again metformin remained a significant independent 

predictor for high 18FFDG uptake in the colon, irrespective of a specific segment 

[OR 10.4 (95% CI: 2.346.4), p = 0.002]. However, 18FFDG uptake on a segmental 

base showed that increased 18FFDG uptake in the ileum was associated with both 
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metformin [OR 6.0 (95% CI: 1.819.7), p < 0.005] and SU’s [OR 8.4 (95% CI: 1.352.5), 

p = 0.02] and uptake in the colon transversum was likewise associated with both 

metformin [OR 6.5 (95% CI: 1.528.4), p = 0.01] and SU’s [OR 7.5 (95% CI: 1.342.6), 

p = 0.02] (Table 3).

After excluding the subjects who were using metformin, there were no significant 

differences for any of the remaining determinants between subjects with a high or 

low 18FFDG colonicuptake.

Metformin and high 18F-FDG colonic-uptake
Of all the subjects with high 18FFDG colonicuptake (n = 125), 18% used metformin. 

The subjects with a high 18FFDG colonicuptake using metformin, were significantly 

older (69 ± 11 vs 60 ± 15 years, p < 0.005), had a higher BMI (30 ± 7 vs 25 ± 4 kg/m2, 

p < 0.001) and more often used ACE/ATII inhibitors (46% vs 21%, p < 0.05), β block

ers (41% vs 16%, p < 0.05), calcium antagonists (27% vs 11%, p < 0.05), insulin (18% 

vs 3%, p < 0.01), sulphonylurea derivatives (36% vs 1%, p < 0.001) and statins (70% 

vs 13%, p < 0.001) than the subjects with a high 18FFDG colonicuptake who did not 

use metformin.

However, of all the metformin users, 88% had a high 18FFDG colonicuptake. There 

were no significant differences between the metformin users with high or low 
18FFDG colonicuptake. Of all the diabetes mellitus type  2 subjects, 70% had a 

high 18FFDG colonicuptake. Within this group, there was a significant difference in 

the use of metformin between subjects with a high or low 18FFDG colonicuptake 

(77% vs 27%, p < 0.05).

Differences in maximal 18FFDGuptake in colon and liver between metformin users 

and nonmetformin users and subjects with and without diabetes mellitus type 2.

The median uptake of 18FFDG in the colon and liver was significantly higher in 

subjects using metformin as compared to subjects who were not using metformin 

(median 9.2[6.0 14.8] vs 3.7[3.15.1], p < 0.01 and median 3.8[3.24.2] vs 3.3[2.9 

3.8], p  < 0.05). The median uptake of 18FFDG in the colon was also significantly 

higher in subjects with diabetes mellitus type 2 as compared to subjects without 

diabetes mellitus type 2 (median 7.5[4.012.4] vs 3.7[3.15.0], p < 0.001 and median 

3.7[3.14.2] vs 3.2[2.93.7], p < 0.01) (figure 2).
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Figure 2  Differences in maximal SUV values in colon and liver in patients with 

and without diabetes mellitus type 2

(a)  The difference in maximal SUV values of 18FFDG uptake in the colon between metformin users 
(n = 25) and nonmetformin users (n = 180); and patients with (n = 36) and without (n = 169) 
diabetes mellitus type 2.

(b)  The difference in maximal SUV values of 18FFDG uptake in the colon in patients with type 2 
diabetes mellitus (total n = 36) between metformin users (n = 25) and nonmetformin users 
(n = 11).

(c)  The difference in maximal SUV values of 18FFDG uptake in the liver between metformin users 
(n = 25) and nonmetformin users (n = 180); and patients with (n = 36) and without (n = 169) 
diabetes mellitus type 2.

(d)  The difference in maximal SUV values of 18FFDG uptake in the liver in patients with type 2 diabetes 
mellitus (total n = 36) between metformin users (n = 25) and nonmetformin users (n = 11).
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In a subanalysis in subjects with diabetes mellitus type 2, we found a significant 

difference of 18FFDG uptake in the colon but not in the liver (median 9.2[6.014.8] vs 

4.0[3.47.2], p < 0.050 and median 3.8[3.24.2] vs 3.5[3.14.1], p = 0.311) (figure 2).

18F-FDG-uptake and BMI
There was a significant and moderately positive correlation between BMI and 

maximal 18FFDG uptake in the colon (ρ  =  0.31, p  <  0.001). After stratifying the 

subjects in those with and those without diabetes mellitus type 2, the correlation 

became less strong in the subjects without diabetes mellitus type  2 (ρ  =  0.25, 

p < 0.001) and stronger in subjects with diabetes mellitus type 2 (ρ = 0.37, p < 0.001).

Discussion

Approximately half of our subjects showed an increased uptake of 18FFDG in the 

colon. Furthermore, we confirmed the independent association between metformin 

use and increased 18FFDG colonic uptake. This association might suggest that the 

weight maintaining or losing effect of metformin in subjects with diabetes mellitus 

type 2 can be caused by an increased colonic glucose metabolism. Therefore, the 

colon might be an important organ for glucose disposal which could be a relevant 

target in the treatment of obesity and diabetes mellitus type 2.

There is only sparse data available on the role of the colon in glucose disposal. 

Interestingly, subjects with an ileostomy show several characteristics associated 

with the insulin resistance syndrome as compared to healthy subjects.(27) There

fore, the colon seems to be involved in glucose disposal. Indeed, the intestine is 

described as a gluconeogenic organ which is able to perform gluconeogenesis, 

which has been shown to induce positive effects on glucose and energy combus

tion.(10, 11) Furthermore, in rodents the intestine has been shown to be a major 

organ for glucose disposal, contributing to the improvements in glycaemic control 

in rats after rouxen ygastric bypasses.(28) Hyperplasia and hypertrophia of the 

tissue results in reprogramming of the intestinal glucose metabolism to meet the 
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increased demand for glucose. Due to these adaptations, the intestine proves to 

be a potential major organ for glucose disposal.

In our study, the presence of diabetes mellitus type 2 was associated with a higher 
18FFDG uptake in the colon in univariate analysis. Diabetes mellitus type 2 is char

acterized by an increased BMI and fasting plasma glucose. Nonetheless, in our 

data the four grades did not significantly differ with regard to BMI or fasting plasma 

glucose. Another explanation for the higher 18FFDG uptake in the colon in subjects 

with diabetes mellitus type  2 could be because of their hyperinsulaemic state. 

Hyperinsulinemia has been shown to promote glucose uptake in the intestinal 

mucosa in both humans and pigs. However, in a fasting state the glucose uptake 

in the intestine was similar in obese subjects as compared to healthy volunteers.

(9) Since all our subjects fasted at least for 6 h before they underwent the 18FFDG 

PET CT, a better explanation for this association might be the use of metformin by 

diabetes mellitus type 2 subjects. In our study, 68% of the subjects with diabetes 

mellitus type 2 were chronic users of metformin. In line with previous literature, 

our data confirmed that metformin is a strong and independent predictor for high 
18FFDG uptake in the colon and terminal ileum.(1922) Interestingly, metformin is 

one of the few glucose lowering drugs associated with weight loss, whereas most 

glucose lowering therapies are associated with weight gain. Up until now there 

is no conclusive explanation for this weight losing effect of metformin. Since 

there is some evidence that the colon is involved in glucose disposal, the colon 

might contribute to this weight losing effect.(27, 28) Recently, it has been shown 

that the intestine, indeed, plays a substantial role in the working mechanism of 

metformin.(29) In rodents, metformin increases the uptake of glucose from the 

vessels into the intestinal mucosa.(30) After cellular uptake, the gastrointestinal 

tract plays an important role in increased glucose disposal, associated with a sub

stantial increase in glucose utilization.(3032) This increased glucose utilization is 

obtained particularly via anaerobic glucose metabolism since metformin inhibits 

the mitochondrial respiratory complex1 resulting in a reduction of ATP and an 

increase in lactate production.(3133) This increase in intestinal lactate production 

has also been found in humans.(34)
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Another explanation for the increased 18FFDG uptake in the colon might be a state of 

chronic inflammation in the colon in subjects with diabetes mellitus type 2. Chronic 

inflammation of the intestine and the liver has been reported as a characteristic of 

the metabolic syndrome.(35, 36) In support of this, we also found an increased 
18FFDG uptake in both the colon and the liver in subjects with diabetes mellitus 

type 2 as compared to subjects without diabetes mellitus type 2. 18FFDG uptake 

in the colon and liver was also increased in subjects using metformin. However, 

the effect of metformin in colonic 18FFDG uptake persisted when we limited our 

analysis to patients with diabetes mellitus type  2, underlining the independent 

effect of metformin.

Metformin is known to have a profound effect on hepatic glucose production.(37) 

However, our data clearly show that 18FFDGuptake in the liver is almost similar 

over the four grades. Therefore, the liver is a reliable reference for the visual assess

ment of the colonic uptake of 18FFDG. Furthermore, our data clearly show that the 

colonic uptake of 18FFDG significantly increases over the four visual assessment 

grades. These findings confirm that the 4point scale described by Gontier et al. is 

a reliable method to assess 18FFDG uptake in the colon.(19)

Surprisingly, we found a modest positive correlation between BMI and maximal 
18FFDG uptake in the colon, which seems contradictory to the idea that the colon 

might function as a glucose disposing organ. However, in pigs it has been shown 

that intestinal glucose uptake can be quantified in vivo by performing 18FFDG 

PETCT.(9) Therefore, intestinal glucose uptake seems to be higher in subjects with 

a higher BMI. Plasma glucose levels are generally higher in subjects with a higher 

BMI. The colon might function as an organ which contributes to the disposal of the 

excess glucose in obese subjects. Indeed, obese subjects are known to have a 

higher basal metabolic rate than their lean counterparts.(38) Nonetheless, we do 

not fully understand the modest positive correlation we found between BMI and 

maximal 18FFDG uptake in the colon. Future research has to focus on whether the 

colon indeed contributes to glucose disposal.
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18FFDG uptake represents glucose uptake by the intestines from the blood, since 
18FFDG is administered intravenously. It could be argued that the colon can also 

derive glucose from the contents of the colon. However, in the colon there is a 

virtual absence of lumen glucose and, therefore, the glucose consumption from 

the lumen into colon and rectum is thought to be almost zero (39) and thus, the 

colon is thought to be reliant on arterial glucose supply. Nonetheless, short chain 

fatty acids are also an important energy source for the colon.(40) The relative con

tribution of glucose to energy needs of the colon, relative to short chain fatty acids, 

is unknown.

Glucose uptake in the wall of the ileum is different and is dependent on both luminal 

glucose and uptake driven by bloodglucose. Our study is limited by the fact that 

we cannot distinguish intestinal lumen glucose from blood glucose contribution.

Although the included number of subjects is large, the percentage of subjects 

using a specific drug, particular metformin, was still small. The effect of metformin 

on 18FFDG uptake in the colon is quite large, but we may have missed smaller 

effects of other drugs due to the small number of subjects using that particular 

drug. While we found some evidence for an effect of SUderivatives, the risk of 

confounding is high due to the low number of patients and the interdependence of 

diabetes drugs used. Importantly, while SU derivatives increase insulinemia and 

hence glucose uptake, the intracellular fate of this glucose is not necessarily the 

same as for glucose uptake induced by metformin.

Our study is an observational study; therefore, we cannot elucidate the reason for 

the increased 18FFDG uptake in the colon from a pathophysiological point of view. 

It might be caused by energy dissipation, inflammation or a combination of factors. 

It is evident that prospective studies have to be performed to investigate the role of 

the colon as an energy dissipating organ. These studies should focus on the effects 

of metformin treatment but there might also be a role for the colon in the weight 

losing effect of diet interventions or other drugs, like levothyroxine.

In this retrospective study, we included diagnostic static 18FFDG PETCTs and 

used SUVs to express glucose consumption. Although SUVs are an indication of 
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glucose uptake, 18FFDG uptake expressed by SUV does not exactly reflect glucose 

consumption. Dynamic image acquisition would have been preferable as a quan

titative method for glucose consumption and should be taken into account when 

investigating the (pathophysiological) mechanism of glucose uptake in the colon 

prospectively.

Conclusion
This study shows that the colon frequently shows physiological uptake of 18FFDG 

and that an increased 18FFDG uptake in the colon is associated with metformin 

treatment. However, whether the colon is involved to some extent in the disposal 

of excess glucose in humans has to be investigated in future prospective studies.
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Table 1 Patient characteristics

Total Grade 1 Grade 2 Grade 3 Grade 4

Difference 
between 
grades

N (%) 270
(100%)

25
(9.3%)

120
(44.4%)

104
(38.5%)

21
(7.8%)

Age (years) 61 
[5271]

65 
[5374]

60 
[5171]

60 
[5170]

66 
[5776]

0.435

Gender, female (%) 52 28 54 1 60 1 38 0.030

BMI (kg/m2) 25.0 
[22.528.7]

24.5 
[21.426.8]

25.3 
[22.229.4]

24.6 
[22.627.4]

27.4 
[24.230.3]

0.082

Fasting plasma 
glucose (mmol/L)*

5.8 
[5.26.5]

6.0 
[5.66.5]

5.7 
[5.16.3]

5.7 
[5.36.6]

6.8 
[5.38.8]

0.084

Diabetes Mellitus 
type 1 (ratio (%))

2/270
(0.7%)

0/25
(0%)

2/120
(1.7%)

0/104
(0%)

0/21
(0%)

0.647

Diabetes Mellitus 
type 2 (ratio (%))

37/270 
(13.7%)

2/25 
(8.0%)

9/120 
(7.5%)

13/104 
(12.5%)

13/21 
(61.9%)

0.000

SUVmax (g/L)

Liver 3.3 
[2.83.8]

3.3 
[2.93.8]

3.3 
[2.93.7]

3.8 
[2.94.2]

0.510

Colon + terminal 
ileum

2.5 
[2.23.0]

3.4 a 
[2.93.7]

5.5 a,b 
[4.46.5]

11.7 a, b, c 
[9.614.8]

< 0.001

Ileum 2.4 
[2.02.7]

3.1 a 
[2.73.5]

5.4 a, b 
[4.46.6]

11.8 a, b, c 
[8.215.2]

< 0.001

Cecum 2.1 
[1.62.4]

3.4 
[3.03.7] a

5.5 a, b 
[4.76.6]

11.3 a, b, c 
[10.014.4] 

< 0.001

Transverse 1.8 
[1.42.1]

3.1 a 
[2.63.8]

6.0 a, b 
[4.67.4]

13.5 a, b, c 
[11.415.0]

< 0.001

Descendens 1.7 
[1.42.0]

2.9 a 
[2.53.5]

6.0 a, b 
[4.97.2]

10.8 a, b, c 
[9.312.7]

< 0.001

Sigmoid 2.0 
[1.62.3]

3.1 a 
[2.72.6]

5.5 a, b 
[4.26.6]

11.3 a, b, c 
[10.114.0]

< 0.001

BMI, body mass index. 
Data are presented as n, %, mean ± SD or median [interquartile range]. 
Grade 1: 18FFDG uptake less than liver; Grade 2: 18FFDG uptake similar as liver; Grade 3: 18FFDG 
uptake higher than liver; Grade 4: Intense 18FFDG uptake. 
 * Fasting plasma glucose was known in 262/270 patients.
 a Significantly different vs grade 1. 
 b Significantly different vs grade 2. 
 c Significantly different vs grade 3.
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Table 2 Medication use

Total Grade 1 Grade 2 Grade 3 Grade 4 p‑value

N 205 14 93 80 18

Metformin 
(%)

25/205 
(12)

1/14 
(7)

2/93 
(2)

9/80 
(11) b

13/18 
(72) a,b,c

0.000

Insulin 
(%)

10/205 
(5)

0/14 
(0)

4/93 
(4)

2/80 
(3)

4/18 
(22) a,b,c

0.025

Sulphonylurea 
derivatives (%)

11/205 
(5)

0/14 
(0)

2/93 
(2)

3/80 
(4)

6/18 
(33) a,b,c

0.000

Statin 
(%)

47/205 
(23)

5/14 
(36)

17/93 
(18)

14/80 
(18)

11/18 
(61) b,c

0.001

ACE/ATIIinhibitor 
(%)

45/205 
(22)

2/14 
(14)

17/93 
(18)

20/80 
(25)

6/18 
(33)

0.393

β blocker 
(%)

40/205 
(20)

3/14 
(21)

16/93 
(17)

15/80 
(19)

6/18 
(33)

0.441

Calcium antagonist 
(%)

26/205 
(13)

0/14 
(0)

12/93 
(13)

10/80 
(13)

4/18 
(22)

0.346

Diuretics 
(%)

32/205 
(16)

0/14 
(0)

12/93 
(13)

14/80 
(18)

6/18 
(33) a,b

0.061

Alpha blockers 
(%)

13/205 
(6)

3/14 
(21)

2/93 
(2)a

6/80 
(8)

2/18 
(11) b,c

0.022

Corticosteroids 
(%)

12/205 
(6)

1/14 
(7)

5/93 
(5)

4/80 
(5)

2/18 
(11)

0.585

Antiinflammatory 
drugs (%)

69/205 
(34)

6/14 
(43)

28/93 
(30)

24/80 
(30)

11/18 
(61) b,c

0.059

Opioid 
(%)

26/205 
(13)

3/14 
(21)

9/93 
(10)

10/80 
(13)

4/18 
(22)

0.289

Benzodiazepine 
(%)

21/205 
(10)

2/14 
(14)

5/93 
(5)

11/80 
(14)

3/18 
(17)

0.120

Data are presented as number (N) or as ratio and percentage (%) of subjects which are using the 
medication in that particular grade.
Grade 1: 18FFDG uptake less than liver; Grade 2: 18FFDG uptake similar as liver; Grade 3: 18FFDG 
uptake higher than liver; Grade 4: Intense 18FFDG uptake. 
 a significantly different versus grade 1.
 b significantly different versus grade 2. 
 c significantly different versus grade 3.
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Table 3  Predictors for high 18F-FDG uptake in the colon before and after exclu-

sion of patients referred for follow up of malignancy

All patients After exclusion of follow up

Odds Ratio (95% CI) p‑value Odds Ratio (95% CI) p‑value

Colon and terminal ileum

Metformin 10.0 (2.934.7)  < 0.001 10.4 (2.346.4) 0.002

Ileum

Metformin 10.9 (3.731.9)  < 0.001 6.0 (1.819.7) 0.003

SU derivates 6.5 (1.333.1) 0.03 8.4 (1.352.5) 0.02

Cecum

Metformin 6.1 (2.415.6)  < 0.001 4.7 (1.713.1) 0.003

Transversum

Metformin 24.7 (8.274.3)  < 0.001 6.5 (1.528.4) 0.01

SU derivates 7.5 (1.342.6) 0.02

Descendes

Metformin 19.8 (6.957.1)  < 0.001 13.9 (4.344.9)  < 0.001

Sigmoid

Metformin 23.2 (8.463.9)  < 0.001 20.0 (6.660.3)  < 0.001

Predictors for high 18FFDG uptake (grade 3 or grade 4) in the colon including terminal ileum and in all 
separate segments as determined by using a forward logistic regression model.
Determinants in the model were age, gender and all medication which was used by more than 5% of 
the patients.
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Abstract

Aim/Hypothesis: Physiological uptake of 18Ffluorodeoxyglucose (18FFDG) in the 

colon is a frequent finding on 18FFDG positron emission tomography computed 

tomography (PETCT). Similarly, the use of metformin is associated with an 

increased 18FFDG uptake in the colon. Interestingly, metformin is a glucose low

ering drug associated with moderate weight loss. Consequently, increased colonic 

glucose use might partly explain the weight losing effect of metformin when this 

results in an increased energy expenditure and/or core body temperature. There

fore, we aimed to determine whether metformin modifies the metabolic activity of 

the colon by increasing glucose uptake.

Methods: In this open label, nonrandomized, prospective mechanistic study, we 

included eight lean (BMI 22.1 [21.422.6] kg/m2, age 60 [5466] years) and eight 

obese males (BMI 31.3 [28.933.4]  kg/m2, age 63 [5368] years). We measured 
18FFDG uptake in the colon on PETCT, energy expenditure and core body tempera

ture before and after the use of metformin. The maximal colonic 18FFDG uptake was 

measured in 5 separate segments (caecum, colon ascendens, colon trans versum, 

colon descendens and sigmoid).

Results: The maximal 18FFDG uptake in the colon increased significantly in all sep

arate segments after the use of metformin. There was no significant difference in 

energy expenditure or core body temperature after the use of metformin. There was 

no correlation between maximal 18FFDG uptake in the colon and energy expendi

ture or core body temperature.

Conclusions/interpretation: Metformin significantly increases 18FFDG uptake in 

the colon, but this increased uptake is not associated with an increase in energy 

expenditure or core body temperature. Although the colon might be an important 

site of the glucose plasma lowering actions of metformin, this mechanism of action 

does not explain directly any associated weight loss.
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Introduction

Obesity and diabetes mellitus type 2 (DM2) are health problems with a tremen

dous impact and a still increasing prevalence. Many attempts have been made to 

combat obesity and DM2, however therapies are lacking in effectivity yet.(1)
18Ffluorodeoxyglucose (18FFDG) positron emission tomography computed tomo

graphy (PETCT) pinpoints areas with high glucose turnover. In a retrospective 

analyses, approximately 50% of the patients that underwent a diagnostic 18FFDG 

PETCT showed high 18FFDG uptake in the colon, suggesting that the colon has a 

comparatively high glucose consumption.(2, 3)

Metformin, a drug widely used in the treatment of DM2, is associated with moder

ate weight loss.(46) Interestingly, retrospective analyses have shown that patients 

using metformin tend to have a diffusely increased 18FFDG uptake in the colon 

but this association has not been prospectively evaluated yet.(710) In addition, 

although this increase in colonic glucose uptake is associated with metformin 

use, the exact causal relation between colonic glucose uptake and metformin is 

unknown. However an increased glucose consumption by the colon might contrib

ute to the positive effects of metformin on weight. Putatively, an increased muscle 

peristalsis would increase glucose demand and thereby 18FFDG uptake. This 

might cause an increase in core temperature (especially in the colon) as increased 

muscle activity results in the production of heat. If the colon increases the glucose 

consumption under influence of metformin, energy expenditure is expected to 

increase. Apart from metformin there are no other known modulators that increase 
18FFDG uptake in the colon.

Therefore, the aim of this study was to determine prospectively whether metformin 

increases 18FFDG uptake in the colon and whether this results in an increased 

energy expenditure and/or core body temperature.
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Materials and methods

The Medical Ethics Committee of the Academic Medical Center of the University of 

Amsterdam approved the study protocol and the study was conducted according to 

the Declaration of Helsinki. All subjects gave written informed consent after oral and 

written explanation of the procedures performed during the study. This study was 

registered on www.clinicaltrials.gov with the registration number NCT02783053.

Participants
For this study, 16 healthy, Caucasian male volunteers with an age >50 years 

were enrolled: eight obese (body mass index [BMI],  >  28  kg/m2) and eight lean 

(BMI, < 24 kg/m2) volunteers between October 2015 and June 2016. In addition sub

jects were required not to use any medication or drugs, including antiDM drugs. 

Baseline characteristics, including length, weight, waist circumference, medical 

history (including medication use), laboratory measurements (kidney function and 

liver function), were obtained during the baseline visit.

Sample size calculation
We based our sample size calculation on a retrospective study,(3) a sample size of 

8 had 80% power to detect a difference with a 0.05 twosided significance level.

Study design
This was an open label, nonrandomized, prospective mechanistic study investi

gating whether an increase in 18FFDG uptake in the colon resulted in energy dis

posal by increasing energy expenditure and/or core temperature. Subjects were 

investigated on two study visits, one before and one after using metformin. Thou

sand mg of metformin was used for seven days, 500 mg in the morning and 500 

mg in the evening. The study visits were separated by a two week interval. On both 

study visits, subjects arrived after at least a six hour fast at the Clinical Trial Unit. 

The evening before the visit, subjects used their last metformin tablet. After arrival, 

the equipment to measure the core body temperature was applied. Weight was 

measured with the subjects wearing only underwear and on the same calibrated 
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mechanical scale (SECA) to the nearest 100 g. Height and weight circumference 

were recorded to the nearest 0.01 m. 

Subsequently, subjects were rested on a bed and energy expenditure (EE) was 

measured for 20 minutes. After the EE measurement, subjects were again rested 

on a bed and 100 MBq of 18FFDG was administered intravenously. One hour after 

the administration of 18FFDG a PETCT imaging of the abdomen was performed.

Core body temperature measurements
Core body temperature was measured using a VitalSense® Core temperature 

capsule, and data were analysed using Equivital™ Manager (Hidalgo Limited, 

Cambridge, United Kingdom). The mean transit time of the colon was estimated 

at approximately 30 hours.(11, 12) Therefore, subjects had to ingest the activated 

core temperature pill twentyfour hours prior to the visits to assure that the pill was 

located in the colon at the time the measurements took place. Core temperature 

information was retrieved after arrival at the Clinical Trial Unit by the core tempera

ture device which receives the signals from the core pill.

Resting state Energy Expenditure (REE)
Energy expenditure (kcal/day) was measured via indirect calorimetry, using a 

ventilated hood system (Vmax® encore, Becton, Dickinson and Company, United 

States) for approximately 20 minutes in a supine position. During these measure

ments, the respiratory quotient (RQ = CO2 during expiration / O2 usage) was also 

obtained as an indirect measure of calories used. Subjects were not allowed to 

move or talk during the measurements.

18F-FDG uptake in the colon 
18FFDG PETCT scans were obtained using a Gemini timeofflight multidetector 

helical PETCT scanner (Philips Medical Systems, Eindhoven, the Netherlands). 

Half an hour before the administration of 18FFDG, subjects were rested on a bed 

in a warm room (25°C) in order to minimize 18FFDG uptake in muscles and brown 

adipose tissue. One hour post administration, subjects were scanned. PET images 

were acquired from the diaphragm to the pelvis. Low dose CT imaging (120 kV, 
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40 mAs) was then performed for attenuation correction and anatomical colocation 

using the fused PETCT images.

PET-CT image analysis
The 18FFDG uptake in the colon on the PETCT images was scored visually and by 

generating volumes of interest (VOI) using the software program Hybrid Viewer 

(Hermes Medical Solutions, Stockholm, Sweden). For the analysis, the colon was 

divided into 5 segments: the distal ileum (later referred to as ileum), the cecum and 

ascending colon (later referred to as cecum), the hepatic flexure and the transverse 

colon (later referred to as transverse colon), the splenic flexure and the descending 

colon (later referred to as colon descendens) and the sigmoid colon ending at the 

recto sigmoid junction (later referred to as sigmoid), according to our previously 

published method.(3)

Visual assessment of the colonic uptake of 18FFDG was performed according to the 

4point scale described by Gontier et al.,(9) using the hepatic 18FFDG uptake as a 

reference (i.e., 1 = lower, 2 = similar, 3 = moderately higher and 4 = intense and 

diffuse increased uptake).

In colonic segments with a visual grading of ≥ 3, volumes of interest (VOIs) were 

generated. After generating the VOI, the volume (mL), maximal and mean 18FFDG 

uptake (standardized uptake values, SUVmax and SUVmean respectively) were 

determined. In colonic segments with a visual grading of ≤ 2, the software program 

was not able to generate VOIs. In these segments, SUVmax was assessed using the 

option “quickROI”. The SUVmax is defined as 18FFDG activity in becquerel per milli

liter within the ROI divided by injected dose in becquerel per gram of body weight. 

As a reference the 18FFDG uptake in the liver was determined (i.e. SUVmax in a VOI 

of 10 consecutive transverse liver 18FFDG PETCT slices). The readers were blind as 

to whether metformin was used or not when analysing the images. 

Statistical analysis
Data are represented as median and interquartile range (IQR). A p-value < 0.05 was 

considered as statistically significant. Differences in paired analysis were calcu
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lated using the Wilcoxon signed rank 

test. Differences between groups 

were calculated using the Mann 

Whitney U test.

The relative increase in colonic 
18FFDG uptake was calculated as (18F

FDG uptake postexposure × 100%) / 
18FFDG uptake preexposure. For the 

statistical analysis, SPSS 20.0 was 

used.

Results

In total, we included eight lean (22.1 

[21.422.6]  kg/m2, age 60 [5466] 

years) and eight obese males (BMI 

31.3 [28.933.4] kg/m2, age 63 [5368] 

years). There was no significant 

difference in age between the two 

groups. As expected, BMI, waist 

circumference and fasting plasma 

glucose were significantly higher in 

the obese group (table 1).

Due to technical failure of the device, 

core temperature measurements did 

not succeed in every patient. Core 

Figure 1 Typical cases

Five typical examples of 18FFDG uptake in the 
colon before (left panel) and after (right panel) 
the administration of metformin. Please note 
the increased 18FFDG uptake in the colon after 
metformin administration.
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temperature measurements succeeded in seven out of eight lean subjects and two 

out of eight obese subjects.

Effect of metformin
The 18FFDG uptake increased significantly in all segments of the colon after met

formin administration, both in the overall study population as well as when the 

subjects were stratified by BMI (figure 1 and table 2). There was no effect of met

formin on mean core temperature, EE or RQ.

At baseline the 18FFDG uptake in any of the segments of the colon did not signifi

cantly differ between the lean and obese subjects. There was, however, a signif

icant difference in the baseline SUVmax values of the liver between the lean and 

obese subjects (3.5 [2.73.7] vs 4.1 [4.05.6], p = 0.038).

In the sigmoid, the 18FFDG uptake increased in all subjects after metformin 

administration. In the remaining segments, 18FFDG uptake increased in almost 

every subject (figure 2). There was no significant difference in absolute or relative 

increase in maximal 18FFDG uptake between the lean or obese subjects.

Correlations between 18F-FDG uptake and BMI, EE and core body 
temperature
Preexposure, there were no significant correlations between 18FFDG uptake in the 

colon (visual assessment of the colon, the sum of the visual assessment of 5 seg

ments and maximal 18FFDG uptake in the colon) and BMI, core body temperature 

or EE. Postexposure, there was a significant inverse correlation between BMI and 

the visual assessment of the colon (ρ = –0.51; p = 0.04), and between EE and the 

visual assessment of the colon (ρ = –0.67; p < 0.01), and EE and the maximal uptake 

of 18FFDG in the colon (ρ = –0.53; p = 0.04). After correction for BMI, none of the 

correlations remained significant. (table 3)

Correlations between the differences in 18F-FDG uptake and BMI, EE 
and core body temperature
The difference in EE did not correlate significantly with any of the parameters 

of 18FFDG uptake in the colon. The difference in core body temperature did not 
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Figure 2 Relative increase of 18F-FDG uptake

The relative increase in 18FFDG uptake in the separate segments of the colon in lean (left panel) and 
obese (right panel) subjects.  
The relative increase was calculated as (18FFDG uptake postexposure × 100%) / 18FFDG uptake 
preexposure.
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 significantly correlate with any of the parameters of 18FFDG uptake in the colon, but 

there was a significant correlation between the difference in EE and the difference 

in core temperature (figure 3; ρ = 0.83; p = 0.006).

Discussion

This is the first prospective study investigating the effect of metformin on 18FFDG 

uptake in the colon and the association of 18FFDG uptake in the colon with energy 

expenditure and/or core body temperature. We prospectively confirmed that the 

use of metformin significantly increases 18FFDG uptake in the colon. However, this 

increase was not associated with an increase in EE or core body temperature.

Both in lean and obese subjects without DM2, the administration of metformin 

resulted in a significant increase in colonic 18FFDG uptake. This confirms the find

ings in retrospective observational studies which show an association between 

the use of metformin in patients with DM2 and 18FFDG uptake.(3, 7, 9) Conversely, 

discontinuing the use of metformin in patients with DM2 has been shown to reduce 

the uptake of 18FFDG in the colon significantly.(8, 10)

   











    

      








 

 
 









Figure 3 Correlations

Correlations between the difference in energy 
expenditure pre and post administration and the 
difference in core body temperature.
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It has been shown, in healthy pigs, that intestinal glucose uptake can be quanti

fied, in vivo, by performing 18FFDG PETCT.(13) So, the increased 18FFDG uptake 

after metformin administration reflects an increased glucose uptake in the colon. 

Indeed, the colon has been shown to be a site of increased glucose utilization 

during metformin treatment in mice and thereby contribute to the glucose lowering 

effect.(1417) Whether this is due to upregulation of glucose transporters is still not 

entirely clear.(18, 19)

The effect of metformin might be different in the intestine than in other tissues since 

metformin concentrations in the mucosa of the intestine exceed the concentrations 

in plasma and other tissues. After ingestion, the absorption of metformin from the 

small intestine is only partial and the concentration of metformin in the lumen 

remains high,(20) approximately 30% of the metformin is excreted via faeces.(21) 

Furthermore, the uptake of metformin from the luminal surface of the enterocytes 

is relatively unhampered but efflux across the basolateral side is limited, resulting 

in accumulation of metformin in the epithelium.(22) Thus, the colon might have 

a significant role in the glucose lowering actions of metformin. In this respect, it 

is important to note that 18FFDG is administered intravenously. Therefore 18FFDG 

uptake in the colon reflects glucose uptake from the blood while glucose uptake 

from the lumen of the colon is thought to be almost zero.(23) Still, the underlying 

molecular mechanism whereby metformin increases the glucose uptake in the 

colon remains unclear.(24)

Though the colonic 18FFDG uptake increased significantly, there was no significant 

change in EE after metformin treatment, in line with previous findings.(25) Nor did 

we find a significant change in core body temperature after metformin treatment. 

A previous study reported that thermic responses during metformin treatment 

improved as compared to insulin treatment. However, this effect was studied in 

only three patients receiving the metformin on top of their insulin treatment which 

lasted for 14 days.(26)
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The effectiveness of metformin therapy differs between individuals and there is a 

large variability between patients in the pharmacokinetics of metformin.(27) There

fore, metformin might not influence EE and/or core body temperature on group level 

but there might be an association between these parameters and the metabolic 

activity of the colon. Especially since we found a significant correlation between the 

difference in EE (EE after metformin treatment  EE before metformin treatment) and 

the difference in core temperature (core temperature after metformin treatment  

core temperature before metformin treatment). Indeed, EE and several parameters 

of metabolic activity of the colon (visual grading, volume and the maximal uptake 

of 18FFDG) after the use of metformin, were inversely correlated. However, when 

considering the role of BMI in EE, these correlations might have been driven mainly 

by BMI. This assumption was confirmed by the fact that after correction for BMI 

none of the correlations remained significant.

Interestingly, we found a strong correlation between the difference in EE and core 

body temperature whereby in approximately half of the subjects, metformin caused 

a decrease in EE and core body temperature whereas in the other half, metformin 

caused an increase in EE and core body temperature. This might again reflect the 

differences in effectiveness of metformin between individuals.(27)

We previously showed that the liver was a reliable reference for the visual assess

ment of the colonic uptake of 18FFDG since the uptake of 18FFDG did not increase 

with increased colonic 18FFDG uptake.(3) However, in the current analysis we 

showed that the baseline SUVmax values of the liver were significantly higher in 

obese subjects than lean subjects. Thus, the colonic 18FFDG uptake in obese 

subjects might be underestimated as compared to the lean subjects in the visual 

assessment. Although speculative, this difference in18FFDG liver uptake between 

lean and obese may be seen as an early marker of the metabolic syndrome in 

obese.

Though the sample size of the groups was rather small, we found a very convincing 

increase in 18FFDG uptake in th colon after the administration metformin both in 
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lean and the obese subjects. Nonetheless, we did not find a correlation with energy 

expenditure and/or core body temperature. The effect of metformin on EE and/or 

core body temperature might have been subtle or diverse (considering the intra 

individual differences in effectiveness of metformin) and therefore a larger sample 

size might have revealed an association. Another important limitation of this study 

is the failure of the core body temperature measurements in one out of eight lean 

subjects and in six out of eight obese subjects, and therefore our findings are in 

need of replication.

Conclusion
Metformin significantly increases 18FFDG uptake in the colon and this might play an 

important role in the glucose lowering actions of metformin. However, the increase 

in 18FFDG uptake in the colon is not associated with either a significant increase in 

EE or in core body temperature.
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Table 1 Baseline table

Lean Obese p‑value

N 8 8

Age (years) 60 [5466] 63 [5368] 0.574

Body Mass Index (kg/m2) 22.1 [21.422.6] 31.3 [28.933.4]  < 0.001

Waist circumference (cm) 88 [8191] 111 [105114]  < 0.001

Fasting plasma glucose (mmol/L) 5.3 [5.05.6] 5.9 [5.66.9]  < 0.001

Characteristics of subjects.
Data presented as median [interquartile range].
Differences between the groups were calculated with the Mann Whitney U test.
BMI, body mass index.

Table 2 Effect of metformin

All subjects Lean Obese

 Pre-exposure Post-exposure p‑value Pre-exposure Post-exposure p‑value Pre-exposure Post-exposure p‑value

Grade Total Colon* 1.5 [1.02.0] 4.0 [3.04.0] 0.001 1.0 [1.02.0] 4.0 [3.254.0] 0.016 2.0 [1.02.0] 3.0 [2.254.0] 0.014

Liver (SUVmax) 4.0 [3.54.1] 3.7 [2.74.6] 0.501 3.5 [2.73.7] 3.1 [2.53.7] 0.779 4.1 [4.05.6] 4.3 [3.85.2] 0.483

Liver (SUVmean) 2.3 [2.12.6] 2.3 [1.82.6] 0.313 2.1 [1.92.3] 2.1 [1.82.3] 0.944 2.5 [2.42.8] 2.5 [2.02.6] 0.123

Caecum (SUVmax) 1.9 [1.62.4] 3.2 [2.65.5]  < 0.001 1.8 [1.61.9] 3.2 [2.86.2] 0.012 2.1 [1.62.8] 2.8 [2.53.9] 0.017

Ascendens (SUVmax) 2.2 [1.73.1] 4.0 [3.15.6] 0.002 1.7 [1.63.3] 4.3 [3.95.6] 0.017 2.5 [2.23.1] 3.4 [2.66.5] 0.028

Transversum (SUVmax) 1.7 [1.52.1] 3.0 [1.93.9] 0.004 1.6 [1.52.2] 3.1 [1.93.9] 0.036 1.7 [1.61.9] 2.8 [1.64.1] 0.050

Descendens (SUVmax) 2.3 [1.92.6] 5.4 [2.87.6]  < 0.001 2.1 [1.92.6] 6.4 [3.510.8] 0.017 2.4 [1.72.6] 4.6 [2.57.0] 0.025

Sigmoid (SUVmax) 1.7 [1.53.1] 6.1 [5.18.9]  < 0.001 1.6 [1.52.2] 6.9 [5.69.6] 0.012 2.4 [1.33.9] 5.7 [4.08.8] 0.012

EE (kcal/day) 1860 [16672062] 1897 [17232059] 0.877 1743 [15971867] 1725 [15531880] 0.263 2020 [17912138] 2056 [19402228] 0.674

RQ 0.86 [0.840.88] 0.86 [0.820.88] 0.501 0.85 [0.830.91] 0.86 [0.850.87] 0.779 0.85 [0.840.91] 0.83 [0.790.93] 0.263

Mean temp (°C)† 36.7 [36.537.0] 36.8 [36.337.0] 0.514 36.7 [36.336.9] 36.6 [36.437.0] 0.236 37.0 [36.837.0] 36.8 [36.636.8] 0.180

Data are presented as median [interquartile range].
Differences between the visits were calculated using the Wilcoxon signed rank test.
SUVmax: maximal standard uptake value, defined as activity in Becquerel per milliliter within region of 
interest divided by injected dose in Becquerel per gram of body weight.
 *  Grading of total colon was obtained using the visual assessment score.
 †  Core body temperature measurements succeeded in 7/8 lean subjects and 2/8 obese subjects.
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Table 2 Effect of metformin

All subjects Lean Obese

 Pre-exposure Post-exposure p‑value Pre-exposure Post-exposure p‑value Pre-exposure Post-exposure p‑value

Grade Total Colon* 1.5 [1.02.0] 4.0 [3.04.0] 0.001 1.0 [1.02.0] 4.0 [3.254.0] 0.016 2.0 [1.02.0] 3.0 [2.254.0] 0.014

Liver (SUVmax) 4.0 [3.54.1] 3.7 [2.74.6] 0.501 3.5 [2.73.7] 3.1 [2.53.7] 0.779 4.1 [4.05.6] 4.3 [3.85.2] 0.483

Liver (SUVmean) 2.3 [2.12.6] 2.3 [1.82.6] 0.313 2.1 [1.92.3] 2.1 [1.82.3] 0.944 2.5 [2.42.8] 2.5 [2.02.6] 0.123

Caecum (SUVmax) 1.9 [1.62.4] 3.2 [2.65.5]  < 0.001 1.8 [1.61.9] 3.2 [2.86.2] 0.012 2.1 [1.62.8] 2.8 [2.53.9] 0.017

Ascendens (SUVmax) 2.2 [1.73.1] 4.0 [3.15.6] 0.002 1.7 [1.63.3] 4.3 [3.95.6] 0.017 2.5 [2.23.1] 3.4 [2.66.5] 0.028

Transversum (SUVmax) 1.7 [1.52.1] 3.0 [1.93.9] 0.004 1.6 [1.52.2] 3.1 [1.93.9] 0.036 1.7 [1.61.9] 2.8 [1.64.1] 0.050

Descendens (SUVmax) 2.3 [1.92.6] 5.4 [2.87.6]  < 0.001 2.1 [1.92.6] 6.4 [3.510.8] 0.017 2.4 [1.72.6] 4.6 [2.57.0] 0.025

Sigmoid (SUVmax) 1.7 [1.53.1] 6.1 [5.18.9]  < 0.001 1.6 [1.52.2] 6.9 [5.69.6] 0.012 2.4 [1.33.9] 5.7 [4.08.8] 0.012

EE (kcal/day) 1860 [16672062] 1897 [17232059] 0.877 1743 [15971867] 1725 [15531880] 0.263 2020 [17912138] 2056 [19402228] 0.674

RQ 0.86 [0.840.88] 0.86 [0.820.88] 0.501 0.85 [0.830.91] 0.86 [0.850.87] 0.779 0.85 [0.840.91] 0.83 [0.790.93] 0.263

Mean temp (°C)† 36.7 [36.537.0] 36.8 [36.337.0] 0.514 36.7 [36.336.9] 36.6 [36.437.0] 0.236 37.0 [36.837.0] 36.8 [36.636.8] 0.180

Data are presented as median [interquartile range].
Differences between the visits were calculated using the Wilcoxon signed rank test.
SUVmax: maximal standard uptake value, defined as activity in Becquerel per milliliter within region of 
interest divided by injected dose in Becquerel per gram of body weight.
 *  Grading of total colon was obtained using the visual assessment score.
 †  Core body temperature measurements succeeded in 7/8 lean subjects and 2/8 obese subjects.
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Table 3 Correlations between 18F-FDG uptake and parameters of energy disposal

Pre-exposure Post-exposure

Grade total 
colon Colon SUVmax

Grade total 
colon Colon SUVmax

BMI (kg/m2) ρ = –0.01 
p = 0.98

ρ = 0.41 
p = 0.12

ρ = –0.51 
p = 0.04

ρ = –0.34 
p = 0.20

Core Body Temperature (°C)* ρ = 0.10 
p = 0.79

ρ = 0.07 
p = 0.87

ρ = 0.29 
p = 0.46

ρ = 0.62 
p = 0.08

Energy Expenditure (kcal/day) ρ = –0.20 
p = 0.47

ρ = 0.25 
p = 0.36

ρ = –0.67 
p < 0.01

ρ = –0.53 
p = 0.04

After correction of BMI Pre-exposure Post-exposure

Grade total 
colon Colon SUVmax

Grade total 
colon Colon SUVmax 

Core Body Temperature (°C)* ρ = –0.16 
p = 0.70

ρ = –0.01 
p = 0.98

ρ = 0.36 
p = 0.16

ρ = 0.68 
p = 0.06

Energy Expenditure (kcal/day) ρ = 0.02 
p = 0.96

ρ = –0.12 
p = 0.77

ρ = –0.46 
p = 0.25

ρ = –0.42 
p = 0.30

Correlations between parameters calculated with Spearman’s Rho.
Grade total colon is calculated as the sum of the visual assessment of the separate segments of the 
colon according to the 4point scale.
Colonic SUVmax is the maximal uptake of 18FFDG in the colon.
SUVmax: maximal standard uptake value. defined as activity in Becquerel per milliliter within region of 
interest divided by injected dose in Becquerel per gram of body weight.
 * Core body temperature measurements n=9/16 (7/8 lean subjects and 2/8 obese subjects).
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Numerous epidemiological studies have shown that the prevalence of obesity is 

increasing at an alarming rate across the world.(1) Though many attempts have 

been made to stem this tide, no solution has been found yet. Obesity results from 

the imbalance between excessive energy intake and insufficient energy expendi

ture. Tissues able to convert excess calories into heat might be able to restore this 

imbalance. Brown Adipose Tissue (BAT) is a tissue with increased (physiological) 
18FFDG uptake when activated. This increased 18FFDG uptake is associated with an 

increase in energy expenditure.

Interestingly, in approximately half of the patients who underwent an 18FFDG 

PETCT for diagnostic purposes, the colon also showed increased (physiological) 
18FFDG uptake, leading us to consider the colon as a potential energy dissipating 

tissue.

The main aim of this thesis was to assess the potential role for BAT and/or the 

colon in pathways to dispose (excess) calories.

In the last decades, an increasing number of relatively young adults is affected 

by overweight and obesity. Nonetheless, in the aging population, the BMI is also 

steadily increasing. At first sight, BAT seems an interesting target to counteract 

the storage of excess calories in persons suffering from obesity. However, the 

clinical relevance of metabolically activated BAT in the treatment of obesity is very 

doubtful. Human BAT has an estimated weight between 9 and 296 gram (25) and 

can theoretically contribute up to 5% of the basal metabolic rate.(6) By increasing 

BAT volume, the clinical relevance could increase. It has been shown that human 

BAT can be recruited.(7, 8) This recruitment was achieved by either repeated cold 

exposure, or by losing a tremendous amount of weight after bariatric surgery. 

However, most humans are not willing to expose themselves to repetitive cold and 

losing weight should actually be the result, rather than the cause, of increased BAT 

activity.

The potential for recruitment is fairly important given the fact that both age and 

BMI have been designated as factors negatively associated with BAT activity in 
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retrospective research.(2, 9, 10) The sympathetic nervous system (SNS) plays an 

important role in the activation of human BAT.(11) In the elderly, the lower meta

bolic BAT activity is accompanied by a decreased SNS signal to BAT.(12) Whether 

the lowered SNS signal to BAT is the actual cause for the lower prevalence of met

abolically active BAT in the elderly is still unknown. However, it seems conceivable 

that by restoring the SNS signal to BAT, BAT activity might also increase. Therefore, 

substrates able to increase the SNS activity could serve as potential activators of 

human BAT.

Many attempts have been made to activate BAT using sympathicomimetics (e.g. 

bromocriptine, isoprenaline, ephedrine), but most of them did not result in the 

intended increase in BAT activity.(1317) Up until now, only one study reported 

successful BAT activation in humans with an associated increase in energy expen

diture, using the selective β3 adrenergic receptor agonist mirabegron.(18) Whether 

chronic β3 adrenergic receptor agonist administration leads to BAT recruitment is 

unknown and has to be studied in future research.

Chronic stimulation using selective β3 adrenergic receptor agonists, however, 

might have negative side effects. Known side effects of the selective β3 adrenergic 

receptor agonist are for example tachycardia, headache, and gastrointestinal com

plaints.(19) Though mirabegron has a strong affinity for β3 adrenergic receptors, 

it also has a low intrinsic activity for β1 and β2 adrenergic receptors. Furthermore, 

β3receptors are not specific for BAT but are also located in for example the bladder, 

colon, heart, and the biliary system,(2022) and might therefore also cause side 

effects related to these specific tissues and organs with long term use.

Apart from the systemic effects of β3 adrenergic receptors itself, chronic stimula

tion of BAT might be accompanied by other negative side effects. There are several 

cases known of patients with hibernomas, which are benign soft tissue tumours 

which resemble the tissue structure of normal BAT.(23) Hibernomas have a good 

prognosis after complete excision and there are no known cases of metastases or 
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malignant transformation.(24) Whether chronic stimulation of BAT results in the 

development of hibernomas is unknown.

Some evidence of chronic stimulation of BAT might come from patients with cate

cholamine excess due to pheochromocytoma’s, or symptomatic paraganglioma’s. 

In these patients, excessive BAT activity is a relatively common finding.(25, 26) 

The excess catecholamine levels induce both activation and/or recruitment of BAT 

at typical places but also 18FFDG uptake at atypical places such as perinephric 

adipose tissue and omental fat.(11) This 18FFDG uptake at atypical places is mostly 

not BAT but beige adipose tissue. BAT cells have their origin from a muscle lineage 

whereas beige adipocytes, in all probability, stem from white adipose tissue.(27) 

However, both cell types show the capacity to uncouple the respiratory chain and 

thereby convert calories into heat. Finally, if BAT could eventually increase EE at 

clinically significant levels, the question rises whether the increase in EE would be 

offset by the increased energy (i.e. food) intake.

Though the clinical significance of activated BAT for weight loss may be doubtful, 

activated BAT might also play a role in correcting glucose and cholesterol levels 

since activated BAT utilizes both free fatty acids and to a lesser extent glucose.(28)

Human BAT research is still in its infancy and therefore still subject to change. Out

comes of studies with the same research question (e.g. difference in BAT activity 

between Caucasian and South Asian males) differ significantly (no difference in 

BAT activity versus a significant difference in BAT activity).(chapter 4 of this thesis) 

This highlights the importance of standardizing the research protocols. Recently, 

an expert panel delineated a protocol with minimal requirements which have to 

be met during the execution and reporting of human BAT studies. The authors dis

cussed several items which could influence the outcomes of human BAT research.

(29) In the past years, we addressed several of these items.

First, the cooling methods used to activate BAT differ and thereby might lead to 

different activation mechanisms of BAT. In human BAT research, there are two 

methods to activate BAT using cold exposure: uniform cooling (subjects exposed 
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to cooled air in a room) and personalized cooling (cooling blankets or vests used 

to achieve a temperature which is set approximately 2°C above shivering tempera

ture). A big difference between these protocols is the exclusion of the cooling of the 

head in the latter. Considering the location of BAT, in close proximity to the central 

nervous system, BAT might have an important role in maintaining a stable central 

nervous system temperature, and a regulatory role for sensory input from the head 

seems plausible.(chapter 4 of this thesis) However, this is only hypothetical and 

has to be validated.

Second, the timing of the research influences the results significantly as BAT activ

ity is prone to seasonal changes.(30) If we want to be able to compare the results 

between different studies, protocols should be performed in the same seasons.

In the protocol delineated by the expert panel, the issue of repeatability (e.g. the 

test/retest variability including the daytoday variability) of BAT activity on 18FFDG 

PETCT scans is discussed but whether this is apparent in human BAT research 

is unknown. Since there is a high variability of SUVmax values during test/retest 

studies in cancer research (in some cases even more than 20% difference)(31) it 

is highly conceivable that this might also apply to human BAT research. How this 

variability affects the outcome of studies is yet unknown.

Apart from influences during the execution of the protocols, there are also influences 

during the analysis of the 18FFDG PETCT scans which might hamper comparability 

between trials. The inter and intra observer variability of human BAT assessment 

on 18FFDG PETCT scans was actually excellent. The variability of SUVmax is very low 

and for both SUVmean and volume, the variability is very acceptable.(32) However, 

both SUVmean and volume are highly dependent on the cutoff value which is used 

for the assessment of BAT on 18FFDG PETCT scans. So, for a good comparability 

between studies, SUVmax is the parameter of choice.

Furthermore, the logarithms of the software to analyze the 18FFDG PETCT scans 

might also differ and thereby induce variability in the outcomes. Until the influence 

of these factors on the outcomes is properly investigated, it is hard to interpret out
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comes of trials and it is even harder to compare these outcomes between different 

trials.

Finally, in the last few years, new methods for the visualization of human BAT are 

tested such as MRI, or infrared techniques.(3336) If these techniques could visu

alize active BAT adequately, these techniques might be very promising since there 

is no radiation involved. Therefore, repeated measurements during treatment or 

followup of BAT volume and activity in participants of human BAT studies might be 

easier to accomplish. So, in the future, for the BAT visualization, scintigraphy might 

be replaced by these techniques.

Since BAT volume in humans is relatively small and recruitment of BAT volume is 

still hard to achieve, the search for other tissues able to burn excess calories is still 

ongoing. Since approximately half of the patients show colonic 18FFDG uptake, the 

colon seemed a promising target.(37) In retrospective studies, metformin has been 

identified as an independent determinant of increased colonic 18FFDG uptake.(37, 

38) So, metformin was thought of as an ideal modulator to assess the potential 

of the colon to function as an energy dissipating organ. In prospective research, 

however, the increase in colonic 18FFDG uptake after metformin administration 

was not associated with an increase in energy expenditure or core body tempera

ture.(chapter 10 of this thesis) While the colon might play an important role in the 

glucose lowering actions of metformin, there is no role for the colon in the disposal 

of energy excess.

Conclusion
Future studies have to show whether activated BAT can be of clinical significance 

either as a weight losing strategy or as a target to lower plasma glucose and 

cholesterol levels. For clinical significance, however, recruitment of BAT volume 

is essential. Whether BAT activation and recruitment could be achieved by using 

pharmacological substrates, also in groups with a lower BAT activity (e.g. elderly 

and/or obese humans) is unknown. Lastly, the longterm effects of chronic BAT 
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activation by using pharmacological substrates have to be studied carefully before 

these drugs are allowed for clinical application.
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The main aim of this thesis was to focus on tissues/organs with the potential to 

increase energy disposal. The first part of this thesis focused on brown adipose 

tissue (BAT). BAT was long known in nuclear medicine as a tissue that could hamper 

the interpretation of diagnostic scans due to physiological uptake of tracers such 

as 18Ffluorodeoxyglucose (18FFDG). Interest in BAT rekindled when its potential 

involvement in energy disposal was explored (chapter 1).

The colon is also known as an organ showing frequently intense physiological 

uptake of 18FFDG. Therefore, in the second part of this thesis the potential of the 

colon to function as an energy dissipating tissue is addressed.

In chapter 2, we summarized the role of the sympathetic nervous system (SNS) in 

the activation of BAT, based on a systematic literature search. There was a clear 

involvement of the SNS in the activation of human BAT. This was illustrated by the 

uptake of several sympathetic tracers in human BAT, as well as a clear decline in 

the activation of BAT when the sympathetic innervation of BAT was interrupted. 

In addition, it is known that both α and β adrenergic receptor blockade are highly 

successful in suppressing BAT activity. However, studies evaluating the effect of 

sympathicomimetics to stimulate BAT have not reached the intended goal yet. So 

far, only one study, investigating the effect of a selective β3 adrenergic receptor 

agonist, succeeded in a medicationinduced activation of BAT. Regardless, the SNS 

plays an important role in the activation of BAT.

In chapter 3, we evaluated whether the lower BAT activity in old lean males and 

young obese males could be explained by a lower SNS activity of BAT. We did 

this by performing 123Imetaiodobenzylguanidine (123ImIBG) SPECT imaging, as a 

measure of sympathetic BAT activity and 18FFDG PETCT imaging, as a measure of 

metabolic BAT activity. We compared lean older males with lean younger males 

and obese young males with lean young males. There was a significant diminished 

SNS activity accompanied by a significant diminished metabolic BAT activity in the 

older males, as compared to the younger males. However, we found no significant 

difference in both metabolic BAT activity as well as SNS activity between the obese 

and lean males.
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In chapter  4, we discussed the influence of different cooling protocols on BAT 

activation. The (human) BAT research field is still relatively young and therefore, 

uniformity in research protocols is lacking. At the moment, there are roughly two 

methods to activate BAT during cold exposure. The first cooling method is by low

ering the ambient air temperature of a room. By lowering the ambient temperature 

of a room, all subjects are exposed to the same fixed temperature. The second 

method involves personalized cooling, which uses cooling blankets or vests with 

temperatures that are adjusted to just above the individual set point of shivering. 

These methods differ in several ways. First, the temperature is the same for every 

subject during air cooling but the temperature is adjusted to the individual point of 

shivering (to reach a maximal activation of BAT) while using blankets. Second, cold 

air might trigger a different response than cooling blankets whereby cold is directly 

applied to the skin. Last, during air cooling the whole body (including the head) 

is cooled whereas during personalized cooling cold is applied only to the areas 

covered by the blanket. The role of the head in the activation process of human 

BAT is unknown. However, cooling of the head might be important in the activation 

process of BAT considering its location in close proximity to the central nervous 

system. A headtohead comparison of the two major cooling protocols in the same 

individuals is needed to further clarify the differences between these methods.

In chapter 5, we addressed the inter and intraobserver variability of BAT assess

ment on 18FFDG PETCT scans as a potential cause of differences in outcomes 

between different trials. In BAT assessment, 3 parameters are used to express BAT 

activity: the maximal and the mean uptake of 18FFDG (SUVmax and SUVmean) and BAT 

volume. Both SUVmean and BAT volume are highly dependent on the cutoff value 

used during BAT assessment (e.g. lower cutoff values result in a lower SUVmean and 

a higher BAT volume). The observation that the inter and intraobserver variability 

were the lowest for SUVmax which is in line with this assumption. Though the varia

tion was higher for both SUVmean and BAT volume, the variation was still acceptable 

and therefore these parameters could also be used to describe BAT activity.
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In chapter 6, we assessed whether outdoor temperatures in the period preceding 

the assessment of BAT influenced BAT activity. We retrospectively analyzed the 

influence of temperature in the preceding period on BAT visualized using 18FFDG 

PETCT or 123ImIBG SPECT. The data were collected from subjects that participated 

in previous research protocols where the subjects were exposed to cold prior to the 

scan in order to activate BAT. Indeed, higher outdoor temperatures in the period 

preceding the 18FFDG PETCT resulted in lower stimulated metabolic BAT activity 

and volume. However, outdoor temperatures did not correlate with the sympathetic 

outflow to BAT.

In chapter 7, we investigated whether BAT was involved in the positive metabolic 

effects of bromocriptine, a dopamine receptor agonist. We therefore investigated 

the effect of bromocriptine on BAT activity by performing 18FFDG PETCT scans before 

and after the use of bromocriptine in 7 young, healthy, lean Caucasian males. BAT 

was mildly activated by exposing the study subjects to a climate controlled room 

of 21°C prior to the 18FFDG PETCT. Bromocriptine had no effect on BAT activity or 

any related parameters (temperature and energy expenditure). Unexpectedly, the 

subjects became significantly less insulin sensitive after the administration of 

bromocriptine.

In chapter 8, we tried to elucidate the unexpected finding of this decline in insulin 

sensitivity following bromocriptine administration in the young, lean, healthy, Cau

casian males. We hypothesized that the disturbances in insulin sensitivity could 

either be caused by the timing of the administration or by the fact that our subjects 

were lean. Dopamine has a physiological peak in the morning, by administering 

bromocriptine in the evening, we might have disturbed this physiological peak 

(chapter  7). Furthermore, the known positive effect of bromocriptine on insulin 

sensitivity had been demonstrated in obese subjects. Obese subjects are known to 

have a higher sympathetic tonus. Therefore, bromocriptine might work differently 

in lean and obese subjects. To address these hypotheses, we evaluated the effect 

of bromocriptine administration in the morning and evening on insulin sensitivity 

in lean and obese subjects. The results were somewhat contradictory to the find
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ings observed in chapter 7. Bromocriptine administration in the evening resulted 

in an increased insulin sensitivity in both lean and obese subjects. Bromocriptine 

administration in the morning resulted in an increased insulin sensitivity in only 

the obese subjects.

In chapter  9, we addressed the potential of the colon to function as an energy 

dissipating organ. In a retrospective analysis of primary diagnostic 18FFDG PETCT 

imaging, we found that 18FFDG uptake was increased in approximately 50% of the 

patients. In multivariate analysis, the use of metformin was a strong and indepen

dent determinant of increased colonic 18FFDG uptake. Considering the high 18FFDG 

uptake, the colon might play an important role in glucose disposal.

In chapter  10, we prospectively investigated whether the metformin induces 

increased 18FFDG uptake in the colon and whether this increased 18FFDG uptake in 

the colon is associated with an increase in energy expenditure and/ or an increase 

in core temperature. We therefore included 8 lean and 8 obese, healthy, Caucasian 

subjects, aged over 50. The maximal colonic 18FFDG uptake increased significantly 

after the use of metformin in both lean and obese subjects. This increase, however, 

was not associated with an increase in energy expenditure or an increase in core 

temperature. A role for the colon in energy disposal is therefore very unlikely.

In chapter  11, we discussed the main findings of this thesis. We discussed the 

implications of these findings for clinical practice and future research.
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In dit proefschrift hebben we de potentie van bepaalde weefsels om energie

verbruik te verhogen onderzocht. Het eerste deel van dit proefschrift richt zich op 

bruin vet. In de nucleaire geneeskunde was bruin vet al langer bekend als weefsel 

dat de beoordeling van diagnostische scintigrafieën bemoeilijkte omdat het onder 

normale fysiologische omstandigheden bepaalde radiotracers opneemt, waar

onder 18FFDG. Echter sinds kort lijkt het er op dat bruin vet een rol zou kunnen 

spelen in het verbranden van overtollige energie. Deze specifieke eigenschap van 

bruin vet in combinatie met de almaar toenemende incidentie van overgewicht 

heeft het onderzoek naar bruin vet in een versnelling gebracht (hoofdstuk 1). Ook 

van de dikke darm (het colon) is bekend dat dit orgaan frequent 18FFDG opneemt. 

Daarom hebben we in dit proefschrift ook onderzocht in hoeverre het colon in staat 

is om extra energie te verbruiken.

In hoofdstuk 2 hebben we, middels een literatuurstudie, onderzocht wat de rol van 

het sympathisch zenuwstelsel bij de activatie van bruin vet is. Er bleek een duide

lijke betrokkenheid van het sympathisch zenuwstelsel te zijn bij de activatie van 

humaan bruin vet. Ten eerste neemt bruin vet verschillende sympathische tracers 

op. Ten tweede is er een duidelijke afname zichtbaar in de activatie van bruin vet 

wanneer de sympathische vezels die bruin vet innerveren onderbroken zijn. Ten 

derde zijn zowel α en β adrenerge receptorblokkers succesvol bij het onderdrukken 

van bruinvetactiviteit. Echter de onderzoeken waarbij sympathicomimetica een 

stimulerend effect hadden op bruin vet zijn zeer beperkt. Tot nu toe is er slechts 

één onderzoek waarin het gelukt is om bruin vet te activeren middels een selec

tieve β3 adrenerge receptoragonist.

In hoofdstuk 3 hebben we onderzocht of de lagere metabole bruinvetactiviteit 

bij oude slanke mannen en jonge obese mannen verklaard kon worden door een 

lagere sympathische activiteit van bruin vet. Om dit te onderzoeken hebben we 

gebruik gemaakt van 123Imetaiodobenzylguanidine (123ImIBG) SPECT, als een 

maat voor sympathische activatie van bruin vet, en 18FFDG PETCT als een maat 

voor metabole bruinvetactiviteit. We vergeleken de sympathische en metabole 

activiteit van bruin vet tussen jonge slanke mannen met de activiteit van jonge 
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obese mannen of oude slanke mannen. Bij de slanke oude mannen vonden we een 

significant verlaagde sympathische activiteit, gepaard gaande met een af  genomen 

metabole bruinvetactiviteit in vergelijking met de jonge slanke mannen. Er was 

echter geen significant verschil in metabole bruinvetactiviteit of sympathische 

activiteit van bruin vet tussen obese en slanke mannen.

In hoofdstuk 4 wijden we uit over de mogelijke invloed van verschillende koel

protocollen op de activatie van bruin vet. Het onderzoeksveld van (humaan) bruin 

vet is nog relatief nieuw en daarom ontbreekt uniformiteit in de onderzoeksproto

collen. Momenteel zijn er grofweg twee methoden die gebruikt worden om bruin 

vet te activeren middels koude. Een van de methoden is koelen middels het ver

lagen van de omgevingstemperatuur in een kamer, waardoor iedere proefpersoon 

gekoeld wordt met een vaste temperatuur. De andere methode maakt gebruik van 

een gepersonaliseerde koelingsmethode, met koelingsdekens of vesten, waarbij 

de temperatuur aangepast kan worden naar vlak boven het individuele punt 

waarop een persoon gaat rillen. Deze methoden verschillen op meerdere punten. 

Allereerst verschilt de koelingstemperatuur tussen beide protocollen waarbij 

er bij de eerste methode uniform gekoeld wordt en bij het laatste protocol een 

individuele temperatuur gebruikt wordt om een maximale activatie van bruin vet 

te verkrijgen. Ten tweede heeft koelen met koude lucht mogelijk een ander effect 

dan koelingsdekens die direct contact hebben met de huid. Als laatste wordt bij 

het afkoelen van een kamer middels het koelen van de lucht het hele lichaam 

(inclusief hoofd) gekoeld, terwijl bij koelingsdekens alleen de bedekte lichaams

delen gekoeld worden. Het is onbekend of het hoofd een belangrijke rol speelt bij 

de activatie van bruin vet bij mensen, maar gelet op de lokalisatie van bruin vet, in 

de buurt van het centrale zenuwstelsel lijkt dit wel aannemelijk. Een rechtstreekse 

vergelijking van deze twee koelprotocollen in dezelfde individuen is nodig om een 

duidelijk beeld te krijgen hoe dit de activiteit van bruin vet beïnvloedt en wat de 

klinische implicatie hiervan is.

In hoofdstuk 5 hebben we onderzocht hoe de inter en intraobservervariabiliteit is 

bij de beoordeling van bruin vet op 18FFDG PETCT scans. Bij de beoordeling van 
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bruinvetactiviteit op deze scans worden 3 parameters gebruikt: de maximale en 

gemiddelde opname van 18FFDG (SUVmax en SUVmean), en het volume van geacti

veerd bruin vet. Zowel de SUVmean als het bruinvetvolume zijn zeer afhankelijk 

van de afkapwaarde die gebruikt wordt bij de beoordeling van bruin vet (lagere 

afkapwaarden resulteren in een lagere SUVmean en een hoger bruinvetvolume). Wij 

vonden inderdaad dat de inter en intraobservervariabiliteit het laagste was voor 

de SUVmax. Hoewel de variatie voor zowel SUVmean als bruinvetvolume hoger was, 

was de variatie nog wel acceptabel. Daarom kunnen ook deze parameters gebruikt 

worden om bruinvetactiviteit te beschrijven.

In hoofdstuk 6 hebben we onderzoek gedaan naar de invloed van de buitentem

peratuur in de periode voorafgaand aan de 18FFDG PETCT op de activiteit van 

bruin vet. Hiervoor hebben we retrospectief gekeken wat de invloed was van bui

tentemperatuur op bruinvetactiviteit bij deelnemers waarbij bruin vet geactiveerd 

was middels 2 uur koudeblootstelling voorafgaand aan de scan. Als uitkomstmaat 

gebruikten we bruinvetactivatie zoals gemeten met 18FFDG PETCT of 123ImIBG 

SPECT, na de koudestimulatie. We vonden dat hogere buitentemperaturen in de 

periode voorafgaand aan het onderzoek wel degelijk resulteerden in een lager 

gestimuleerd metabole bruinvetactiviteit (i.e. lagere SUVmax) en bruinvetvolume. 

De buitentemperatuur correleerde echter niet met de sympathische stimulatie naar 

bruinvetweefsel.

In hoofdstuk 7 hebben we onderzocht of bruin vet betrokken is bij de positieve 

metabole effecten van bromocriptine, een dopamine D2receptor agonist. We 

hebben het effect van bromocriptine op bruinvetactiviteit onderzocht in 7 gezonde, 

jonge, slanke Kaukasische mannen door het maken 18FFDG PETCT scans vooraf

gaand en na het gebruik van bromocriptine. Bruin vet werd vooraf mild geactiveerd 

in een klimaatgecontroleerde kamer met een temperatuur van 21°C. Het gebruik 

van bromocriptine leidde niet tot een toename van bruinvetactiviteit of een van 

gerelateerde parameters (lichaamstemperatuur of energieverbruik). Opmerkelijk 

en tegen de verwachtingen in werden de vrijwilligers minder insulinegevoelig na 

het gebruik van bromocriptine.
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In hoofdstuk 8 probeerden we de onverwachte bevinding van de afname van insu

linegevoeligheid in jonge, slanke, Kaukasische mannen bij het gebruik van met

formine te verklaren. De hypothese was dat het verstoren van de insulinegevoelig

heid veroorzaakt kon worden door de timing van de toediening van de 

bromo criptine of door het feit dat de vrijwilligers slank waren. Dopamine vertoont 

een fysiologische piek in de ochtend. Doordat wij de bromocriptine in de avond 

hebben gegeven zou dit deze fysiologische piek hebben kunnen verstoren. Verder 

is het positieve effect van bromocriptine op insulinegevoeligheid vooral gezien bij 

personen met overgewicht. Personen met overgewicht hebben een hogere sympa

thische tonus en daarom zou bromocriptine een andere uitwerking kunnen hebben 

bij slanke personen dan bij personen met overgewicht. De resultaten waren echter 

tegenstrijdig aan de bevindingen zoals beschreven in hoofdstuk 7. Bromocriptine

toediening in de avond resulteerde in een toegenomen insulinegevoeligheid bij 

zowel slanke vrijwilligers als vrijwilligers met overgewicht. Bromocriptinetoedien

ing in de ochtend resulteerde alleen in een toegenomen insulinegevoeligheid bij 

vrijwilligers met overgewicht.

In hoofdstuk 9 gaan we in op de mogelijkheid van het colon om te fungeren als 

een energieverbruikverhogend orgaan. In een retrospectieve analyse vonden we 

een verhoogde 18FFDG opname bij ongeveer 50% van de patiënten die een 18FFDG 

PETCT ondergingen. In een multivariate analyse was metformine een sterke en 

onafhankelijke voorspeller van de verhoogde 18FFDGopname in het colon. Gezien 

het feit dat het colon zo frequent 18FFDG opneemt, zou het colon een belangrijke 

rol kunnen spelen in het verbruiken van excessieve hoeveelheden glucose.

In hoofdstuk 10 onderzochten we prospectief of de verhoogde opname van 18FFDG 

in het colon geassocieerd is met een toename in energieverbruik en/of een ver

hoging van de lichaamstemperatuur. Hiertoe hebben we 8 slanke en 8 obese 

gezonde, Kaukasische mannen geïncludeerd met een leeftijd van boven de 50 jaar. 

Bij alle vrijwilligers nam de maximale 18FFDGopname in het colon significant toe 

na het gebruik van metformine. De toename in 18FFDGopname ging echter niet 

gepaard met een toename in energieverbruik of een toename in lichaamstempera
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tuur. Het lijkt dan ook onwaarschijnlijk dat het colon significant kan bijdragen aan 

een verhoging van het energieverbruik.

In hoofdstuk 11 bespreken we de belangrijkste bevindingen van het proefschrift. 

We beschrijven de implicaties van deze bevindingen voor zowel de kliniek als voor 

toekomstig onderzoek.
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Dankwoord

Graag wil ik hierbij de gelegenheid nemen om iedereen te bedanken die mee

gewerkt heeft aan de totstandkoming van dit proefschrift. Zonder de hulp, mede

werking, afleiding en steun van jullie was het nooit gelukt.

Allereerst wil ik alle vrijwilligers bedanken die hebben deelgenomen aan mijn vele 

onderzoeken. Af en toe werd ik wat wanhopig als ik weer op zoek moest naar een 

oudere dikke man of een slanke oude man of een jonge dikke man, maar uitein

delijk waren er genoeg mensen bereid om op te komen dagen voor mijn onder

zoeken. Dank voor het meewerken, het bezoeken van het AMC op zeer, zeer, zeer, 

onmogelijk vroege tijden en het eindeloze stilliggen in ijskoude kamers!

Graag wil ik mijn beide promotores bedanken, Prof. Dr. J.B.L. Hoekstra en Prof. Dr. 

J. Booij. 

Beste Joost, als jonge studente kwam ik bij jou in de groep toen ik mijn wetenschap

pelijke stage moest doen. Ik vond het spannend, ik was onwetend en onervaren op 

het gebied van wetenschap. Voordat ik aan mijn stage begon wist ik zeker dat ik 

geen interesse zou hebben in de wetenschap. Jij gaf mij een vertrouwde omgeving 

waarin ik mijzelf durfde te ontwikkelen en te ontplooien. Jij wist mijn interesse in 

de wetenschap te prikkelen. Het was dan ook niet voor niets dat ik vervolgens ruim 

een jaar ben blijven hangen. Ook na mijn coschappen kwam ik maar weer al te 

graag terug om onder jouw leiding promotieonderzoek te doen. Bedankt voor je 

oneindige vertrouwen, je motiverende commentaar, je humor, je sportiviteit, en 

je steun in de afgelopen jaren. Op Skøll werd ik “the hurricane” en dankzij het 

promotietraject onder jouw leiding ben ik dat gebleven.

Beste Jan, bedankt dat ook jij mijn promotor wilde zijn. Jouw positieve commentaar 

op mijn manuscripten was erg waardevol en heeft de kwaliteit ervan flink verbeterd. 

Ook al kende ik je nog niet goed, jouw deur stond altijd (letterlijk) open, waardoor 

ik altijd met vragen binnen kon lopen.
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Mijn beide copromotores, Dr. F Holleman en Dr. H.J. Verberne.

Beste Frits, wat heb ik ontzettend veel van jou geleerd. Jij maakte de wetenschap 

toegankelijk voor mij. Onze wekelijkse maandagochtend besprekingen waren erg 

waardevol. In het begin was dat nog met een kopje thee. Later, toen je wat meer 

aan timemanagement ging doen verdween het kopje thee maar niet de aanver

wante gezelligheid. Tijdens de besprekingen ging het niet alleen over de voortgang 

van het werk maar ook over hoe het verder met mij of met jou ging. Je was geïnter

esseerd in de wetenschapper én de persoon erachter en je hebt meegeleefd met de 

enorme hoogtepunten maar ook dieptepunten die in de afgelopen vier jaar voorbij 

zijn gekomen.

Beste Hein, ik ben enorm blij dat mijn interne promotietraject gecombineerd werd 

met de nucleaire geneeskunde, het was voor mij een enorme toevoeging. Ik vond 

het heel erg leuk om meer te leren van de nucleaire geneeskunde maar vooral heb 

ik met ontzettend veel plezier met jou samengewerkt. Ik werd altijd vrolijk van jouw 

mails die steevast begonnen met “Ha die Lonneke”. Ik heb enorm veel geleerd van 

jouw statistische kennis en wetenschappelijke inzichten. Maar ook jij leefde enorm 

mee met al het moois en verdrietig van de afgelopen jaren en dat deed mij (en 

Lukas) erg goed. Ik ken weinig copromotoren die samen met de dochter van zijn 

promovenda liedjes gaat zingen. Bedankt dat je er in alle opzichten was.

Prof. Dr. J.H. de Vries, Beste Hans, jou wil ik graag bedanken voor jouw immer 

scherpe commentaar bij het oefenen van presentaties, jouw kennis over diabetes 

en de wetenschap, en de korte gesprekken van (bij elkaar opgeteld toch wel veel) 

minuten bij het koffieapparaat. 

Leden van de promotiecommissie – Prof. Dr. M. Nieuwdorp, Prof. Dr. E. Fliers, 

 Prof. Dr. R.A.J.O. Dierckx, Prof. Dr. J.H. de Vries en Dr. R.J. Bennink – hartelijk dank 

voor het doorlezen en beoordelen van mijn proefschrift. Ik waardeer het zeer dat 

jullie bereid waren om plaats te nemen in mijn promotiecommissie.

De afgelopen jaren heb ik met veel plezier gewerkt bij de klinische diabetologie 

dankzij mijn leuke collega’s: Airin, Wanda, en Marjolein, het was erg fijn om als 

beginnend promovenda bij jullie op de afdeling te komen. Jullie hebben me gehol
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pen met de vele vraagtekens die op je afkomen als je voor het eerst een abstract 

indient, een manuscript submit of een presentatie geeft of analyses doet. Maar 

jullie waren vooral ontzettend gezellig en leuk om mee samen te werken. 

Sig, bedankt voor de lol en gezelligheid op de afdeling. Je was een goede aan

vulling tijdens mijn promotietraject.

Jort, we zijn als een tweeling opgegaan bij de diabetesgroep. We begonnen tegelijk 

en zijn dezelfde positieve en negatieve dingen tegengekomen. Bedankt voor jouw 

gezelligheid en jouw warme hart!

Pieter, ook wij begonnen ongeveer tegelijk bij de diabetesgroep. Bedankt voor 

jouw gezelligheid en input tijdens de maandag besprekingen. Helga, Annieke en 

Natalie, niet elke dag aanwezig maar daardoor niet minder aanwezig! Bedankt voor 

de gezelligheid tijdens de lunches, congressen en borrels! Karin, ook natuurlijk 

veel dank aan jou voor al je hulp maar vooral de gezelligheid en jouw steun!

Ik heb het geluk gehad meerdere studenten te mogen begeleiden. Ik heb er zelf 

ontzettend veel van geleerd maar ik vond het bovenal erg gezellig en fijn dat ik 

af en toe een extra helpende hand had. Tim, Tom, Evelyn, Kevin en Rik, hartelijk 

bedankt voor jullie inzet en enthousiaste medewerking.

Verder ben ik veel dank verschuldigd aan de nucleaire medewerkers, Matthijs, 

Soerinder, Meng Fong, Rianne, Ehsan, Kelly, Edwin, Bastiaan en Tim, dank voor 

het inplannen en scannen van de eindeloze rij aanvragen van mijn onderzoeken 

en voor jullie hulp als ik niets begreep van computers, programma’s, of plaatjes. 

Allemaal bedankt voor jullie tijd, maar vooral ook jullie gezelligheid!

Lieve vrienden en vriendinnen, bedankt voor al jullie hulp, gezelligheid, lachen, 

tranen, warmte, gekkigheid, quepassie, brokjes brakheid, feestjes, koffiedates, 

megaeetdates, weekeindjes weg, etentjes en drankjes. Ik heb zo veel aan jullie.

Lieve Yaar, het kon niet anders dan dat jij mijn paranifm zou worden. We hebben 

het lief en leed dat promoveren heet gedeeld tijdens onze eindeloze koffiedates. 

Jij weet als geen ander hoe de afgelopen jaren geweest zijn. Ik ben ontzettend blij 

met jou als vriendin.
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Lieve Theo, Jeannette, Maarten, Lucie, Irene, Ellen en René. De afgelopen jaren 

waren een rollercoaster aan gebeurtenissen. Theo & Jeannette, ik waardeer het 

enorm dat jullie zo geïnteresseerd zijn in alles wat ik doe, jullie zijn altijd op de 

hoogte van praatjes, sollicitaties, geaccepteerde artikelen en jullie zullen het nooit 

laten om dan ook een succes wens te sturen. Maar vooral wil ik jullie bedanken 

voor jullie oneindige steun, hulp en liefde. Maarten, Lucie, Irene, Ellen & René ik 

vind het ontzettend fijn om jullie als schoonfamilie te hebben. Ik ben erg blij dat ik 

in zo’n warme schoonfamilie terecht ben gekomen.

Lieve ontbrekenden, het voelt zo oneerlijk dat jullie hier nu niet zijn. Het gemis zal 

er altijd zijn, maar bij dit soort gelegenheden nog net weer dat beetje extra.

Lieve ouders, Lief broertje

Lieve Karlien, jij begreep vooral in het begin van mijn promotietraject bar weinig van 

wat ik allemaal aan het uitvoeren was. Maar gedurende de jaren heb je je ver diept 

in wat ik deed, begreep je het meer en meer en uitte je steeds vaker hoe trots je 

was. Maar daarnaast stond je op de gekste tijdstippen klaar om ons weer te helpen 

als we een auto, een oppas of een helpende hand nodig hadden. Eerlijk gezegd 

had ik niet geweten hoe we deze periode door waren gekomen zonder jouw hulp. 

Bedankt dat je, samen met Willem, er echt altijd voor ons was en bent. Willem, 

graag wil ik jou bedanken voor alles wat je voor ons doet. Jij staat altijd voor ons 

klaar en nu heb je dit manuscript omgetoverd naar een mooi ontworpen boek.

Lieve Michiel, jij was wat meer thuis in de wereld van het promoveren en begreep 

daardoor wat beter wat ik allemaal aan het doen was. Bedankt voor jouw verwarde 

positiviteit, betrokkenheid en hulp de laatste jaren. Ik ben blij dat je Mirjam gevon

den hebt en ik kijk er naar uit om vaak langs te komen in jullie heerlijke huis.

Lieve Rens, wat heb ik toch veel aan jou gehad in de afgelopen vier jaar. Elke week 

kwam je langs tijdens mijn zwangerschapsverlof. Fiene en Tijn zijn dol op je, en ik 

ook! Ik vind het dan ook ontzettend leuk dat jij nu mijn paranimf wil zijn.

Lieve Lukas, Lieve jij, Lieve Lij. Wat ben ik blij dat jij er in de afgelopen vier jaar 

altijd voor mij was. Ik had nooit kunnen indenken dat er in de vier jaren van onze 
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promotietrajecten zo ontzettend veel levensgebeurtenissen konden plaatsvinden. 

Zulke enorme hoogtepunten waaronder onze trouwdag, de verhuizing maar vooral 

onze prachtige, vrolijke, stralende, krijsende, springende, vallende, huilende, 

knuffelende kinderen Fiene en Tijn. Maar als tegenwicht aan al dat moois hebben 

we ook ontzettend veel heftige gebeurtenissen meegemaakt. Als we de afgelopen 

vier jaar hebben kunnen doorstaan kunnen wij samen alles aan, zolang het maar 

samen met jou, Fiene en Tijn is.

Lieve Fiene, lieve Tijn. Mijn mooie, stralende, lachende, lieve, kinderen. 

Lieve Fiene, mijn keel knijpt nog dicht als ik er aan denk hoe gelukkig ik mag zijn 

dat jij er bent zoals je nu bent. Je bent zo’n ontzettend lief, leuk en vrolijk meisje 

terwijl je al zo veel hebt meegemaakt. Ik ben waanzinnig, echt waanzinnig trots op 

je. Ik hou van je, van hier tot aan de maan.

Lieve Tijn, wat een klein wondertje ben je toch. Altijd vrolijk, zo ontzettend snel 

in alles, en zo’n knuffelbeest. Ik ben zo blij dat jij er bent en ook op jou ben ik 

ontzettend trots. Ik hou van je, vanaf de maan weer helemaal terug.
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Curriculum Vitae

Lonneke Bahler werd op 28 maart 1987 geboren als oudste dochter van Karlien 

Huizing en Michiel Bahler. Het eerste deel van haar jeugd groeide ze op in Amster

dam waarna ze met het gezin verhuisden naar Heiloo. In 2005 deed zij haar VWO 

eindexamen aan het Jack P. Thijsse college te Castricum. Direct aansluitend, in 

2005, hieraan is zij begonnen met haar geneeskunde studie aan de Universiteit 

van Amsterdam in het Academisch Medisch Centrum. Het werd duidelijk dat ze 

hiermee een goede richting gekozen had; zowel haar doctoraal als haar arts

examen behaalde ze cum laude. Een groot deel van haar studententijd bracht ze 

door op de studentenroeivereniging Skøll met wedstrijdroeien en met feesten, hier 

leerde ze ook Lukas kennen.

In 2009 begon zij aan haar wetenschappelijke stage bij de klinische diabetologie. 

Tijdens deze stage werd haar interesse voor de wetenschap gewekt. Daarom wilde 

ze, na afronding van haar coschappen, graag promoveren voordat ze verder zou 

gaan in de kliniek. Van 2013 tot 2017 heeft ze met veel plezier onderzoek gedaan 

naar de betekenis van bruin vet.

De jaren van haar promotietraject waren een rollercoaster aan emoties. Hierdoor 

werd duidelijk dat Lukas zonder twijfel degene was met wie ze haar leven wilde 

delen, en op 15 mei 2015 trouwden zij in het Schellingwoudekerkje in Amsterdam. 

Uit deze liefde werden Fiene op 11 december 2014 en Tijn op 11 februari 2016 

geboren.
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Stellingen

 1  De activiteit van bruin vet bij obese jonge mannen is niet wezenlijk 
verschillend van de activiteit bij slanke jonge mannen. (dit proefschrift)

 2  Het sympathisch zenuwstelsel heeft een centrale rol in de aansturing van 
bruin vet. De verminderde sympathische aansturing bij oudere mannen 
verklaart derhalve de verminderde metabole bruinvetactiviteit op latere 
leeftijd. (dit proefschrift)

 3  Variaties in koelprotocollen zijn hoogstwaarschijnlijk de oorzaak van 
verschillen in uitkomsten in bruinvetactiviteit tussen verschillende 
onderzoeken. Het betrekken van het hoofd in de koelmethode is hierbij van 
essentieel belang. (dit proefschrift)

 4  De inter en intraobserver variabiliteit voor de bepaling van bruin vet is zeer 
gering. (dit proefschrift)

 5  Het is van groot belang om vergelijkend bruinvetonderzoek in hetzelfde 
seizoen uit te voeren. (dit proefschrift)

 6  Toedienen van bromocriptine in de avond heeft een positief effect op 
insulinegevoeligheid bij zowel gezonde mannen met een normaal gewicht als 
bij die met overgewicht. (dit proefschrift)

 7  De verhoogde 18FFDG opname in het colon, geïnduceerd door metformine, 
gaat niet gepaard met een verhoogd energieverbruik. Het lijkt dan ook 
onwaarschijnlijk dat het colon significant kan bijdragen aan een verhoging 
van het energieverbruik. (dit proefschrift)

 8  Het laat mij immer koud, wanneer iemand het niet met mij eens blijkt te zijn. 
Het spijt mij alleen, uit naastenliefde, voor hem. (Jan Greshoff, Nederlands 
schrijver en letterkundige 18881971)

 9  Hij heeft gezweet en koude geleden. (Horatius)

 10  De mooie fouten van een genie zijn mij meer waard dan de keurige en koude 
taal van een academisch purist. (Voltaire)

 11  Ongeluk zit in een klein hoekje, geluk dus in de rest van de wereld. (Loesje)
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