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Abstract

Recent studies have suggested that brown adipose tissue (BAT) plays an important role in obesity, 

insulin resistance and heart failure. The characterization of BAT in vivo, however, has been 

challenging. No technique to comprehensively image BAT anatomy and function has been 

described. Moreover, the impact on BAT of the neuroendocrine activation seen in heart failure has 

only recently begun to be evaluated in vivo. The aim of this study was to use MRI to characterize 

the impact of heart failure on the morphology and function of BAT.

Mice subjected to permanent ligation of the left coronary artery were imaged with MRI 6 weeks 

later. T2 weighted MRI of BAT volume and blood oxygen level dependent MRI of BAT function 

were performed. T2* maps of BAT were obtained at multiple time points before and after 

administration of the β3 adrenergic agonist CL-316,243 (CL). Blood flow to BAT was studied after 

CL injection using the flow alternating inversion (FAIR) recovery approach. Excised BAT tissue 

was analysed for lipid droplet content and for uncoupling protein (UCP1) mRNA expression.

BAT volume was significantly lower in heart failure (51 ± 1 mm3 vs 65 ± 3 mm3; p<0.05), and 

characterized by a reduction in lipid globules and a 4-fold increase in UCP1 mRNA (p<0.05). CL 

injection increased BAT T2* in healthy animals but not in mice with heart failure (24±4% vs 

6±2%; p<0.01), consistent with an increase in flow in control BAT. This was confirmed by a 

significant difference in the FAIR response in BAT in control and heart failure mice.
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Heart failure results in the chronic activation of BAT, decreased BAT lipid stores, decreased BAT 

volume and it is associated with a marked decrease in its ability to respond to acute physiological 

stimuli. This may have important implications for substrate utilization and overall metabolic 

homeostasis in heart failure.
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Introduction

The recent identification of discrete depots of brown adipose tissue (BAT) in adults [1–5] 

has stimulated interest in the role of BAT in human physiology. Traditionally, BAT was 

thought to be primarily responsible for non-shivering thermogenesis in rodents and newborn 

humans [6]. The energy stored in the mitochondrial proton gradient in BAT is dissipated by 

uncoupling proteins (UCP1) in the mitochondrial membrane [7, 8] generating heat. More 

recently, however, there have been suggestions for an expanded role of BAT in whole body 

energy regulation, insulin sensitivity and heart failure, though the precise mechanisms for 

these roles are still being investigated [9–12].

The factors leading to the activation of BAT in adults remain poorly understood. In addition 

to its activation by cold via sympathetic stimulation through β3 adrenergic receptors [13, 14], 

recent work has suggested that natriuretic peptides released from the heart can also activate 

BAT, though the exact mechanism involved in this activation remains unclear [11, 15, 16]. 

Moreover, a recent study demonstrates that BAT can modulate cardiomyocyte injury in 

catecholamine induced cardiomyopathy suggesting that there is cross–talk between BAT and 

the heart in mice [12]. We hypothesized here that the properties of BAT would be 

significantly changed in heart failure, and produce both anatomical and functional changes 

detectable with magnetic resonance.

Recent studies have shown that it is possible to accurately measure BAT volume using MRI, 

by taking advantage of its unique water/fat composition compared to adjacent tissues [17–

19]. Moreover, functional MRI techniques, such as blood-oxygen-level-dependent (BOLD) 

contrast, can be used to assess the metabolic activity of BAT independent of substrate 

selection [19–21]. While deoxyhemoglobin produced by oxidative metabolism of active 

tissue reduces the BOLD (T2*) signal, the increase in flow seen during local tissue 

activation increases the local BOLD signal and T2*. The observed T2* value is a balance of 

these opposing effects [22–25]. We hypothesized that the addition of spin labeling to 

measure flow would allow changes in the BOLD signal to be more accurately interpreted. 

Here we used BOLD MRI and flow sensitive alternating inversion recovery (FAIR) to image 

BAT in normal mice and mice with heart failure, at rest and after β3 adrenergic stimulation. 

To the best of our knowledge, this is the first description of functional MRI to characterize 

the properties of BAT in heart failure.
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Experimental

Mouse Model

Twelve week old female C57BL/6 mice were purchased from Jackson Laboratories (Bar 

Harbor, Maine). A myocardial infarction (MI) was induced by coronary ligation, as 

previously described [26]. In brief, permanent occlusion of the left coronary artery was 

performed with an 8–0 suture, and myocardial ischemia confirmed by tissue blanching and 

ECG monitoring. Animals were allowed to recover and imaged 6 weeks after the surgery at 

18 weeks of age (n=5). The 6-week time point was chosen to allow the heart time to remodel 

fully after the myocardial infarct. The control mice, which were age and sex matched, were 

also imaged at 18 weeks (n=5).

Magnetic Resonance Imaging

MRI studies were peformed on a 9.4T scanner (Biospec, Bruker, Billerica, MA) with a 4-

element phased array receive coil (Bruker, Billerica, MA) placed over the interscapular area. 

All MRI scans were acquired with respiratory gating to minimize respiratory artifact (Small 

Animal Instruments, Inc, Stony Brook, NY). Ambient temperature inside the imaging bore 

was maintained at 30°C via an optical-controlled hot air heating system (Small Animal 

Instruments, Inc, Stony Brook, NY). Animals were anesthetized with sodium pentobarbital 

throughout the imaging session (initial dose 50–75 mg/kg, ip, booster dose 20 mg/kg ip 

every 30 min, begining one hour after the initial dose). Heart rate and respiratory rate were 

continuously monitored during the imaging session.

T2 weighted RARE (rapid acquisition of refocused echoes) was used for the anatomical 

delineation of BAT [19]. Parameters included: Field of view (FOV) of 2.56 cm, slice 

thickness of 1 mm, matrix of 128×128 (in-plane resolution of 0.2 mm by 0.2 mm), 10 slices, 

repetition time (TR) 2000 ms, effective echo time (TE) 37 ms, RARE factor of 8, 4 averages. 

BOLD MRI of BAT was performed with a multi-echo gradient echo sequence with the 

identical FOV and resolution and the following parameters: TR 500 ms, initial TE 2.6 ms, 

total of 8 echoes, echo spacing 1.4 ms, flip angle 45°, averages 1. Sequential imaging was 

performed at 20 consecutive time points scanning a range of approximately 40 min. To 

acutely activate BAT, an intravenous bolus of CL-316,243, a beta3 agonist, (1mg/kg IV 

dissolved in saline) was administered at the 10th time point, resulting in an equal number of 

T2* values at baseline and following β3 adrenergic stimulation.

Blood flow to BAT was estimated using the FAIR approach[27, 28], and measured before 

and after the BOLD protocol. T1 values in BAT were acquired with an ECG-gated Look-

Locker sequence, using slice selective and non-selective adiabatic inversion recovery pulses. 

Single slice images were obtained with 20 degree excitation pulses and 50 segmentations 

with TR 3.73 ms, TE 1.5 ms and a scan repetition time of 3000 ms. The 20° flip angle used 

was based on prior simulations using a transmit surface coil and likely led to some 

perturbation of magnetization recovery with the volume coil used in this study. This could 

have led to an underestimation of T1 in both the control and heart failure mice. T1 values 

from selective and non-selective inversion recovery sequences were fitted from 50 inversion 

delay times (TI) (initial delay of 10 ms and 22 ms increments) using MATLAB (lsqcurvefit).
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Following MRI of BAT, cine MRI of the heart was performed to measure LV volume and 

function. Gradient echo cine images were acquired in the short axis of the left ventricle 

using cardiorespiratory gating (SA Instruments, Stonybrook, NY) as previously described 

[26, 29] with the following settings: FOV 2.5 × 2.5cm2, slice thickness 1mm, matrix, 192 × 

192, flip angle 30°, 20 frames per R-R interval, TE 1.6 ms, 4 averages.

Image Analysis

Image analysis was performed using Osirix (v5.8.5) and Freesurfer (v5.3.0). BAT was 

identified on the T2 weighted RARE images based on its location posterior to the 

interscapular white adipose tissue, its characteristic bi-lobed shape, and signal hypointensity 

relative to white adipose (Figure 1). Regions of interest (ROIs) were manually drawn around 

BAT tissue in each 2D slice and then summed using a Simpson’s approach over the entire 

3D volume.

ROIs delineating BAT were also manually drawn in each slice for the T2* calculation. The 

mean T2* value in each ROI was calculated using a mono-exponential decay model 

available in the Osirix image processing software. At each time point, the T2* values in all 

10 slices were averaged to yield a single T2* value for that time point. The T2* values at 

each time point were then normalized to the baseline T2* value (time point 1), as previously 

described [30, 31]. ROIs were also drawn in an adjacent segment of skeletal muscle and T2* 

was calculated as described above. T1 relaxation curves were derived at a single slice 

location in the center of the BAT tissue using the same ROI that was used for the T2* 

calculation. The difference in T1 (ΔT1) of the BAT tissue between the acquisitions with non-

selective (T1NS) and slice selective (T1SS) inversion pre-pulses was calculated, and used as a 

measure of flow (larger 3T1 = higher flow).

Flow (F) within the tissue was defined [32] as F=(ΔT1*λ)/(T1Blood*T1SS), where λ is the 

blood-tissue partition coefficient. Vessels supplying blood to BAT were not clearly 

identifiable in most of the FAIR images and absolute flow, which requires T1Blood, was thus 

not calculated. No significant differences were seen in T1SS between the control and heart 

failure mice, either pre or post CL-injection. Assuming that no differences in λ and T1Blood 

were present between the control and heart failure mice under a given condition (pre or post 

CL-injection), the relative flow (RF) for that state was given by: RF= (ΔT1Failure)/

(ΔT1Control).

Left ventricular ejection fraction was measured by cine MRI. End diastolic and end systolic 

volumes were calculated by manually tracing the endocardial border of the left ventricle at 

end diastole and end systole in each short axis slice. The volumes in each short axis slice 

were summed using the Simpson’s method. Ejection fraction (EF) was calculated as (end 

diastolic volume – end systolic volume)/end diastolic volume.

Histology and Quantification of UCP1

Mice were euthanized, and their brown adipose tissue was carefully dissected and sectioned 

into 5μm thick paraffin-embedded sections. Staining of the BAT was performed using 

hematoxylin & eosin. UCP1 levels in BAT were quantified by measuring mRNA. The BAT 

was dissected and snap frozen in liquid nitrogen. RNA was extracted using Trizol 
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(Invitrogen, Carlsbad, CA), and cDNA for UCP1 was synthesized using MMLV-RT 

(Promega, Madison, WI). Real-time amplification of transcripts was performed using a 

Mastercycler ep Realplex (Eppendorf, Hamburg, Germany). The relative expression of 

mRNA was normalized to levels of 18S RNA. Primer pairs were used to detect transcripts 

encoding for UCP1 [33].

Statistical Analysis

Unpaired t-tests were used to compare control and heart failure groups. Two-tailed 

probability values are reported and statistical significance is defined as p<0.05. Values are 

reported as mean ± standard deviation (SD). All statistical analyses were performed using 

Prism v6.0 (Graphpad Software Inc. LaJolla, CA).

Results

BAT Volume in Heart Failure

BAT could be easily identified in all mice based on its location, bi-lobed shape and signal 

hypointensity relative to overlying white adipose tissue (Figure 1). Infarct size in the mice 

subjected to coronary ligation varied, reflecting changes in the location of the ligation. A 

representative image of the heart of an infarcted mouse is shown in Figure 1, where the left 

ventricle is dilated with a large aneurysm. BAT volume in mice with an EF >65% was 

65±3mm3 versus 51±1mm3 in mice with an EF <45% (p<0.05, n = 5 in both groups)

BAT Activation in Heart Failure

Heart rate and respiratory rates were continuously monitored during the imaging session and 

were not significantly different between the groups. Baseline BAT T2* in control mice 

averaged 7.2±0.9 ms, which was similar to T2* in skeletal muscle (8.4±1.0 ms). To facilitate 

comparison between the control and heart failure groups, T2* values were normalized in 

each animal to the T2* at the first time point for that animal. Normalized T2* values at each 

time point were then averaged across the group, as previously described [30]. Peak T2* in 

BAT after CL administration (Figure 2, arrow, Figure 3) was 1.2× fold higher than baseline 

in the control animals but did not significantly change in the heart failure animals (p < 0.01). 

In fact, T2* of BAT in mice with heart failure showed little, if any, increase in response to 

CL injection. The increase in control T2* was transient, forming a sharp spike lasting 4–6 

minutes. In both control and heart failure BAT, the steady state T2* value after CL injection 

trended to a lower value than pre-injection.

No significant response to CL injection was seen in the skeletal muscle of either control 

mice or mice with heart failure (Figure 2, Figure 3). The peak-trough difference in BAT T2* 

normalized for baseline T2* was significantly higher in control mice than the mice with 

heart failure (0.26±0.12 vs 0.10±0.06; p<0.05) (Figure 3) but no significant differences in 

normalized peak-trough T2* were seen in skeletal muscle between the groups (Figure 3). 

Analysis of the FAIR data revealed that the relative increase in blood flow in BAT post CL 

injection was 2.1 fold (p < 0.05) greater in control versus heart failure animals (Figure 4). 

Blood flow to BAT prior to CL injection was not significantly different between the groups 

(Figure 4).
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BAT Histology and UCP1 mRNA Content in Heart Failure

Hematoxylin and eosin staining of BAT in control animals showed brown adipocytes 

containing multilocular lipid globules that were markedly decreased in size and number in 

the mice subjected to coronary ligation and heart failure (Figure 5), suggesting an increase in 

lipolysis in these mice. UCP1 mRNA in BAT (normalized to 18S RNA) was 4× higher in the 

heart failure mice (p < 0.05).

Discussion

The impact of heart failure on BAT remains unknown. Here we demonstrate that significant 

anatomical, functional, and molecular differences exist between BAT of healthy mice and 

mice with impaired cardiac function. We demonstrate that post-MI, BAT volume is lower, 

lipid droplet content is lower and BAT UCP1 mRNA is higher. In addition, the flow and 

BOLD responses of BAT to β3 adrenergic stimulation are blunted in heart failure. These 

results suggest that baseline BAT activity is increased in heart failure, but that its functional 

reserve is decreased, and are in accordance with prior in vitro studies suggesting that the 

neuroendocrine signals activated in heart failure could potentially modulate metabolic 

activity in BAT [11, 15, 16, 34]. Future study will be needed to determine whether the 

relationships between serum levels of catecholamines, natriuretic peptides and metrics of 

BAT activation by MRI are linear or non-linear. Further studies will also be needed to 

determine whether the activation of BAT in heart failure is adaptive or maladaptive, but 

recent work suggests that the presence of BAT may protect the heart against injury [12].

One of the major obstacles impeding a fuller understanding of the role of BAT has been the 

inability to noninvasively characterize its anatomy and function. Positron emission 

tomography (PET) of fluordeoxyglucose (18FDG) has been used over the last decade [1, 3, 

35, 36], however, 18FDG is a functional readout of BAT metabolism, and its ability to 

accurately resolve the anatomical dimensions of BAT is limited. In addition, 18FDG relies on 

imaging active BAT and does not account for BAT’s ability to utilize other oxidizable 

substrates, such as free fatty acids and triglycerides. An alternative approach has used 

contrast ultrasound to quantify changes in blood flow to BAT during activation in mice [33, 

37] and in humans [38]. The advantage of this approach lies in its high throughput and wide 

availability; however, ultrasound lacks the tomographic properties and soft tissue contrast 

obtainable with MRI.

Recent work in normal animals has shown that T2 weighted MRI can accurately delineate 

BAT based on its inherent magnetic properties [19, 21]. BOLD MRI has also been shown to 

detect changes in BAT activity following sympathetic stimulation [19]. Here, to the best of 

our knowledge, for the first time, we use functional MRI to characterize the response of BAT 

to impaired cardiac function. Further, while BOLD and FAIR have been used extensively in 

the heart to measure tissue perfusion with endogenous contrast [39–42], they have not 

hitherto been used together to image BAT. Here we use these techniques in combination to 

better characterize the nature of the BOLD response in BAT in mice with heart failure.

The central finding of this study is that BAT structure and function is altered in heart failure. 

This is shown by decreased BAT volume by MRI, a reduction in the size and number of lipid 
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droplets in BAT by histology and increased UCP1 levels in the BAT of mice with impaired 

cardiac function. Moreover, BAT function was altered in animals with heart failure as the 

BOLD response to acute sympathetic stimulation was significantly blunted. It should be 

noted that in the heart failure group, some of the mice remained relatively well compensated 

despite a significant reduction in EF whereas other mice showed overt signs of 

decompensated heart failure such as pleural effusions. Further study will be needed to 

determine whether the properties of BAT differ significantly in those with compensated 

(stage B) and decompensated (stage C) heart failure.

BOLD MRI has been extensively used to study brain activity [43]. Metabolic activation 

leads to increased oxygen extraction and increased production of deoxyhemoglobin, which 

is paramagnetic and decreases T2*. However, the increased production of deoxyhemoglobin 

is offset, and strongly exceeded, by the increase in local blood flow seen during metabolic 

activation [43, 44]. BOLD contrast is thus dominated by the impact of flow, which causes 

T2* to increase during metabolic activation. The blunted functional (T2*) response to CL 

injection seen in BAT of heart failure mice thus represents an inability to increase local 

blood flow. This was confirmed using FAIR, which showed a significantly lower flow 

response in the heart failure mice. This could be due to an inability to augment stroke 

volume or due to the down-regulation of BAT beta-adrenergic receptors in heart failure in 

response to chronically elevated circulating catecholamine levels [45].

The acute stimulation of BAT with noradrenaline has been shown to increase blood flow for 

at least 30 minutes or longer compared to baseline [46]. The FAIR imaging in our study, 

which was performed approximately 20 minutes after CL injection, showed a persistent 

relative increase in blood flow in control BAT compared to heart failure BAT at that time. 

However, the spike in BAT T2* following CL injection was more transient (4–6 minutes) 

and actually settled towards a lower steady state value than pre-injection. This suggests that 

the initial response of BAT to β3 adrenergic is strongly dominated by an increase in flow. 

After a lag period of several minutes, however, the increase in deoxyhemoglobin production 

matches and even exceeds the increase in flow and returns T2* to baseline. This observation 

is consistent with the role of BAT in thermogenesis though its implications to heart failure 

require further study.

At baseline, the absolute T2* values in BAT in the mice with coronary ligation and heart 

failure were lower than controls, but this trend did not reach significance. Likewise, no 

significant difference was seen in baseline flow to BAT between the two groups. This 

suggests that baseline oxygen extraction and deoxyhemoglobin production in BAT were 

higher in the mice with heart failure, although the impact of this effect on baseline T2* did 

not reach significance. T2* values in skeletal muscle directly adjacent to BAT were used in 

this study to control for differences in cardiac output and edema between animals. No 

differences in skeletal muscle T2* were seen between the control and heart failure mice. In 

addition, consistent with prior studies [21], no change in the BOLD signal in skeletal muscle 

was seen in response to CL injection. The observed changes in T2* in BAT were thus 

specific and directly reflected local rather than global changes in flow and oxidative 

metabolism.
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Therefore, we conclude that heart failure results in a decrease in BAT volume and lipid 

droplet size as well as an increase in UCP1 mRNA, all suggestive of increased BAT activity. 

In addition, heart failure is associated with a blunted vascular response to acute BAT 

activation by adrenergic agonists. MRI is able to image BAT volume and the functional 

activity of BAT using BOLD and FAIR. Further information on BAT metabolism could be 

obtained by incorporating spectroscopy of either 31P or hyperpolorized 13C metabolites into 

the acquisition. In addition, integrated MR-PET scanners are now widely available and 

would allow imaging of 18FDG, or other relevant metabolites, to be integrated with the MRI 

readout. MRI is thus likely to play an increasingly important role in the evaluation of BAT 

and the development of strategies to modulate its activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BAT brown adipose tissue

BOLD blood oxygen dependent level

CL CL 316,243

EF left ventricular ejection fraction

18F-FDG 18F-fluorodeoxyglucose

FAIR flow sensitive alternating inversion recovery

FSE fast spin echo

H&E hematoxylin and eosin

IP intraperitoneal

IV intravenous

MI myocardial infarction

MRI magnetic resonance imaging

PET positron emission tomography

ROI region of interest

TR repetition time
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TE echo time

UCP1 uncoupling protein 1
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Figure 1. Impact of Ejection Fraction on BAT Volume
(A) T2 weighted RARE image allowing BAT to be clearly differentiated from surrounding 

WAT and skeletal muscle. (B) Schematic of the tissues shown in panel A: BAT forms a bi-

lobed structure between the more superficial WAT and deeper skeletal muscle. (C) End 

diastolic frame of the heart of a mouse 6 weeks after left coronary artery ligation. The left 

ventricular apex is thin and aneurysmal. BAT volume was significantly lower in animals 

with a low ejection fraction resulting from coronary ligation (D) (*p<0.05). Error bars 

represent SD. EF= Ejection Fraction; BAT = Brown Adipose Tissue ; WAT = White Adipose 

Tissue; RARE = Rapid acquisition of refocused echoes.
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Figure 2. BOLD response of BAT is blunted in heart failure
Normalized T2* in BAT and skeletal muscle in mice with heart failure and aged matched 

control mice. (A, B) T2* map in a control mouse at baseline (A) and after activation with CL 

(B). (C) T2* in the control mice (n=5) increased significantly after CL injection, while in the 

heart failure mice (n=5) this response was significantly blunted. The spike in BAT T2* was 

transient and in both sets of mice T2* trended to a lower steady state value post-CL injection 

than pre-injection. The black arrow marks the injection of 1mg/Kg IV of CL. (D) CL 

injection did not significantly alter T2* in the skeletal muscle adjacent to BAT in either the 

control or heart failure mice. BAT = Brown Adipose Tissue, CL = CL 316,243.
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Figure 3. Metabolic response in BAT differs from skeletal muscle
In BAT, significant differences were seen between control and heart failure mice in (A) 

normalized peak T2* after CL injection and (B) peak to trough T2*. (C, D) In skeletal 

muscle, these parameters did not differ significantly between the control and heart failure 

mice. (* p < 0.05, ** p < 0.01). BAT = Brown Adipose Tissue, CL = CL 316,243.
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Figure 4. 
(A) T1 Recovery curves after slice-selective and non-selective inversion pre-pulses in the 

BAT of a mouse with heart failure. The difference in the two curves reflects relative flow. 

(B) Relative flow (normalized to pre-CL control) in control and heart failure BAT showing 

no difference between the groups prior to CL injection. (C) Relative flow (normalized to 

post-CL control) in control and heart failure BAT showing a significant blunting to the 

increase in relative flow in response to CL injection in heart failure BAT (p < 0.05) BAT = 

Brown Adipose Tissue, CL = CL 316,243.
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Figure 5. Biochemical changes in BAT in heart failure
Hematoxylin and eosin staining of BAT in a control mouse (A) and a mouse with heart 

failure (B). The size of the lipid globules (white areas on the slide) inside the adipocytes is 

decreased in heart failure, suggesting increased lipolysis. (C) A significant increase in UCP1 

mRNA (* p < 0.05) is seen in the BAT of mice with heart failure, suggesting increased BAT 

activity. UCP1= Uncoupling Protein 1; White bar 100μm, BAT = Brown Adipose Tissue.
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