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ABSTRACT

Brown adipose tissue (BAT) is increasingly recognized as a metabolically active tissue in humans, although its physiological rel-
evance remains incompletely understood. In rodents, BAT is well characterized, with interscapular BAT (iBAT) representing the
main thermogenic depot. In contrast, the existence and persistence of iBAT in adult humans have long been overlooked. In this
review, we synthesize anatomical, histological, imaging, and molecular evidence supporting the presence of a potentially active
iBAT depot within the dorsocervical subcutaneous adipose tissue in humans. Gene expression and histological studies have con-
clusively identified dorsocervical subcutaneous adipose tissue as iBAT in human neonates. In adults, the persistence of this depot
has been suggested by early histological observations, although definitive molecular confirmation is still lacking. More recent
data from HIV-1-infected individuals report increased expression of BAT-related markers in the dorsocervical region; however,
histological analyses have not consistently confirmed the presence of iBAT in this population. In parallel, two independent cold-
induced '®F-FDG-PET/CT studies have reported elevated glucose uptake in this area, with a higher prevalence in women. Taken
together, these findings suggest that a dorsocervical subcutaneous adipose depot with BAT-like characteristics may persist into
adulthood, particularly in women. Nevertheless, targeted biopsy studies combined with molecular and cellular analyses, together
with advanced PET-CT imaging using tracers capable of assessing thermogenic activity in vivo, are required to clarify whether
this tissue represents classical BAT, a beige adipose depot, or a developmentally retained adipose niche. Defining the identity and
function of this depot would advance current concepts of human adipose tissue heterogeneity.

1 | Introduction expenditure and metabolic regulation by dissipating energy as

heatrather than storing it [1]. This thermogenic capacity has clas-
Brown adipose tissue (BAT) is a specialized thermogenic sically been attributed to uncoupling protein 1 (UCP1)-mediated
fat depot that plays an important role in whole-body energy mitochondrial respiration [2]. However, although thermogenic
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adipocytes were initially defined by UCP1 expression, growing
evidence indicates that additional UCPl-independent mech-
anisms, such as creatine-driven substrate cycling, calcium cy-
cling, and lipid turnover, also contribute to heat production [3].
These thermogenic processes are present in distinct adipocyte
populations, including classical brown adipocytes, which arise
from a myogenic lineage, and beige or brite adipocytes, which
emerge within white adipose tissue (WAT) depots in response
to specific environmental or physiological stimuli [4]. Beige ad-
ipocytes can acquire a brown-like phenotype, highlighting the
marked heterogeneity and plasticity of adipose tissue depots.
Both brown and beige adipocytes are present in adult humans.
However, their relative contribution to whole-body metabolism
and metabolic health remains incompletely understood. In hu-
mans, much of the current knowledge on BAT distribution and
activity derives from imaging-based studies, which have shaped
our understanding of BAT anatomy in adulthood.

Human BAT research field gained significant visibility in 2009,
when three seminal studies were published simultaneously
in The New England Journal of Medicine [5-7]. Using '8F-
fluorodeoxyglucose positron emission tomography-computed
tomography scan (*F-FDG PET-CT) and molecular confirma-
tion, these studies demonstrated that BAT is present and met-
abolically responsive to cold exposure in adult humans. Active
BAT was primarily identified in the supraclavicular and para-
vertebral regions, among other anatomical sites [8]. Notably, in-
terscapular BAT (iBAT) was not reported, indicating that BAT
detection in adults has been largely restricted to depots identi-
fiable by cold-stimulated F-FDG PET-CT scans. To date, iBAT
has been conclusively demonstrated only in human neonates [9].
Because the use of '8F FDG PET-CT scans in individuals under
18years of age is ethically restricted due to radiation exposure,
our understanding of how BAT prevalence and activity evolve
from birth through adolescence remains limited.

Together, these observations raise the possibility that iBAT may
exist in adults but remain underdetected using '*F-FDG PET-CT
scans. Therefore, in this review, we aimed to compile scientific
evidence supporting the existence of a potentially active iBAT
depot within the subcutaneous adipose tissue of the dorsocervi-
cal region in humans.

2 | Interscapular Brown Adipose Tissue in Adults;
Historical Evidence and Unresolved Questions

BAT is present in significant amounts in both embryonic and
adult mice [10]. While the exact quantity and anatomical dis-
tribution of BAT during embryonic development remain in-
completely characterized, studies in adult mice have provided
detailed insights into its localization. The most predominant
BAT depot is situated in the dorsal region, specifically between
the scapulae (iBAT) and the subscapular area (subscapular
BAT). Additionally, rodents exhibit other BAT depots, including
cervical BAT, located deep in the dorsocervical region between
the scapula and the head; mediastinal BAT, surrounding the
aorta within the thoracic cavity; and perirenal BAT, distributed
around the kidneys [10]. Although the relative mass of this tis-
sue is similar in mice and humans (1% of total body volume) [11],
current evidence suggests that its metabolic activation may have

a greater impact on cardiometabolic health in mice than in hu-
mans, indicating marked species-specific differences.

Interestingly, unlike in many mammals, the presence and per-
sistence of iBAT in adult humans remain poorly characterized.
Although it is widely assumed that iBAT is present at birth and
gradually declines with age, this notion lacks strong empiri-
cal validation. While studies using F-FDG PET-CT imaging
have demonstrated age-related reductions in BAT activity [12],
most data are derived from middle-aged adults due to ethical
constraints on studies in children. As a result, the developmen-
tal trajectory of iBAT from infancy through early adulthood
remains unclear. In 1972, Juliet M. Heaton from the Trinity
College of Dublin published an important study, some of whose
findings were overlooked [13]. She was inspired by different
studies performed on corpses of newborns where they described
that: “an interscapular mass lies in a thin diamond-shaped sheet
between the shoulder blades [14-16], known as iBAT”. Inspired
by those studies, she investigated how the presence of BAT var-
ies from infancy to late adult life in healthy individuals who
had died suddenly. She collected adipose tissue samples from 18
different body regions in 52 individuals aged 0 to 80years and
grouped the data by decade (e.g., 0-10years, 10-20years, and
so on). She observed that the prevalence of supraclavicular BAT
showed little to no decline with age, a finding that contrasts with
data from 8F-FDG PET-CT studies, which consistently demon-
strate an age-related decrease in this depot [6] (see Figure 1).
This discrepancy may be partly explained by the dependence
of 18F-FDG-derived BAT detection on insulin sensitivity, which
is known to decline with age [17]. In contrast, iBAT tissue was
consistently observed in the dorsocervical region throughout
the first three decades of life (i.e., 0-10, 10-20, and 20-30years).
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FIGURE 1 | Prevalence distribution of brown adipose tissue (BAT)
depots based on the data from 52 corpses at different ages. The data
was calculated and extracted from Heaton's 1972 study [13]. The yellow
vertical box indicates the adult age range in which we hypothesize met-
abolically active interscapular BAT (iBAT) may be present. Heaton ob-
tained adipose tissue samples from multiple anatomical regions. In this
figure, we highlight the interscapular region, clavicular-axillary areas,
neck vessels, neck muscles, kidneys, and suprarenal regions to provide
a representative overview of the sampling sites included in her study.
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Notably, the prevalence of human iBAT declined sharply after
the third decade. Importantly, Heaton also performed histo-
logical analyses of the iBAT. Adipose tissue samples were col-
lected bilaterally, fixed in formol saline, paraffin-embedded,
and stained with hematoxylin and eosin, with multiple tissue
levels analyzed to ensure representative sampling. iBAT in ad-
olescents and young adults was characterized by adipocytes
exhibiting moderate to high lipid content, with a morphology
spanning multilocular and unilocular phenotypes. In summary,
she reported that iBAT was present in 60% of the corpses she
examined from adults aged 20 to 30years, indicating that iBAT
is present in the early stages of adulthood (Figure 1). However,
a major limitation of this study is that BAT identification relied
on subjective grading of adipocyte multilocularity, a feature that
alone is insufficient to define BAT, underscoring the need for
cautious interpretation of these findings. Notably, UCP1 could
not be assessed, as UCP1 was identified several years after the
study was conducted [18]. Collectively, these observations sup-
port the possibility that iBAT may persist in the dorsocervical
region into early adulthood, but she did not provide evidence for
a meaningful thermogenic or metabolic contribution in healthy
adults.

Despite the anatomical and histological evidence provided by
Heaton [13] and other colleagues [14-16], subsequent studies
in adults have largely failed to directly confirm the presence
of metabolically active iBAT using F-FDG PET-CT imaging,
largely because most studies have been conducted in middle-
aged males or in patients with at least one cardiometabolic con-
dition. However, it was not until 2013 that Lidell et al. confirmed
that UCP1 expression in iBAT obtained from the dorsocervical
area of newborn corpses was comparable to UCP1 expression
in BAT from the supraclavicular region of healthy adults [9].
Additionally, the gene expression of ZICI and TBX1I was higher
in iBAT than in supraclavicular BAT in adults. In rodents, ZICI
is a key marker used to distinguish iBAT from other BAT depots
[19], and this appears to be the case in newborns as well. Using
magnetic resonance imaging (MRI), the authors also identi-
fied iBAT as a thin, diamond-shaped mass located between the
shoulder blades. Histological analyses further confirmed that
neonatal iBAT tissue was composed predominantly of brown
adipocytes. However, molecular evidence confirming the pres-
ence of metabolically active iBAT in the dorsocervical region of
adults remains lacking.

Interestingly, certain pathological conditions, such as HIV-1-
infected individuals, have been linked to abnormal adipose
tissue distribution, including the accumulation of adipose tis-
sue in the dorsocervical region. Individuals with HIV-1 infec-
tion are commonly treated with highly active antiretroviral
therapy (HAART), which has significantly improved both life
expectancy and quality of life [20]. However, this treatment is
associated with numerous adverse effects, including HAART-
associated lipodystrophy syndrome (HALS). A hallmark of
HALS is abnormal adipose tissue distribution, with patients fre-
quently exhibiting subcutaneous lipoatrophy in the face, arms,
and buttocks. Less commonly, HAART-treated individuals de-
velop lipomatous alterations, the most prevalent being dorso-
cervical subcutaneous adipose tissue accumulation, commonly
referred to as a “buffalo hump”. In this context, Cereijo et al. con-
ducted subcutaneous adipose tissue biopsies in HIV-1-infected

patients, comparing lipomas from the dorsocervical region (i.e.,
buffalo hump) with lipomas from other anatomical locations
requiring surgical removal (e.g., two pubic, two submaxillary,
one arm, and three abdominal) in eight HAART-treated pa-
tients [21]. Additionally, they analyzed subcutaneous adipose
tissue samples from 10 age-matched healthy controls, obtained
during minor dermatological procedures, from anatomical sites
comparable to those in the lipomatous samples (i.e., abdominal
and dorsocervical areas). Their findings revealed that subcuta-
neous adipose tissue from the dorsocervical area, where iBAT
is located, exhibited significantly higher expression of ZICI,
UCPI, and PGCla, classical BAT markers, as compared to both
healthy controls and lipomas from other anatomical regions.
These results suggest that the buffalo hump observed in HIV-1-
infected patients may be enriched in brown adipocyte-like cells.
However, it is important to note that UCP1 expression does not
necessarily indicate active thermogenesis, as the two can be dis-
sociated; therefore, the thermogenic activity of the dorsocervical
“buffalo hump” adipose tissue should be confirmed using ad-
vanced functional imaging techniques [22, 23]. Thus, it is likely
that a specific alteration in this adipocyte subtype, induced by
HIV-1 infection and/or antiretroviral therapy, contributes to the
pathophysiology of buffalo hump lipomatosis. In contrast, ZIC1
and UCP1 expression were not detected in subcutaneous adipose
tissue from the dorsocervical region of the healthy control group
(mean age 57.4+3.6years). This absence supports the hypoth-
esis that metabolically active iBAT is largely restricted to early
adulthood and is consistent with Heaton's findings, which re-
ported a 0% prevalence of iBAT in individuals aged 50-80years
(Figure 1) [13].

In addition to these observations, other studies in pathological
contexts have provided complementary, sometimes contrast-
ing, evidence regarding the biological nature of dorsocervical
adipose tissue. A case report described that facial fat hyper-
trophy can occur after autologous transplantation using tissue
harvested from a “buffalo hump”, and that the transplanted fat
retained a partial BAT-like molecular signature [24]. Consistent
with the possibility of altered thermogenic-related pathways in
this depot, increased deiodinase 2 (DIO2) expression has been
reported in dorsocervical fat from patients with HIV-associated
lipohypertrophy, although prior assessments using UCP1 ex-
pression and thermoneutral '®F-FDG PET-CT scans have been
inconclusive regarding BAT activity [25]. Importantly, BAT-like
molecular or histological features in enlarged cervical depots
are not exclusive to HIV-related conditions; patients with Lamin
A/C (LMNA) mutations display enlarged cervical adipose tis-
sue characterized by non-inflammatory fibrosis and a BAT-like
dystrophy [26]. Conversely, in antiretroviral therapy—associated
lipodystrophy, dorsocervical adipose tissue exhibits negligible
UCP1 mRNA expression, and histological analyses do not sup-
port the presence of BAT compared with abdominal subcutane-
ous adipose tissue [27]. Taken together, the available evidence
suggests that dorsocervical adipose tissue accumulation in these
pathological settings may involve heterogeneous adipocyte phe-
notypes and remodeling processes, with variable expression of
thermogenic markers depending on disease context, sampling,
and tissue characteristics. Overall, evidence from developmen-
tal studies, molecular profiling, and pathological conditions
converges on the dorsocervical region as a site with latent brown
adipocyte potential. Whether this reflects the persistence of
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iBAT in healthy young adults, and what its physiological func-
tion may be, remain open and important questions.

3 | Cold-Induced Glucose Uptake in the
Dorsocervical Region: Is Interscapular Brown
Adipose Tissue Present?

In 2013, the NUTRIM research group published a narrative re-
view discussing energy dissipation in BAT [28]. In the caption
of one figure, they presented a rare example of what they called
“IBAT in a lean adult human” as described by the authors. This
conclusion was made since a rare glucose uptake by a fat depot
in the scapular area was observed in a cold-induced *F-FDG-
PET-CT scan. In 2018, a Finnish group led by Kirsi Virtanen
reported that postprandial conditions increased oxygen con-
sumption and blood flow in posterior subcutaneous white ad-
ipose tissue at the neck, whereas cold exposure did not induce
significant changes in a cohort predominantly composed of
women (75%; n=12; age: 35.4+11.3years; BMI: 27.3+3.9kg/
m?). As this anatomical area may be susceptible to imaging arti-
facts due to tissue compression, the investigators also evaluated
subcutaneous adipose tissue at the arm level; however, both ox-
ygen consumption and blood flow were markedly lower in arm
subcutaneous adipose tissue compared with posterior subcuta-
neous adipose tissue at the neck level. Tissue perfusion and ox-
idative metabolism were assessed by measuring blood flow and
oxygen consumption using ['*O]H,O and [**0]O, PET tracers,
respectively. These findings indicate that thermogenic activ-
ity may differ across subcutaneous adipose tissue depots [29].
Subsequently, in 2017, we conducted a randomized controlled
trial including 145 healthy young adults, in which cold-exposed
I8F-FDG PET-CT scans were performed before and after 24 weeks
of an exercise intervention [30]. In the baseline 3F-FDG PET-CT
scans, we quantified supraclavicular BAT volume and activity
in 133 healthy adults (age: 22 +2years old; BMIL: 25+ 5kg/m?)
[30]. Unexpectedly, during the quantification of classical BAT
depots, we identified high 3F-FDG uptake in the subcutaneous
adipose tissue of the dorsocervical area in adults. We found that
in 23 out of these 133 participants (17%), an increased glucose
uptake in the dorsocervical area meets the 8F-FDG PET-CT
scan criteria to be considered BAT [31]. Following this, we char-
acterized these 23 individuals and found that they were slightly
younger (21 % 2years old vs. 22+ 2years old, p=0.091) and had
a lower BMI (23.2+3.9kg/m? vs. 25.3 +4.8kg/m?, p=0.043) in
comparison to the group of 107 individuals who did not exhibit
increased glucose uptake in this area. Notably, most individuals
showing increased glucose uptake in the dorsocervical region
were women (96%; 22 out of 23 individuals) [32]. We also found
that cold-induced 8F-FDG uptake in the dorsocervical region
was higher in individuals living with overweight without car-
diometabolic complications (MHOO phenotype) compared with
individuals living with overweight or obesity with cardiometa-
bolic complications (MUOO phenotype) [33]. To further explore
this observation, we exposed another subset of participants to
cold using our personalized cooling protocol and observed that
dorsocervical and supraclavicular skin temperatures did not de-
crease in response to the cold stimulus [32]. Interestingly, the
warm area over the dorsocervical region displayed a diamond-
shaped pattern, resembling the iBAT distribution described by
Heaton in adults [13] and Lidell in neonates [9].

After publishing our finding [32], the National Institute of
Diabetes and Digestive and Kidney Diseases published a similar
study confirming our observations [34]. In that study, BAT ac-
tivity was assessed in young adults using cold-induced 8F-FDG
PET-CT scans, and glucose uptake in the dorsocervical region
was likewise reported, occurring more frequently in women
than in men (6 of 12 women vs. 1 of 12 men). Although both
studies were conducted in relatively young cohorts, several dif-
ferences merit consideration. In the study by Martinez-Tellez
et al. [32] dorsocervical uptake was predominantly observed in
very young adults (mean age approximately 21years), whereas
in the cohort examined by Fletcher et al., women exhibiting dor-
socervical uptake were older on average (mean age 27.8years).
Despite differences in sample size, age distribution, and study
design, both investigations report convergent patterns consis-
tent with a higher prevalence of dorsocervical BAT-like glucose
uptake in women. Collectively, these findings suggest that dors-
ocervical BAT-like activity may be detectable in adult humans,
particularly in women, while underscoring the need for further
studies to clarify the anatomical identity, cellular composition,
and physiological relevance of this depot.

One possible explanation for the higher glucose uptake observed
in the dorsocervical region of young individuals, compared to
other adipose tissue depots, is the susceptibility of this area to
imaging artifacts. These artifacts may arise from factors such as
body compression against the scanning bed and partial volume
effects. To test this hypothesis, we analyzed whole-body '8F-
FDG PET-CT scans acquired in the Leiden University Medical
Center (the Netherlands) [35] after a personalized cold exposure.
In a cohort of nine males, we defined regions of interest (ROIs)
in the subcutaneous adipose tissue of the dorsocervical region
and the gluteal region. In both cases, the ROIs were placed on
subcutaneous adipose tissue that was in direct contact with
the scanning bed. Our analysis revealed that the standardized
uptake value peak (SUVpeak) was 0.92+0.12 in the dorsocer-
vical region and 0.32+0.04 in the gluteal region, indicating a
2.9-fold higher glucose uptake in the dorsocervical area (see
Figure 2). Based on these observations, we cautiously hypoth-
esized that body pressure exerted on the subcutaneous adipose
tissue during cold-induced ®F-FDG PET-CT scanning may not
fully explain the observed differences in glucose uptake, as
the subcutaneous depots assessed are subjected to comparable
pressure against the scanning bed. Nevertheless, these obser-
vations should be interpreted with caution, and further studies
are required in which participants are positioned in the prone
position, lying with the abdomen against the scanning bed after
cold exposure, to more directly assess whether body positioning
influences glucose uptake in these regions.

4 | The Use of Single-Cell Omics for
Understanding the Composition of iBAT

In 1987, Kellman et al. [36] conducted a detailed study analyz-
ing the tissue composition of the supraclavicular fossa in human
corpses. They found that this area contains the subclavian ves-
sels, the brachial plexus, the omohyoid and scalene muscles,
BAT [37], and, to a lesser extent, lymph nodes and the posterior
lung apex [36]. They described the supraclavicular fossae as a
highly heterogeneous region composed of various tissues with
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FIGURE 2 | Cold-induced ®F-FDG uptake (Standardized uptake value peak (SUVpeak)) in the gluteal region and dorsocervical region, where
body weight exerted pressure against the scanning bed, in the same nine male individuals. Panel A shows a human body on a PET-CT scan, high-

lighting the areas where the regions of interest were drawn. Panel B shows the F-FDG uptake in subcutaneous adipose tissue (SAT) at the gluteal

and dorsocervical areas from the same participants. The P-value was obtained from one-way analyses of variance obtained using SPSS. AT, Adipose

tissue; SAT, Subcutaneous adipose tissue.

extensive vascularization. As a result, obtaining human BAT
biopsies from this area is particularly challenging. Nonetheless,
some research groups have successfully obtained BAT biopsies
from both patients and healthy adults. The most commonly used
procedure involves performing a cold-induced '*F-FDG PET-CT
scan, followed by a surgical radioguided technique to obtain
supraclavicular BAT [38]. However, this technique is highly
invasive for participants, potentially risky [39], and poses sig-
nificant challenges for researchers to optimize across different
institutions. As a result, most human BAT biopsies collected
so far in the field come from patients with a suspected type of
cancer in the neck region or thyroid surgeries. This naturally bi-
ases BAT sample collection, as these patients are typically older
adults (aged 50-65years) and may have cancer, which could in-
fluence adipose tissue function [40]. Therefore, if the molecular
presence of iBAT can be confirmed in adults, this could open
the opportunity to perform subcutaneous BAT biopsies, which
could substantially advance our understanding of the role of this
tissue in metabolism.

Recent advances in single-cell omics technologies, such as
single-cell and single-nucleus RNA sequencing (scRNA-seq and
snRNA-seq), spatial transcriptomics, and spatial proteomics/
metabolomics, have significantly deepened our understanding
of adipose tissue heterogeneity, cellular function, and intercel-
lular communication [41]. Among these, snRNA-seq has proven
particularly valuable for profiling gene expression at the level
of individual nuclei, especially in complex tissues like adipose
tissue. Using snRNA-seq, seven subpopulations of adipocytes in
the subcutaneous adipose tissue over the neck and eight subpop-
ulations of adipocytes in the deep neck adipose tissue in differ-
ent participants have been identified [42, 43]. More detailed, in
the deep neck adipose tissue, they were able to characterize a
subpopulation termed H-Ad-3 adipocytes, which might repre-
sent a subpopulation of catabolic adipocytes that utilize chem-
ical energy to dissipate heat in human adipose tissue. Based on
this, they performed RNA-seq on subcutaneous adipose tissue
from 1099 participants/patients and found that the abundance
of H-Ad-3 adipocytes was inversely correlated with human met-
abolic health parameters (age, % hemoglobin Alc [%HbAlIc],
BMI, fasting blood glucose, triglycerides, leptin, and weight).

Additionally, in a sub-cohort (n=15), they found that the abun-
dance of H-Ad-3 adipocytes was positively correlated with cold-
induced thermogenesis [42]. While this association suggests
that H-Ad-3 adipocytes may be linked to thermogenic capacity,
the implications for metabolic health remain unclear. As these
findings are based on correlational analyses and do not establish
causality, further targeted physiological and mechanistic studies
are required to determine whether this adipocyte subpopulation
plays a functional role in thermogenesis or metabolic regulation.

To better understand the role of adipocyte subpopulations in met-
abolic health, the authors also analyzed the cellular composition
of visceral adipose tissue (VAT) and subcutaneous adipose tis-
sue in 77 individuals with either a metabolically healthy obesity
(MHO) or metabolically unhealthy obesity (MUO) phenotype
[44]. Their analyses revealed marked differences in VAT adi-
pocyte composition between MHO and MUO individuals, with
widespread alterations across multiple cell populations, whereas
subcutaneous adipose tissue composition remained largely un-
changed. Notably, MHO individuals exhibited a higher propor-
tion of mesothelial cells in VAT and a greater fraction of visceral
adipocytes, suggesting preserved adipocyte hyperplasia. These
observations are relevant in the context of thermogenic adipose
tissue biology, as both VAT and BAT are highly vascularized
and innervated depots whose metabolic activity is strongly in-
fluenced by cellular composition, immune cell recruitment,
and adipocyte turnover. Consistent with this concept, we ob-
served that metabolically healthy overweight-obesity (MHOO)
individuals displayed higher cold-induced glucose uptake in
BAT and the dorsocervical region, greater meal-induced and
cold-induced thermogenesis, and lower VAT mass compared
with MUOO individuals [33]. Together, these findings suggest
that a metabolically healthy phenotype may be associated with
shared features across adipose depots, including preserved ad-
ipocyte plasticity and a supportive cellular microenvironment,
rather than depot-specific effects alone. In addition, the identi-
fication of a female-specific population of highly secretory, anti-
adipogenic progenitor cells in VAT further supports the notion
that sex-specific cellular programs may contribute to coordi-
nated regulation of adipose tissue function across depots [44].
Collectively, these data raise the hypothesis that dorsocervical
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adipose tissue, similar to VAT, may harbor a distinct cellular and
immune landscape that supports enhanced metabolic activity,
although direct evidence for this link remains to be established.

The studies described above demonstrated that adipose tissue
within the same anatomical region can exhibit distinct adipo-
cyte composition depending on whether it is located subcuta-
neously, viscerally, or intramuscularly. However, it remains
unclear whether adipocyte subpopulations differ between BAT
and WAT in humans. To investigate this, Palani et al. [45] ap-
plied snRNA-seq to various adipose tissue depots after differ-
entiation, including VAT (collected during gallbladder surgery;
n=23), perirenal adipose tissue (obtained during nephrectomys;
n=3), abdominal subcutaneous adipose tissue (sampled using
the Bergstrém needle biopsy; n=4), and supraclavicular BAT

Neonates

(collected during surgery in patients with suspected neck can-
cer; n=4). Although all the samples were obtained from differ-
ent individuals (mean: 48.2years old, range 29-62years old),
introducing inter-individual variability, the study revealed that
two distinct cell types arise from a common progenitor at the
onset of differentiation in human BAT and WAT: a classical
adipogenic cell type and an alternative cell type characterized
by the expression of extracellular matrix-secreted and develop-
mental genes, which they termed Wnt-regulated adipose tissue-
resident (SWAT) cells. These findings suggest a dynamic balance
between these two cell fates, each playing complementary roles
in adipose tissue architecture and function in humans.

Importantly, similar paradigm shifts have occurred in other
tissues. In skeletal muscle, single-cell approaches have shown
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FIGURE3 | Evidence supporting the presence of interscapular brown adipose tissue (iBAT) in humans across the lifespan. Histological, molecu-
lar, and imaging evidence for iBAT is summarized across different populations. Lidell et al. [9] provided direct histological, molecular, and imaging
evidence for the presence of iBAT in neonates. Heaton reported histological identification of iBAT in young adults [13]. In adults, Martinez-Tellez
et al. [32] and Fletcher et al. [34] demonstrated higher glucose uptake in the dorsocervical area using cold-induced ®F-FDG PET-CT imaging. In
people living with HIV-1, Sevastianova et al. [27] were unable to histologically detect iBAT in the dorsocervical region, whereas Cereijo et al. [21].
reported molecular evidence based on the expression of UCP1 (data not shown in this figure) and ZIC1, a gene enriched in iBAT. Overall, future
studies using advanced tracers to assess thermogenic activity in vivo (e.g., ['*O]H,0 or ['30]0,) are warranted. The colors in the histology figure from
Heaton were added using Al, since the original image was in black and white.

60f 9 Acta Physiologica, 2026

85U8017 SUOWWOD A1) 8|l jdde ay) Ag peusenob a1e sooile VO ‘8sN JO S8|nJ o} Akeiq1T8uljuO A8]IA UO (SUOTIPUCO-PUE-SWBIW0D A8 | 1M AJeiq 1 Bu [UO//:Sdny) SUORIPUOD pue swie 1 8y} 89S *[920z/y0/ET] uo AriqiTauliuo Aeim ‘mun L jo AiseAln Aq 06T0. eude/TTTT OT/I0p/w0o Ao |IM AreIqpuljuo//Sdiy Wolj pepeojumod v ‘9202 ‘9T.T8YLT



that the traditional classification into type I and type II fibers is
overly simplistic, revealing instead a spectrum of fiber subtypes
defined by myosin heavy chain expression [46]. By analogy, BAT
may likewise encompass a range of adipocyte states that cannot
be fully captured by binary BAT versus WAT classifications. In
this context, it is plausible that the dorsocervical region in hu-
mans harbors a heterogeneous adipocyte population, potentially
enriched in beige-like cells. This hypothesis is supported by
developmental evidence indicating that this region is predomi-
nantly BAT during childhood, along with observations suggest-
ing its persistence into early adulthood or reactivation under
certain pathological conditions. Together, these considerations
highlight the importance of systematically investigating the cel-
lular composition of dorsocervical adipose tissue to determine
whether it represents a classical brown, beige, or mixed adipose
depot in adult humans.

5 | Future Directions

Future studies should focus on defining the cellular identity and
functional relevance of dorsocervical subcutaneous adipose tis-
sue in humans. Although imaging studies suggest BAT-like activ-
ity in this region, '®F-FDG PET-CT scans alone cannot determine
adipocyte phenotype or physiological function. Improved imag-
ing protocols, including cold-induced *F-FDG PET-CT scans
performed with participants in the prone position, may help ex-
clude confounding effects of body pressure and better character-
ize regional glucose uptake. Additionally, future studies should
incorporate PET techniques that enable direct quantification
of thermogenic activity in vivo, such as those using °0,, 'C-
acetate, or HZO tracers. Direct tissue interrogation will be essen-
tial. Targeted biopsies of dorsocervical adipose tissue, analyzed
alongside supraclavicular BAT and abdominal WAT, are needed
to determine whether this depot contains classical BAT, beige
adipocytes, or a mixed population. Initial studies may focus on
young women, but validation across sexes, age groups, and met-
abolic phenotypes is required. Single-cell and spatial omics ap-
proaches will be critical for resolving the molecular composition
of this depot, identifying relevant adipocyte and non-adipocyte
cell populations, and determining how different interventions
modify adipocyte cell populations. These analyses should be
complemented by functional assays, including (-adrenergic
stimulation, lipolysis, mitochondrial respiration, and substrate
utilization, to assess whether dorsocervical adipose tissue exhib-
its intrinsic BAT-like activity. Intervention studies involving cold
exposure, exercise, or pharmacological stimulation may clarify
whether this depot retains an enhanced browning capacity, con-
sistent with its BAT identity during early life. In parallel, in vitro
studies comparing the secretory profile of dorsocervical adipose
tissue with supraclavicular BAT may reveal endocrine or para-
crine functions independent of thermogenesis.

6 | Conclusions

In conclusion, subcutaneous adipose tissue in the dorsocervical
region has been conclusively identified as iBAT in human neo-
nates through gene expression analyses and histological charac-
terization. In adults, the presence of iBAT tissue was postulated
by Heaton [13] based on histological observations, although

definitive molecular confirmation remains lacking. Evidence
from HIV-1-infected individuals indicates increased expression
of BAT-associated markers in the dorsocervical region; however,
histological analyses have not consistently confirmed the presence
of iBAT in this population (see Figure 3). In addition, two indepen-
dent studies using cold-induced ¥F-FDG PET-CT imaging have
reported elevated glucose uptake in the dorsocervical area, with
a higher prevalence observed in women. However, targeted stud-
ies combining advanced imaging approaches with tissue biopsies
are required to determine whether dorsocervical adipose tissue in
adults exhibits a brown or beige adipose tissue-like molecular sig-
nature and whether it is thermogenically active.
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