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Abstract

Objective: This study aimed to validate xenon-enhanced computed tomography

(XECT) for the detection of brown adipose tissue (BAT) and to use XECT to assess

differences in BAT distribution and perfusion between lean, obese, and diabetic non-

human primates (NHPs).

Methods: Whole-body XECT imaging was performed in anesthetized rhesus and ver-

vet monkeys during adrenergic stimulation of BAT thermogenesis. In XECT images,

BAT was identified as fat tissue that, during xenon inhalation, underwent significant

radiodensity enhancement compared with subcutaneous fat. To measure BAT blood

flow, BAT radiodensity enhancement was measured over time on the six computed

tomography scans acquired during xenon inhalation. Postmortem immunohistochem-

ical staining was used to confirm imaging findings.

Results: XECT was able to correctly identify all BAT depots that were confirmed at

necropsy, enabling construction of the first comprehensive anatomical map of BAT in

NHPs. A significant decrease in BAT perfusion was found in diabetic animals com-

pared with obese animals and healthy animals, as well as absence of axillary BAT and

significant reduction of supraclavicular BAT in diabetic animals compared with obese

and lean animals.

Conclusions: The use of XECT in NHP models of obesity and diabetes allows the

analysis of the impact of metabolic status on BAT mass and perfusion.

INTRODUCTION

BAT expends energy through nonshivering thermogenesis (NST),

a process in which uncoupling protein 1 (UCP1) short-circuits the

inner mitochondrial membrane [1–4]. UCP1 uncouples the proton

gradient produced by the electron transport chain that is typically

used for the synthesis of ATP, allowing protons to flow down

their gradient while dissipating energy as heat [1–4].

Although NST by BAT may be an attractive mechanism for

increasing energy expenditure to combat excess energy intake as die-

tary calories and resultant obesity, the total mass and precise loca-

tions of BAT in humans are largely unknown. Consequently, the
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contribution of BAT to daily energy expenditure is still a topic of

debate. To assess the effect of BAT on metabolism in patients with

obesity, in whom BAT could be a target for novel antiobesity drugs,

there must be an accurate noninvasive imaging technique to quantify

BAT mass and activity. To date, there remains no proven imaging

method for precise identification of BAT and its activity in vivo in

humans [5–7].

Positron emission tomography with fluorodeoxyglucose

(18F-FDG-PET) is what originally led to the discovery of BAT. While

the method has taught us a great deal about this tissue since then [8],

its reliance on glucose uptake prevents accurate anatomical mapping

of BAT in the general population, especially in subjects with obesity

and diabetes [9, 10]. Indeed, glucose uptake in BAT is influenced by

factors including blood glucose and insulin levels, feeding status, and

cold adaptation and, in general, is not directly associated with heat

production [9, 10]. As a result, a wide range of conclusions about BAT

distribution is inevitable when quantifying this tissue with 18F-FDG

standardized uptake values [11, 12]. Additionally, although 18F-FDG-

PET has suggested that BAT activity is significantly lower in patients

with obesity compared with lean patients [13], the dissociation

between BAT activity and glucose uptake has demonstrated that

these results may not be reliable [9, 10, 14]. Computed tomography

(CT) and magnetic resonance imaging have also been explored as a

method of locating and quantifying BAT [15, 16], but their results

depend on BAT hydration [17]. It has been shown that, unlike in

rodents, human BAT can be difficult to differentiate from white adi-

pose tissue (WAT), as this tissue is not found in large quantities and is

often found interspersed within WAT, especially in subjects with obe-

sity [18, 19].

The nonradioactive and lipophilic gas xenon is a viable CT con-

trast agent for detecting BAT [19]. Because of its high atomic number,

xenon causes efficient attenuation of the x-ray radiation. Thanks to its

radiodensity properties and relatively high solubility in tissues, xenon-

enhanced CT (XECT) has been historically used in humans to quantify

not only lung ventilation but also brain perfusion [20–22]. Tissue

enhancement is directly proportional to the concentration of xenon in

the tissue and measurements of radiodensity enhancement during

xenon inhalation can provide a direct and accurate way to quantify

tissue perfusion [23–25]. In previous XECT studies, a localized

increase in BAT radiodensity was shown in lean and obese mouse

phenotypes as well as in healthy lean nonhuman primates (NHPs) dur-

ing xenon inhalation and following adrenergic stimulation of BAT ther-

mogenesis. The enhancement obtained in BAT was observed to be

independent of BAT’s glucose uptake capacity (measured during the

same imaging session) and significantly greater than that of WAT and

muscle [26]. This specific enhancement in BAT radiodensity during

xenon inhalation was the result of the specific increase in BAT blood

flow that has been widely observed in rodents, NHPs, and humans

during stimulation of NST [27, 28].

In this study, we first used XECT imaging in NHPs followed by

postmortem evaluation of BAT to assess the accuracy of XECT in

identifying BAT depots in vivo. Then we used XECT to examine how

BAT distribution and perfusion compare between healthy lean, obese,

and diabetic NHPs. We investigated the occurrence of BAT in differ-

ent regions of the body and we provide the first comprehensive ana-

tomical map of BAT in NHPs to our knowledge.

The use of NHPs in this study is motivated by their phylogenetic

similarity with humans in terms of adipose distributions and progression

of obesity and metabolic diseases [29]. In contrast to mice, which tend

to have BAT predominantly concentrated in the interscapular region [14,

19, 26], humans and NHPs have very similar anatomical distributions of

BAT, with the main depots located in the supraclavicular and axillary

regions [30, 31]. Rhesus and vervet monkeys, in particular, spontane-

ously develop obesity and diabetes as they age at prevalence rates com-

parable to that of humans [31]. Moreover, in both humans and NHPs,

NST in BAT is activated through the same signaling cascade: the binding

of catecholamines to adrenergic receptors increases intracellular cyclic

AMP, stimulates lipolysis, and consequently upregulates UCP1 in the

mitochondria [31, 32]. Taken together, these similarities suggest that

NHPs are a valuable model for studying BAT and its implication in the

development of obesity and diabetes. Finally, the use of XECT in NHPs

enables us to validate this methodology in a way that cannot be done in

humans for evident practical and ethical reasons.

Study Importance

What is already known?

• Brown adipose tissue (BAT) is a potential target for antio-

besity drugs.

• Xenon is an effective contrast agent for computed

tomography, and it has been used previously to detect

and quantify BAT in rodents and healthy lean nonhuman

primates (NHPs).

What does this study add?

• Significant differences in BAT distribution and perfusion

are observed between lean, obese, and diabetic NHPs.

• The axillary depot is generally less perfused than the

supraclavicular depot, and it is scarce in obese animals

and absent in diabetic animals.

How might these results change the direction of

research?

• Our findings demonstrate XECT’s ability to noninvasively

detect BAT and measure its perfusion in obese and dia-

betic subjects.

• Temporal changes in BAT mass and perfusion as detected

by XECT may be used to understand the relationship

between changes in BAT mass and perfusion and the pro-

gression of metabolic diseases.
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METHODS

Imaging protocol

XECT studies were performed on five male rhesus macaques (Macaca

mulatta) and eleven female vervet monkeys (Chlorocebus aethiops

sabaeus), under propofol anesthesia, on a Somatom Definition Flash

CT scanner (Siemens Healthineers) in single-energy mode (80 kV). The

animals were selected to represent a range of health and obesity

states (Table 1; Supporting Information Table S1). The animals were

first sedated with an injection of 10 mg/kg of ketamine. Anesthesia

was induced with propofol (2 mg/kg intravenous bolus) before orotra-

cheal intubation. Anesthesia was maintained during the entire imaging

session with propofol at a dose of 0.15 mg/kg/min via calibrated

syringe pump and titrated to maintain immobilization and spontane-

ous ventilation. For the CT scans, the intratracheal tube was open to

air, whereas, for all XECT scans, the intratracheal tube was connected

to a closed-circuit xenon rebreathing system (Biodex Medical Sys-

tems, Inc.) containing a gas reservoir with 30% volume xenon in oxy-

gen. During xenon inhalation, the xenon rebreathing system was

connected to an oxygen source to offset oxygen consumption. In rhe-

sus macaques, an initial CT scan was performed followed by the

acquisition of a series of XECT scans. In two of the five subjects, nor-

epinephrine was infused at a rate of 0.4 mg/kg/min during the acqui-

sition of the XECT scans. In all vervet monkeys, an initial CT scan was

performed followed by the initiation of norepinephrine infusion,

which was administered at a dose of 0.4 mg/kg/min and which lasted

until the end of the acquisition of XECT scans, performed every

5 minutes for a total of 25 minutes. Less than a month after the XECT

study, the rhesus macaques were euthanized for reasons unrelated to

this study. BAT depots were identified at necropsy using XECT image

guidance, and tissues were then collected and processed for immuno-

histochemical staining (Supporting Information Figure S1). Tissue col-

lection protocol and images are provided in the online Supporting

Information.

Immunohistochemistry analysis of BAT tissue

Tissues were fixed in 10% neutral buffered formalin for at least 24 hours

prior to storage in 70% ethanol until tissues were paraffin embedded for

histological sectioning. Four-micron sections were made and stained with

hematoxylin and eosin and for UCP1 (Fischer Scientific Cat# PA124894).

Stained slides were scanned at 20� magnification and visualized using

an optical microscope (OlyVIA, Olympus Corp). Positive and negative

controls were established in tissue taken from the axillary region of an

African green monkey at necropsy (Supporting Information Figure S2).

BAT quantification

CT images were analyzed using Horos (Nimble Co., LLC d/b/a Pur-

view) by one investigator blinded to the animals’ metabolic status.

Three-dimensional (3D) contours of BAT were made using the open

software package 3D Slicer [33]. Anatomical landmarks were used to

guide the identification of BAT in the cervical, supraclavicular, axillary,

pericardial, paraspinal, intervertebral, interscapular, and perirenal

regions of the NHPs. BAT was identified as tissue with an initial radio-

density, measured in Hounsfield units (HU), between �150 and 50

that also underwent a radiodensity enhancement during xenon inhala-

tion exceeding that of subcutaneous fat by at least three standard

deviations [SD].

Measurements of BAT blood flow

XECT has been historically used to measure cerebral blood flow

[34–36]. This technique is considered a gold standard for blood flow

measurements and is often used to validate other methodologies.

In order to quantify blood flow in BAT using XECT, radiodensity

enhancement was measured over time on the six CT scans acquired

during xenon inhalation. The time-dependent enhancement seen in

T AB L E 1 Phenotypic data of the NHPs imaged by XECT

Healthy lean Healthy obese Unhealthy obese p value

n 3 3 5 —

Age (y) 16.67 (2.33) 14.00 (0.58) 18.80 (1.46) 0.169

Body weight (kg) 4.58 (0.36) 6.38 (0.18) 6.88 (0.58) 0.035

Waist circumference (cm) 31.50 (2.25) 42.33 (1.86) 42.30 (2.52) 0.029

Fat (% BW) 12.12 (5.68) 27.08 (5.04) 26.38 (1.21) 0.041

Fasting glucose (mg/dL) 80.33 (7.53) 86.00 (7.81) 328.40 (62.25) 0.011

A1c (%) 3.90 (0) 3.97 (0.07) 7.84 (1.05) 0.014

Note: Data given as mean (SE). The animals were classified as lean based on computed tomography assessment of total body fatness as a percentage of

body weight and waist circumference. Prediabetes and type 2 diabetes were defined by American Diabetes Association criteria for fasting glucose and

glycosylated hemoglobin A1c levels. Healthy obese animals were obese but without any evidence of impaired glycemic control.

Abbreviations: A1c, glycosylated hemoglobin A1c; BW, body weight; NHP, nonhuman primate; XECT, xenon-enhanced computed tomography.
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each region of interest was then fitted to the Kety–Schmidt equa-

tion [23]. Parameters used for the model and examples of dynamic

enhancement curves seen in different tissues are provided in Support-

ing Information Figures S3 and S4.

Statistical analysis

All statistical analysis was performed using JMP (version 16.1.0, SAS

Institute, Inc.) software. To compare BAT blood flow, radiodensity

(used here as a proxy for tissue’s hydration) [37], and mass across dif-

ferent metabolic groups in vervet monkeys, significant differences

with p < 0.05 were determined using a Tukey–Kramer honestly signif-

icant difference (HSD) test for multiple comparisons. A matched-pairs

t test was used to assess intrasubject variability of BAT perfusion

between the supraclavicular and axillary regions of vervet monkeys.

RESULTS

XECT detection in rhesus monkeys and histological
validation

In XECT scans, areas of suspected BAT were identified in the supra-

clavicular and axillary regions based on tissue radiodensity enhance-

ment. Significant xenon uptake in BAT relative to WAT, as shown in

Figures 1 and 3, made the tissue stand out on CT images. Immunohis-

tochemical staining of BAT confirmed the presence of UCP1-positive

adipocytes in areas that underwent a significant radiodensity

enhancement following xenon inhalation.

Figures 1 to 4 and Supporting Information Figure S5 show rep-

resentative radiodensity enhancement seen in the supraclavicular,

axillary, and renal hila following xenon inhalation, along with the

corresponding gross images and immunohistochemical sections of

enhanced depots. The healthy lean rhesus presented diffuse BAT in

the supraclavicular and axillary regions (Figure 1) that was con-

firmed through necropsy and immunohistochemistry analysis of the

excised tissue (Figure 2). XECT also showed BAT in the renal hilum

of the same animal that was also visible at necropsy (Figure 1C;

Supporting Information Figure S4A). In Figures 3 and 4, XECT

images show BAT in a prediabetic animal. In XECT scans, this ani-

mal presented a fairly large amount of BAT in the supraclavicular

region but only a very small amount in the axillary region, a finding

confirmed by histology (Figure 4; Supporting Information

Figure S4B).

The lean rhesus macaque showed a mean radiodensity enhance-

ment of 38 (3) HU in the supraclavicular region and 25 (5) HU in the

axillary region. The prediabetic rhesus had a mean radiodensity

enhancement of 18 (4) HU in the supraclavicular region and 11 (4) HU

in the much smaller BAT depots identified in the axillary region.

Our findings in rhesus macaques foreshadow clear patterns that

became much more evident as we studied the larger sample size of

vervet monkeys (BAT is significantly more perfused in healthy NHPs

compared with unhealthy NHPs). In the same animal, BAT was signifi-

cantly more perfused in the supraclavicular region than in the axillary

region, suggesting that axillary BAT may be the first to undergo WAT

conversion as metabolism transitions from healthy to prediabetes.

Anatomical distribution of BAT

When analyzing the entire cohort of vervet monkeys, the most promi-

nent location of BAT was identified in the supraclavicular region. The

supraclavicular fossa is bounded inferiorly by the supraspinatus

muscle, posteriorly by the trapezius, superolaterally by the atlanto-

scapularis anterior, and superomedially by the scalene muscles and

F I GU R E 1 Radiodensity enhancement observed in computed tomography images during xenon inhalation and norepinephrine infusion in the
(A) supraclavicular, (B,D) axillary, and (C) renal hilum regions of a lean healthy rhesus macaque [Color figure can be viewed at
wileyonlinelibrary.com]
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the atlanto-scapularis posterior. The transverse cervical artery is the

most significant vascular structure in this region, originating from the

thyrocervical trunk, a branch of the subclavian artery, and traveling

posteriorly toward the trapezius muscle. In some healthy primates,

BAT was found to be diffuse throughout the entire fat pocket

(Figure 5A). In healthy obese primates, BAT was diffuse around the

transverse cervical artery and its branches but was not as prevalent

throughout the entire region (Figure 5B). In prediabetic and diabetic

subjects, BAT existed in small pockets confined near the transverse

cervical artery and its branches (Figure 5C).

More inferiorly, we identified BAT in the infraclavicular fossa of the

NHPs. This region is posteroinferior to the clavicle and medial to the

coracoid process of the scapula. Here, the thoracoacromial artery

branches from the axillary artery. BAT in the infraclavicular fossa mim-

icked the same patterns as the supraclavicular fossa. In healthy subjects,

BAT was diffuse throughout the entire region or diffuse in proximity to

the vasculature of the region. In unhealthy subjects, BAT was limited to

small pockets adjacent to the thoracoacromial artery and its branches.

The axillary fossa is another region of significant BAT presence. It

is bordered medially by the thoracic wall and the serratus anterior

muscle; anteriorly by the pectoralis major and minor; inferiorly by the

subscapularis, teres major, and latissimus dorsi; and laterally by the

long head of the biceps brachii. The axillary artery runs along the lat-

eral edge of the region. The lateral thoracic artery travels through the

F I GU R E 3 (A) Large areas of radiodensity enhancement observed on CT images during norepinephrine infusion and xenon inhalation in the
supraclavicular region of a prediabetic rhesus macaque. (B,D) Limited axillary radiodensity enhancement was seen on XECT of the same rhesus
macaque, and (C) no enhancement in the renal hilum was observed. CT, computed tomography; XECT, xenon-enhanced computed tomography
[Color figure can be viewed at wileyonlinelibrary.com]

F I GU R E 2 Widespread supraclavicular BAT observed on XECT (Figure 1) visualized during (A) necropsy and (B) confirmed by histology with
UCP1 staining. Large axillary BAT pockets seen on XECT in the same rhesus macaque were confirmed at (C) necropsy and (D) by UCP1 staining.
BAT, brown adipose tissue; UCP1, uncoupling protein 1; XECT, xenon-enhanced computed tomography [Color figure can be viewed at
wileyonlinelibrary.com]
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anterior half of the fat pocket, and the thoracodorsal artery travels

through the posterior half of the fatty pocket. Axillary BAT in healthy

subjects was diffuse around the lateral thoracic and thoracodorsal

arteries or confined to smaller pockets adjacent to these major

arteries (Figure 5D,E). Unlike in the supraclavicular region, BAT was

not as diffuse throughout the entire region. In unhealthy subjects,

BAT existed in very small pockets concentrated around the major

arteries and, in some subjects, almost none was present (Figure 5F).

F I GU R E 5 Representative differences in radiodensity enhancement observed in the supraclavicular region during norepinephrine infusion
and xenon inhalation between (A) healthy lean vervet monkey (NHP 1080), (B) healthy obese vervet monkey (NHP 1299), and (C) diabetic vervet
monkey (NHP 1242). Images on the left were acquired before xenon inhalation. Images on the right were acquired during xenon inhalation.
Representative images showing the difference in radiodensity enhancement observed in the axillary region of (D) healthy lean vervet monkey
(NHP 1080), (E) healthy obese vervet monkey (NHP 1299), and (F) diabetic vervet monkey (NHP 1242) before (left) and during (right) xenon
inhalation. Intensity scale for all figures ranges from �150HU to +150 HU. NHP, nonhuman primate [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 4 Pockets of supraclavicular BAT seen on XECT of a prediabetic rhesus macaque (Figure 3) were visualized during (A) necropsy and
confirmed on (B) histology with UCP1 staining. Limited axillary radiodensity enhancement on XECT of the same rhesus macaque (Figure 3) was
consistent with little BAT observation during (C) necropsy and histology with (D) UCP1 staining. BAT, brown adipose tissue; UCP1, uncoupling
protein 1; XECT, xenon-enhanced computed tomography [Color figure can be viewed at wileyonlinelibrary.com]
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We also identified smaller BAT depots in the cervical, paraverteb-

ral, and pericardial adipose tissue of all vervet monkeys. We found

cervical BAT to lie just superior to the supraclavicular fat and that it

was generally continuous with supraclavicular BAT in healthy animals.

In prediabetic and diabetic vervets, the cervical BAT presented as its

own smaller, discrete depot. Paravertebral BAT was most prevalent

between transverse processes of the thoracic vertebrae, and pericar-

dial BAT was most concentrated in the coronary sulcus. BAT in these

regions was significantly more diffuse in healthy subjects than in

unhealthy subjects (Figure 6).

In most vervet monkeys, we identified small BAT depots in the

perirenal, paraspinal, and interscapular fat. In all animals, except for

one diabetic vervet, we identified BAT in the perirenal adipose tissue,

which was most significant around the renal hilum. In all animals,

except for one diabetic vervet, we identified BAT in the paraspinal fat

pad, and we identified BAT in the interscapular fat of all animals

F I GU R E 6 Three-dimensional segmentation of brown adipose tissue depots identified using xenon-enhanced computed tomography in (A)
healthy lean vervet monkey (NHP 1080), (B) healthy obese vervet monkey (NHP 1299), and (C) diabetic vervet monkey (NHP 1242). NHP,
nonhuman primate [Color figure can be viewed at wileyonlinelibrary.com]
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except for two diabetic animals. However, just as we observed with

all the aforementioned depots, BAT in these regions was more wide-

spread in healthy animals than in unhealthy animals (Figure 6).

XECT was also used to quantify volumes of the cervical, supracla-

vicular, axillary, and renal BAT depots in each of the 11 vervet mon-

keys as well as the percentage of total body fat these depots

comprised (Supporting Information Table S2). Despite the low sample

size and high intragroup variability, we found significantly different

BAT volumes in the cervical depot of healthy lean NHPs compared

with unhealthy obese NHPs, the cervical depot of healthy obese

NHPs compared with unhealthy obese NHPs, and the supraclavicular

depot of healthy obese NHPs compared with unhealthy obese NHPs

(Supporting Information Table S3). The data also showed significantly

different BAT volumes as a percentage of total body fat between all

metabolic groups in the cervical depot and between healthy obese

NHPs and unhealthy obese NHPs in all other depots (Supporting

Information Table S3).

Differences in BAT perfusion between lean, obese,
and diabetic monkeys

Measurements of BAT blood flow in the supraclavicular and axillary

region of 11 vervet monkeys by XECT revealed clear differences

between animals of different metabolic statuses (Figure 7A). BAT

blood flow was significantly greater in healthy lean animals (Flowmean

[SD] of 0.66 [0.32]) than in healthy obese animals (Flowmean [SD] of

0.44 [0.29], p = 0.0160) and unhealthy obese animals (Flowmean

[SD] of 0.17 [0.08], p < 0.0001). BAT blood flow was also significantly

greater in healthy obese animals than unhealthy obese animals

(p = 0.0008).

Interestingly, when looking at the supraclavicular region alone,

there was no significant difference in blood flow between healthy lean

(Flowmean [SD] of 0.86 [0.33]) and healthy obese animals (Flowmean

[SD] of 0.58 [0.35], p = 0.0675). However, we did find significantly

greater flow in the supraclavicular region of healthy lean animals
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compared with unhealthy animals (Flowmean [SD] of 0.19 [0.08],

p < 0.0001) and healthy obese animals compared with unhealthy ani-

mals (p = 0.0024). On the other hand, when looking at just the axillary

region, we found significantly greater flow in healthy lean primates

(Flowmean [SD] of 0.46 [0.14]) compared with healthy obese primates

(Flowmean [SD] of 0.30 [0.12], p = 0.0099) and unhealthy obese pri-

mates (Flowmean [SD] of 0.16 [0.07], p < 0.0001). Additionally, there

was significantly greater BAT blood flow found in healthy obese ani-

mals compared with unhealthy animals (p = 0.015). Together these

results suggest that, as the NHPs’ metabolic health worsens, the BAT

in the axillary region may be the first to undergo significant conver-

sion to WAT. Despite these healthy obese primates having signifi-

cantly less BAT perfusion in the axillary region compared with healthy

lean primates, they did not yet show significantly less BAT perfusion

in the supraclavicular region, even though BAT was notably less per-

fused on average. On the contrary, the healthy obese NHPs had

already lost a significant amount of perfusion in the axillary region

compared with the healthy lean primates. This is consistent with our

3D BAT distribution mapping of the NHPs that show similar supracla-

vicular distribution of BAT between healthy lean NHPs and healthy

obese NHPs but notably less diffuse axillary BAT in the same healthy

lean NHPs compared with the healthy obese NHPs (Figure 6).

In addition, a matched-pairs t test across all subjects demon-

strated significantly greater perfusion in supraclavicular BAT than in

axillary BAT (mean difference � SE of 0.20 � 0.06 s�1, p = 0.0009;

Figure 7B). Despite these differences, no significant differences in

BAT radiodensity (p > 0.05 for all pairs), known to be directly corre-

lated to tissue hydration [37], were found between healthy lean

(HUmean [SD] of �78 [35]), healthy obese (HUmean [SD] of �95 [37]),

and unhealthy obese (HUmean [SD] of �95 [29]; Supporting Informa-

tion Figure S6).

DISCUSSION

Understanding BAT distribution and how it changes with metabolic

disease is essential for the development of therapies that aim at aug-

menting BAT mass and/or function. Here, by using XECT scanning,

we assess differences in BAT distribution and perfusion between lean,

obese, and diabetic NHP animal models. By using XECT, we were able

to identify all BAT pockets within the supraclavicular and axillary

depots despite the sparsity of this tissue in obese and diabetic NHPs.

Although BAT and WAT had similar fat content, the increase in BAT

perfusion during adrenergic stimulation of NST ultimately led to a spe-

cific radiodensity enhancement of BAT during xenon inhalation and to

its detection in CT scans. Histological verification of tissue taken at

necropsy confirmed that enhanced area did correspond to BAT-

positive region.

Our results are consistent with a previous study that examined

BAT enhancement and distribution using XECT [26], and the perfu-

sion results are consistent with previous studies demonstrating

decreased BAT activity in human subjects with obesity and diabetes

[38, 39]. BAT perfusion measurements in this study unequivocally

show that obesity leads to a reduction in both BAT volume and perfu-

sion. Although we only studied one prediabetic NHP, the striking simi-

larity in perfusion between the prediabetic subject and the diabetic

subjects suggests that this decrease takes place before the onset of

diabetes, and the significantly higher perfusion in healthy lean individ-

uals compared with healthy obese individuals indicates that the

decrease in perfusion begins to occur even before an individual

reaches an unhealthy metabolic state.

Differences in tissue perfusion were noted not only between

healthy obese subjects and diabetic subjects, but also between axillary

and supraclavicular BAT. Examining the group of vervets and rhesus

macaques as a whole reinforces our key findings about how supracla-

vicular and axillary BAT distribution changes as these NHPs naturally

develop metabolic disease. We observed that, as the animals display

the range of a healthy to an unhealthy metabolic status, the renal

hilum and the axillary BAT depots are the first to show significant con-

version to WAT, followed by the supraclavicular BAT depot. This is

evident in the two-dimensional and 3D images of the vervet monkeys

(Figure 5), in which the healthy lean animal showed diffuse BAT in the

supraclavicular and axillary regions and the healthy obese animal

showed diffuse BAT in the supraclavicular region but decreased BAT

mass in the axillary region. Although the diabetic vervet in these

images showed limited BAT mass in general, it is still notable that

more supraclavicular BAT mass is present than axillary BAT mass. The

same pattern was observed in the rhesus. The healthy lean rhesus

showed diffuse supraclavicular and axillary BAT on XECT that was

confirmed through necropsy and histology. The prediabetic rhesus,

which has not yet progressed to overt diabetes, still shows large

amounts of supraclavicular BAT mass but shows a sparse distribution

of axillary BAT on XECT that was also evident at necropsy in the gross

and immunohistochemical images. Interestingly, together these find-

ings are consistent with the reduced incidence in axillary BAT

observed in adult humans, again suggesting similar differences in BAT

distribution and perfusion between NHPs and humans.

Interestingly, despite the clear differences in BAT perfusion

among vervet monkeys of varying metabolic statuses, no significant

differences were seen in tissue radiodensity, used here as a proxy for

tissue’s hydration. Indeed, in CT images fat tissue radiodensity is, by

and large, determined by the relative concentration of water and fat

molecules in the tissue. BAT radiodensity, in particular, has already

been used as an indication of tissue hydration [37] and as a way of

measuring changes in tissue hydration following cold exposure [17,

40]. The absence of clear differences in BAT radiodensity between

the three different groups reinforces the notion that BAT presence

and activity cannot be determined based on tissue hydration and fat

content alone (Supporting Information Figures S6-S7) [18, 27, 28].

It is important to note that detection of BAT mass by XECT relies

on two key elements: the high solubility of xenon in fat and the selec-

tive enhancement in blood flow to BAT during stimulation of NST.

The latter, although it can certainly provide a qualitative indication of

the ability of the tissue to sustain the increased oxygen demand dur-

ing thermogenesis, cannot be used as a proxy for thermogenic

activity [41].
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Although XECT is already used clinically for studying lung ven-

tilation and brain perfusion [20–22], it does have limitations. First,

the radiation dose associated with repeated CT scans may prevent

the use of XECT for repeated BAT blood flow measurements in

humans. Second, although the inhalation of 28% xenon is safe,

with minimal risks and side effects that are quickly reversible [42],

at doses greater than 28%, xenon may lead to more frequent

and unwanted side effects, which include respiratory suppression,

hyperventilation, nausea/vomiting, anxiety, hypertension, and

numbness [42].

CONCLUSION

Here, we demonstrated that XECT is an accurate tool to identify BAT

within the much larger WAT depot and to examine its distribution,

morphology, and perfusion. By using XECT, we were able to identify

small BAT pockets within the much larger supraclavicular and axillary

adipose depots of lean, obese, and diabetic NHPs. By using dynamic

XECT scanning, we found BAT perfusion to be independent of its fat

content and, along with its distribution, to be directly correlated to

the metabolic status of the animal. Given the strong similarity

between humans and NHPs, similar differences in BAT distribution

and perfusion may be expected in humans.O
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