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Abstract

Background Brown adipose tissue (BAT) has been primarily researched as a potential target for mitigating obesity.
However, the physiological significance of BAT in relation to cachexia remains poorly understood. The objective of this
study was to investigate the putative contribution of BAT on different components of energy metabolism in emphyse-
matous chronic obstructive pulmonary disease (COPD) patients.
Methods Twenty COPD patients (mean ± SD age 62 ± 6, 50% female, median [range] BMI 22.4 [15.1–32.5] kg/m2

and 85% low FFMI) were studied. Basal metabolic rate (BMR) was assessed by ventilated hood, total daily energy ex-
penditure (TDEE) by doubly labelled water and physical activity by triaxial accelerometry. BMR was adjusted for
fat-free mass (FFM) as assessed by deuterium dilution. Analysis of BAT and WATwas conducted in a subset of ten pa-
tients and six age-matched, gender-matched and BMI-matched healthy controls. BAT glucose uptake was assessed by
means of cold-stimulated integrated [18F]FDG positron-emission tomography and magnetic resonance imaging.
WAT was collected from subcutaneous abdominal biopsies to analyse metabolic and inflammatory gene expression
levels. Lung function was assessed by spirometry and body plethysmography and systemic inflammation by high sensi-
tivity C-reactive protein.
Results Mean TDEE was 2209 ± 394 kcal/day, and mean BMR was 1449 ± 214 kcal/day corresponding to 120% of
predicted. FFM-adjusted BMR did not correlate with lung function or C-reactive protein. Upon cooling, energy
expenditure increased, resulting in a non-shivering thermogenesis of (median [range]) 20.1% [3.3–41.3] in patients
and controls. Mean BAT glucose uptake was comparable between COPD and controls (1.5 [0.1–6.2] vs. 1.1
[0.7–3.9]). In addition, no correlation was found between BMR adjusted for FFM and BAT activity or between
cold-induced non-shivering energy expenditure and BAT activity. Gene expression levels of the brown adipocyte or
beige markers were also comparable between the groups. No (serious) adverse events were reported.
Conclusions Although COPD patients were hypermetabolic at rest, no correlation was found between BMR or TDEE
and BAT activity. Furthermore, both BAT activity and gene expression levels of the brown adipocyte or beige markers
were comparable between COPD patients and controls.
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Introduction

Chronic obstructive pulmonary disease (COPD) is an airway
and lung disease with persistent airflow obstruction, which
is the result of small airway remodelling and loss of elastic
recoil.1 Disturbances in whole body and cellular energy me-
tabolism are common in COPD and contribute to weight loss
and muscle wasting in particular in the emphysematous
phenotype.2–4

Total daily energy expenditure (TDEE) can be divided in
obligatory and facultative thermogenesis. Obligatory thermo-
genesis consists of basal metabolic rate (BMR) and facultative
thermogenesis consists of diet-induced thermogenesis and
activity-induced energy expenditure (AEE).5 AEE has been
shown to be elevated due to decreased mechanical
efficiency6,7 but may also be (relatively) decreased in patients
with very low physical activity levels.3 Diet-induced thermo-
genesis was shown to be normal in previous research.8,9 In-
creased BMR relative to predictive values has been
consistently reported in COPD2 and found more aggravated
among weight losing patients2,3 and among those with
emphysema.10,11 Hypermetabolic patients do not necessarily
exhibit an elevated TDEE.12 Systemic inflammation has been
proposed as cause of elevated BMR in cachexia induced by
cancer13 or COPD.14 Another contributing factor to hyperme-
tabolism in COPDmight be the workload of breathing15 due to
lung hyperinflation. Nevertheless, we recently showed that
decreasing hyperinflation with 25% by endoscopic lung vol-
ume reduction in patients with emphysema did not decrease
BMR (unpublished own results, submitted).

Activation of brown adipose tissue (BAT) or browning of
white adipose tissue (WAT) has been proposed as putative
trigger for hypermetabolism in cachexia but to date little
evidence from human research is available.16,17 BAT tissue is
characterized by abundance of mitochondria and by heat
production via the process of proton leakage over the mito-
chondrial membrane mediated by uncoupling protein 1.18

Compared with BAT-negative healthy young lean subjects,
those with BAT had a higher cold-induced energy expenditure,
with an average difference of 370 kcal/day.19 In healthy
young, lean men, cold induction increased energy expendi-
ture by, on average, 17%.20 This increase in energy expendi-
ture upon cold in the absence of shivering (i.e. non-shivering
thermogenesis) implies that BAT thermogenesis may be a sig-
nificant component of facultative thermogenesis and thereby
plays a role in regulation of body weight as suggested by an
inverse association between cold-induced BAT activity and
body mass index in adults.21–23

Brown adipose tissue has been primarily researched as a
potential target for mitigating obesity.24 Yet few research at-

tempts have been made to explore the role of BAT in relation
to cachexia as observed in patients with COPD, and no clinical
studies are available. There is some indirect evidence
pointing towards a possible role for BAT as driver of hyper-
metabolism in the emphysematous COPD subtype. Patients
with advanced emphysema have high plasma levels of nor-
epinephrine at rest,25 which is a potential browning factor.26

Furthermore, whole body glucose production27 and skeletal
muscle glycolysis28,29 are increased in COPD patients, which
result in increased plasma lactate levels, even at rest.30

Lactate in turn is able to control expression of uncoupling
protein 1 (UCP1), which also promotes browning.31 We there-
fore hypothesized that BAT or browning of WAT contributes
to energy expenditure in emphysematous COPD patients. Be-
cause limited studies are available regarding TDEE and the
different components in mixed COPD phenotypes, we first
measured energy expenditure in emphysematous COPD pa-
tients and related its components to airflow obstruction
and hyperinflation. We then conducted a controlled clinical
experiment in a subgroup to assess presence of BAT by
cold-induced BAT activity and BAT and beige gene expression
markers in WAT.

Methods

Participants

Whole body energy metabolism and its components were
assessed in 20 Caucasian COPD patients with emphysema.
For diagnosis of COPD, patients underwent spirometry and
body plethysmography. The contribution of BAT and WAT
was studied in a subgroup of 10 patients and a control group,
matched for ageing, male gender and adiposity, because
these factors are known to negatively correlate with BAT
activity.23 Furthermore, BAT volumes may differ between
ethnicities.32 In addition, because cigarette smoke is acknowl-
edged as the most important risk factor for COPD and might
stimulate BAT activity33 and control subjects may not be diag-
nosed with COPD yet, non-smoking controls were included.

Patients were recruited fromMaastricht University Medical
Centre (MUMC+), and the healthy controls were recruited via
advertisements in local newspapers. The Ethics Committee of
MUMC+ approved the study protocol, and all participants pro-
vided written informed consent. Procedures were conducted
according to the principles of the Declaration of Helsinki.
The study was registered at ClinicalTrial.gov (NCT02500004).

Exclusion criteria for the COPD as well as the healthy
controls were diabetes mellitus, severe clotting disorder,
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active malignancy, claustrophobia, long-term oxygen therapy,
history of radiotherapeutic radiation in the neck and/or upper
chest, cervical or thoracic sympathectomy and the presence
of magnetic resonance imaging (MRI) contraindications, such
as pacemaker, cochlear implant and vascular clips. In addition,
subjects using medication that influences the sympathetic
nerve system, including ß-blockers, α-blockers, central antihy-
pertensive drugs, certain anti-depression drugs (MAO inhibi-
tors and tricyclic anti-depressives), reserpine, cocaine,
calcium channel blockers and certain tranquillizers
(fenothiazines) were also not eligible. Furthermore, patients
with pancreatic cancer were included, with similar exclusion
criteria as mentioned above.

The original intention was to compare the COPD patients
not only with healthy controls but also with matched lung
cancer and pancreatic cancer patients. However, the BAT
protocol was too strenuous, regarding eligibility criteria as
well as methodology used, for most of the cachectic cancer
patients. We were able to measure only two pancreatic can-
cer patients and no lung cancer patients before study closure.
In addition, one COPD patient suffered from a severe panic
attack immediately before initiation of the scan. Due to this
panic attack, we were unable to scan this patient.

Study design

The overall study design is shown in Figure 1. All participants
completed the 2 week study period focusing on whole body
energy metabolism. A subset underwent the protocol focus-
ing on the contribution of BAT and subcutaneous adipose
tissue to energy metabolism. This protocol included an indi-
vidualized cooling protocol,34 [18F]FDG positron-emission to-
mography (PET) and magnetic resonance imaging (MRI)

scanning in order to measure BAT activity and a subcutaneous
fat biopsy obtained after an overnight fast.

Resting metabolic rate

Basal metabolic rate was measured by indirect calorimetry
using a ventilated hood (EZCAL; Maastricht Instruments,
Maastricht, the Netherlands). Patients were in a fasting state
for at least 10 h and were requested to abstain from heavy ex-
ercise, inhalation medication and smoking for 24 h. Prior to
the measurement, the subjects had a period of 30 min bed
rest during which they were lying on bed in supine position.
After stabilization, BMR was recorded during a period of
30 min. BMR was assessed during bed rest at room tempera-
ture. BMR was calculated from oxygen consumption (VO2)
and carbon dioxide (VCO2) production using the abbreviated
Weir formula.35 BMR was also predicted using the equation
from Slinde et al.4

Doubly labelled water

Total daily energy expenditure was determined by the doubly
labelled water technique over 2 weeks according to the Maas-
tricht protocol. 36 In the evening, prior to dosing, a urine sam-
ple was collected for determination of background isotope
enrichment. Each patient received a weighted oral dose of
water labelled with ~ 7% deuterium and 10% oxygen-18. The
given dose was calculated based on the subjects’ total body
water, which was estimated based on body mass index, age
and gender.37 Subjects received a dose of 2.4 g/L total body
water resulting in an initial excess enrichment of approxi-
mately 150 ppm for deuterium and 200 ppm for oxygen-18.

Figure 1 Schematic illustration of the study protocol. MRI, magnetic resonance imaging; PET, positron-emission tomography.

BAT activation in emphysematous COPD patients 1331

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1329–1338
DOI: 10.1002/jcsm.12881



The basic principle of DLW is that after equilibration with total
body water, deuterium and oxygen-18 are eliminated from
the body at a different rate. Deuterium is eliminated from
the body as water, whereas oxygen-18 is eliminated as water
and carbon dioxide. The difference in elimination rates is
hence a measure of CO2 production. After ingestion of doubly
labelled water, urine samples were collected at standardized
time points (in the evening of Days 1, 7 & 14 and in the morn-
ing of Days 8 and 15). CO2 production was calculated by the
linear regression from the difference between elimination
constants of deuterium and oxygen-18. TDEE was calculated
from CO2 production assuming an RQ of 0.85, corresponding
to the RQ of an average Western diet.

Energy expenditure for activities was calculated by
(0.9*TDEE)-BMR, assuming a diet-induced thermogenesis of
10% of TDEE.5

Body composition

Body height was determined to the nearest 0.5 cm while sub-
jects were standing barefoot. Weight was assessed with a
beam scale to the nearest 0.1 kg while subjects were standing
barefoot and in light clothing. FFM was calculated from total
body water assessment using the deuterium dilution tech-
nique assuming a hydration fraction of FFM of 73%.36

Physical activity

Actigraph GTX3 accelerometers (Actigraph, Pensacola, FL,
USA) were used to assess physical activity. This activity
monitor has been validated against activity related energy
expenditure measured by doubly labelled water in patients
with different stages of COPD.38 The triaxial accelerometers
were attached to the lower back with an elastic belt and
worn for seven consecutive days. Subjects were instructed
to wear the accelerometer during the time they were not
asleep, except when showering or bathing. Only days with
≥8 h of wear time were accepted as valid days.

Dietary intake

Energy intake was recorded by a food diary for two week
days and one weekend day to judge if subjects were in a
stable energy balance.

Individualized cooling and positron-emission
tomography/magnetic resonance imaging
scanning

For individualized cooling, subjects were wrapped in a
water-perfused suit. During the cooling procedure, skin tem-

perature, blood pressure, heart rate and oxygen saturation
were monitored. Skin temperatures were measured continu-
ally at 14 positions by means of iButtons (type DS1291H,
Dallas Maxim Semiconductor Corp., USA)39 and on three
additional positions (supraclavicular, underarm and fingertip).
Blood pressure and heart rate were measured via an auto-
mated blood pressure monitor (Omron Healthcare Inc, Field
Court Lake Forest, USA), and oxygen saturation was mea-
sured via pulse oximetry (Nellcor Puritan Bennett NPB-40,
Pleasanton, CA, USA).

For the first 45 min, subjects were kept at thermoneutral
conditions with water temperature of the water-perfused suit
at 34°C. Following this thermoneutral condition, a gradual
step-wise decrease in temperature followed (water tempera-
ture was lowered with 4°C every 15 min) until shivering oc-
curred. After the onset of shivering, subjects were warmed
up for 5 min after which the temperature was set slightly
above shivering level for 30 min. At thermoneutral condition
and during cold exposure, indirect calorimetry was per-
formed to measure energy expenditure. Subsequently, on av-
erage, 150 MBq of 18F-FDG was injected intravenously while
mild cold stimulation remained for 45 min after injection.
At 60 min p.i., a hybrid PET/MRI scan (Siemens Healthcare
GmbH, Erlangen, Germany, software version VB20P) was
acquired.

Positron-emission tomography/magnetic
resonance imaging analysis

Positron-emission tomography/magnetic resonance imaging
scans were analysed using the PMOD software (Version 3.7,
PMOD Technologies, Zurich, Switzerland). For assessment of
BAT activity, first volumes of interest (VOIs) were drawn,
which totally encompassed supraclavicular adipose tissue. In-
side this selected VOI of supraclavicular adipose tissue, a
sphere with radius 6.2 mm was deposited on the location
where the average standardized uptake value (SUV) value
was maximal. Additionally, VOIs were placed in the liver,
several skeletal muscle groups (biceps and triceps brachii,
deltoid, and erector spinae), subcutaneous adipose tissue
and visceral adipose tissue. For each VOI and sphere, the
measured activity concentration was corrected for radioac-
tive decay, total administered activity and body weight,
resulting in the mean SUV, SUVmean.

Blood analysis

Venous blood was obtained after an overnight fast for
analysis of C-reactive protein (CRP), glucose, insulin,
thyroid stimulating hormone, free fatty acids, cholesterol,
triglycerides, high-density and low-density lipoprotein.
Homeostatic model assessment to estimate insulin resistance
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was calculated. Analysis was performed in the central
diagnostic laboratory of Maastricht University Medical
Centre.

Fat biopsy

A subcutaneous fat biopsy was obtained para-umbilically dur-
ing fasting conditions through needle biopsy before initiation
of cooling procedure. This biopsy was snap-frozen in liquid
nitrogen and stored at �80°C until analysing gene expression
by qPCR. Refer to the supporting information for a detailed
description of the analysis and list of primers (Supporting
Information, Table S1).

Statistics

Descriptive statistics of demographic and clinical variables
were obtained. Means (±SD) are provided for continuous nor-
mally distributed variables, median [range] for continuous
not-normally distributed variables and percentages are
shown for categorical variables. Between group differences
were tested with an independent t-test, Mann–Whitney U
test or χ2 test. All analyses were performed using SPSS statis-
tical software (SPSS Statistics for Windows, Version 24.0, IBM,
Armonk, NY). Results with two-sided P values (<0.05) were
considered statistically significant.

Results

Baseline characteristics of participants

Ten male and ten female COPD patients with emphysema
were enrolled. Baseline characteristics are depicted in
Table 1. The COPD population was characterized by moder-
ate to severe airflow obstruction and low diffusion capacity
(FEV1: 47 ± 20% of predicted and DLCO: 38 ± 9% predicted).
Median body mass index (BMI) (23.4 [15.1–35.4]) was
within the normal range but median [range] FFM index
was below normal (FFMI male patients 15.7 kg/m2

[14.2–18.2], female patients 13.5 kg/m2 [12.7–17.6]), and
85% was depleted according to current definition
(FFMI ≤ 17 kg/m2 for male patients or ≤15 kg/m2 for female
patients40).

A subset of ten COPD patients (five male and five female
patients) and six controls (BMI 23.1 [21.2–30.8] kg/m2, FFMI
male patients 16.9 kg/m2 [15.33–19.7] and female patients
18.0 kg/m2 [16.20–19.8]) underwent individualized cooling
and PET/MRI scanning in order to measure BAT activity. Insu-
lin levels and fasting glucose levels were comparable
between COPD patients and controls. Groups were compara-
ble regarding thyroid function and lipid profile. CRP levels on

average were low but tended to be higher in the COPD pa-
tients (2.5 [2.0–21.0] vs. 0.0 [0.0–3.0] mg/L) (Table S2).

Participants are hypermetabolic at rest

Mean TDEE was 2209 ± 394 kcal/day in the COPD patients
and 2631 ± 265 kcal/day in healthy controls (P = 0.022) (Table
2, Figure 2). TDEE was not significantly different from dietary
intake. AEE amounted to 538 ± 258 kcal/day (23% of TDEE) in
COPD and 812 ± 255 (32% of TDEE) in healthy controls, indi-
cating a low physical activity level in the COPD group. Indeed,
median (range) steps per day were 3097 [468–8792] and
8519 [6517–13 518] for respectively COPD patients and
healthy controls. Patients compared with controls spend a
larger part of the day in sedentary state (70.2% of the wear
time [56.5–90.6] vs. 51.3% of wear time [41.7–66.8])
(Figure 2). TDEE was highly correlated to AEE (r = 0.80,
P < 0.001).

In COPD, the mean BMR of 1449 ± 214 kcal/day
corresponded to 120% of predicted. Seventeen patients were
characterized as hypermetabolic based on measured
BMR > 110% of predicted. No significant correlations could
be found between adjusted BMR and FEV1% predicted
(r = �0.22, P = 0.366) and between adjusted BMR and RV %
predicted (r = 0.04, P = 0.888). Furthermore, adjusted BMR
was not correlated to CRP (r = �0.18, P = 0.621).

Table 1 Baseline characteristics of COPD patients (N = 20) and healthy
controls (N = 6)

COPD Controls

General
Male/Female, N 10/10 4/2
Age (years) 62 ± 6 60 ± 6
Pack years 36 ± 17 4 ± 8
Smoking status, N
Never 0 4
Current 4 0
Former 16 2

Body composition
Weight (kg) 67 ± 15 70.8 ± 3.8
BMI (kg/m2) 22.4 [15.1–32.5] 23.1 [21.2–30.8]
FFM (kg) 44.7 [31.7–57.4] 50.5 [44.6–63.8]
FFMI (kg/m2)
Male 15.7 [14.2–18.2] 16.9 [15.3–19.7]
Female 13.5 [12.7–17.6] 18.0 [16.2–19.8]

Lung function
FEV1, % predicted 36.0 ± 15.4 Not applicable
FVC, % predicted 82.2 ± 18.3 Not applicable
FEV1/FVC 39.2 ± 15.4 Not applicable
RV, % predicted 209.7 ± 61.2 Not applicable
TLC, % predicted 128.7 ± 23.7 Not applicable
RV/TLC 1.6 ± 0.3 Not applicable
DLCO, % predicted 38.0 ± 9.4 Not applicable

BMI, body mass index; COPD, chronic obstructive pulmonary dis-
ease; DLCO, diffusion capacity of lung for carbon monoxide;
FEV1, forced expiratory volume in 1 s; FFM, fat-free mass; FFMI,
fat-free mass index; FVC, forced vital capacity; RV, residual volume;
TLC, total lung capacity.
Data are represented as mean ± SD or median [range].
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Hypermetabolism is not associated with brown
adipose tissue activation

Upon cooling in both COPD patients and controls, mean skin
temperature decreased from 31.9 ± 2.3 to 27.6 ± 3.3°C and
supraclavicular skin temperature decreased from 35.3 ± 0.9
to 30.4 ± 5.2°C. The cooling protocol increased energy expen-
diture (4.5 [3.1–5.0] vs. 5.1 [4.1–7.0] kJ/min) (P < 0.001),
resulting in an increment of average non-shivering thermo-
genesis of 20.1% (3.3–41.3). In both COPD and healthy con-
trols, this increase was significant (1516 [1041–1873] vs.

1644 [1376–2187] kcal/day; P < 0.001 and 1564 [1387–
1685] vs. 1822 [1686–2380] kcal/day; P = 0.013).

Blood pressure and heart rate increased upon cold expo-
sure, while oxygen saturation remained unchanged. This in-
crement in blood pressure and heart rate was not different
between groups, indicating a comparable cold stress reaction.

Mean SUV of the region of BAT was comparable between
COPD and controls (1.5 g/mL [0.1–6.2] vs. 1.1 g/mL [0.7–
3.9]). Furthermore, cold-induced [18F]FDG uptake in skeletal
muscle, subcutaneous adipose tissue and visceral adipose tis-
sue were neither different (Figure 3). In addition, no correla-
tions were found between FFM-adjusted BMR and BAT
activity (r = �0.06, P = 0.881) and between non-shivering
thermogenesis and SUV uptake in skeletal muscles
(r = 0.011, P = 0.970). Additionally, no significant relation
was found between non-shivering thermogenesis and BAT ac-
tivity (r = �0.044, P = 0.877).

Gene expression levels of brown adipose tissue or
beige markers in white fat are not upregulated

In subcutaneous adipose tissue, UCP1 and ZIC1 mRNA, which
are considered as an important BAT and beige markers,41

Figure 2 Components of energy balance of healthy controls (N = 6) and COPD patients (N = 20). COPD, chronic obstructive pulmonary disease.

Figure 3 (A) Area of brown adipose tissue on MRI and PET. (B) Mean uptake of [18F]FDG in brown adipose tissue and other tissues during cold ex-
posure. COPD, chronic obstructive pulmonary disease; SUV, standardized uptake value.

Table 2 Components of energy balance of healthy controls (N = 6) and
COPD patients (N = 20)

COPD (N = 20) Controls (N = 6) P value

TDEE (kcal/day) 2209 ± 394 2631 ± 265 0.022
BMR measured (kcal/day) 1449 ± 214 1555 ± 109 0.260
BMR measured corrected
for FFM (kcal/day/kg)

34 ± 3 30 ± 4 0.053

BMR predicted (kcal/day) 1216 ± 142 1415 ± 115 0.004
AEE (kcal/day) 538 ± 258 812 ± 255 0.031

AEE, activity-induced energy expenditure; BMR, basal metabolic
rate; TDEE, total daily energy expenditure.
Data are represented as mean ± SD.
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were both undetectable in most subjects. Furthermore, we
did not detect differences in mRNA expression of the brown
adipocyte marker Cidea or beige markers TMEM26, SHOX2,
TNFRSF9 and CD137 between COPD patients and controls
(Figure 4).

Hypoxia marker GLUT-1 mRNA expression level was higher
in COPD compared with controls and HIF1 alpha tended to be
more expressed in COPD than in control subjects. Gene ex-
pression levels of markers of inflammation, macrophages, gly-
colysis, lipolysis and adipokines were not differentially
expressed (Table S1).

Role of brown adipose tissue in cachectic cancer
patients: a case report

A 61-year-old male patient (BMI 23.9 kg/m2) and a 70-year-
old female patient (BMI 23.8 kg/m2) diagnosed with pancre-
atic cancer were both enrolled in one arm of the current
study that was closed due to recruitment difficulties (refer
to Methods section for explanation). The male patient
underwent a pancreaticoduodenectomy, and because of a re-
lapse, he started with chemotherapy which comprised oxali-

platin, folinezuur, irinotecan and fluorouracil. The female
patient was diagnosed with pancreatic cancer with pulmo-
nary and lymph node metastasis, and she was treated with
gemcitabine. Both were cachectic at time of enrolment with
a weight loss of more than 5% of body weight in the previous
6 months, and both were hypermetabolic at rest (mean BMR
was 120% of predicted). Despite a cold-induced increased
RMR from 4.5 to 5.3 kJ/min, no BAT activity was found. In line
with the results from COPD patients and controls, no
up-regulation of BAT and beige markers were found in subcu-
taneous fat.

Discussion

Activation of BAT or browning of WAT has been proposed as
putative trigger for hypermetabolism and cachexia in wasting
disorders including COPD. This is the first study that investi-
gated the contribution of BAT on hypermetabolism in pa-
tients with emphysema in comparison with appropriately
matched healthy controls. In contrast to our hypothesis, em-
physematous patients did not exhibit enhanced BAT activity
or altered gene expression of BAT markers in WAT compared

Figure 4 Adipose tissue gene expression levels of brown adipose tissue and beige markers. AU, arbitrary units; COPD, chronic obstructive pulmonary
disease.
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with age-matched, gender-matched and BMI-matched
healthy non-smoking controls.

Consistent with previous publications,2,10 we found that
BMR was elevated among those with COPD. Although, upon
cooling energy expenditure increased with an average
non-shivering thermogenesis of 20.1 [3.3–41.3] %, no relation
between BMR and BAT activity was found. This is in line with
some,24,42,43 but not all,44,45 previous studies using healthy
young subjects. Absence of a relation between BMR and
BAT activity and between non-shivering thermogenesis and
BAT activity could be due to the low overall BAT activity in
the current study population (also certainly related in part
to the age). The SUV value of BAT was 1.5 [0.1–6.2], which
was considerably lower than reported by others19,46,47 who
found SUV values in the range of 2–18 among 20- to 30-
year-old healthy study subjects. The relatively low metabolic
rate of BAT depots may not be entirely unexpected, as BAT
is inversely correlated with age, and BAT is barely detected
in healthy subjects above 60 years old.48 Nevertheless, one
autopsy study49 and one retrospective imaging study50

reported the presence of BAT activity among elderly with
cancer, suggesting that independent of age, disease might
be a trigger for BAT activity. However, in those studies,49,50

no data are presented considering the stage of cancer.
Furthermore, regarding the available imaging study, the re-
sults might be biased by the retrospective design, which did
not allow to control environmental temperatures. In male pa-
tients, 2.8% of scans demonstrated BAT activity compared
with 7.2% of scans in female patients.50

Although, we found no differences in CRP levels between
COPD patients and healthy controls in this study, previous
studies showed enhanced systemic inflammation using other
sensitive markers in hypermetabolic COPD patients,51,52

which has been proposed as BAT activator.16,53 Furthermore,
previous studies54–56 repeatedly showed an elevated whole
body protein turnover in COPD patients, and we also showed
in muscle biopsies57,58 elevated muscle protein turnover sig-
nalling, which are energy-consuming processes.

In the studied patients with clinically stable COPD,
systemic inflammation assessed by CRP was low and not as-
sociated with BMR. Additionally, no altered gene expression
of inflammation or macrophage markers was observed com-
pared with healthy controls. In this study also, two pancreatic
cancer patients were enrolled. In line with the results in
COPD patients, no BAT activity was found.

Interestingly, despite that no BAT activity was detected,
the non-shivering thermogenesis was relatively high in the
whole study cohort. Non-shivering thermogenesis reported
in BAT-negative healthy young subjects was on average 4%
compared with 30% in BAT positive subjects.19 Others re-
ported average non-shivering thermogenesis of 12% in BAT
positive subjects,45,59,60 which is remarkably lower compared
with our results. No correlation between non-shivering ther-
mogenesis and SUV of skeletal muscles was found, arguing

that the elevated energy expenditure upon cold could not
be attributed to involuntary muscle contractions. Further-
more, some studies indicate a role of insulin resistance that
point towards either impaired glucose uptake by BAT60 or re-
duced BAT activity.61 Participants in the current cohort were
not diagnosed with insulin resistance and were not using an-
tidiabetic medicines. Nevertheless, insulin sensitivity was not
measured in the current study. Another explanation for the
relatively high non-shivering thermogenesis might be that
there is an effect of diet-induced energy expenditure. Three
hours before cold-induced energy expenditure was assessed,
participants had a light breakfast. In general, after 3 h, most
of the thermic effect of a meal dissolved.62 Although individ-
ual differences might exist, this cannot fully explain the high
non-shivering thermogenesis.

This study is not without limitations. The major limitation
in this study was the smaller number of enrolled subjects
than intended for multiple group comparison (10 subjects
per subgroup, in total 50 subjects). Accrual of COPD patients
was hampered by the exclusion of subjects using medication
that influences the sympathetic nerve system, including ß-
blockers and calcium channel blockers. Partly due to shared
risk factors such as smoking, cardiovascular diseases com-
monly coincide COPD.63 Therefore, ß-blockers and calcium
channel blockers are widely used by COPD patients. Another
factor contributing to low accrual was the use of MRI instead
of computed tomography, because a significant part of the
COPD patients who were approached to participate suffered
from claustrophobia. This might not be totally unexpected
because the patients already suffered from dyspnoea, which
might be reinforced by MRI scanning. In addition, it appeared
impossible to include lung cancer patients, and only two pan-
creatic cancer patients were enrolled because the extensive
study methodologies turned out to be too severe in this crit-
ically ill population.64–66 Furthermore, subcutaneous fat biop-
sies were obtained para-umbilically, which is not the primary
site of brown adipose tissue. This might partially explain that
no brown fat markers were found in our biopsies; neverthe-
less, in line, no FDG uptake was found in the neck region,
supporting our evidence that BAT was not activated in this
population.

Nevertheless, the consistency of our findings in the hyper-
metabolic COPD patients and confirmed in the two cancer
cases do not support a role for BAT activation as trigger of
disease-induced hypermetabolism and cachexia.
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