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Abstract
Objectives Neck adipose tissue (NAT) volume increases with general adiposity, with fat accumulating in different neck
tissue compartments. In patients with certain malignant/benign tumours, the accumulation of NAT, and certain NAT
distributions, have been associated with cardiometabolic risk (CMR). However, it is unknown whether the same relation-
ships exist in healthy people, and whether NAT accumulation and distribution are related to the inflammatory status.
Methods In this cross-sectional study, 139 young healthy adults (68% women) underwent a computed tomography scan to
quantify the volume of compartmental (i.e., subcutaneous, intermuscular and perivertebral) and total NAT at the height of
vertebra C5. Anthropometric indicators were measured, and body composition determined using dual energy X-ray
absorptiometry. Information on CMR factors (i.e., blood glycaemic and lipid markers, blood pressure and physical fitness)
was also gathered, and a CMR score calculated. Several plasma cytokines and serum components of the innate immune
system were measured to determine the inflammatory status.
Results Compartmental and total NAT volumes were directly related to body mass index (BMI), and lean, fat, and visceral
adipose tissue (VAT) masses (all, P ≤ 0.05). Larger compartmental (especially intermuscular) and total NAT volumes were
directly associated with the CMR score, several CMR factors (i.e., glycaemic and lipid markers and blood pressure), and the
C3, C4 and leptin concentrations. They were, however, inversely correlated with the CMR factors high density lipoprotein-
cholesterol (HDL-C) and physical fitness, and with the adiponectin concentration (all P ≤ 0.05). Several of these associations
remained statistically significant (P ≤ 0.05) after adjustment for BMI, body fat percentage or VAT mass. Overall, results did
not change after applying false discovery rate correction.
Conclusions NAT volume and its distribution among different tissue compartments is associated with the CMR and
inflammatory profile of young healthy adults. Total NAT volume appears to be as valuable as VAT mass in terms of
predicting CMR and inflammatory status.

Introduction

Obesity is a disorder of the energy homoeostasis system; in
simple terms it is the result of energy intake being sustained
above energy expenditure. Obesity is partly characterized
by the limited expandability and dysfunction of adipocytes,
an increased cardiometabolic risk (CMR), and a low-grade
chronic pro-inflammatory status [1–3].

Traditional measures of obesity include the body mass
index (BMI) and waist circumference [4] – factors with a
bearing on cardiometabolic disease [5]. Several studies
have proposed that fat accumulation in the neck (mea-
sured as neck circumference [NC]) provides an indicator
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of upper body fatness, being NC associated with obesity
and cardiovascular risk independent of BMI and visceral
adipose tissue (VAT) mass [6, 7]. Accordingly, experi-
mental evidence has shown that the splanchnic adipose
tissue (including visceral fat) accounts for only a small
percentage of systemic free fatty acid release during post
absorptive and postprandial states, while non-splanchnic
upper body adipose tissue contribute >50%, rendering it
the largest contributor of all [8, 9]. All the evidence
gathered to date supports the idea that non-splanchnic
upper body fat, and particularly the NAT, might, at least
partially, explain the obesity-related CMR not covered by
the VAT [10–12].

Torriani et al. [10] showed that NAT increases with
increasing adiposity, but that it follows a different pattern
of accumulation across the neck subcutaneous, inter-
muscular and perivertebral compartments – a pattern that
also differs between the sexes. Furthermore, they showed
that the accumulation of NAT among these compartments
correlated differently with CMR factors and the pre-
valence of metabolic syndrome. Similarly, Rosenquist
et al. [11] observed that upper body subcutaneous fat,
estimated by multidetector computed tomography ima-
ging, was positively related to CMR factors and other
measures of adiposity. Recently, Tal et al. [13] observed
that a larger NAT volume relative to height, was directly
associated with long-term mortality, independent of age
and sex, as well as with the presence of type 2 diabetes
mellitus. Current evidence would therefore seem to indi-
cate that fat accumulation in the neck might play a role in
the development of cardiometabolic abnormalities, or at
least, that it could be a potential marker of CMR [10]. It
should be noted, however, that all the above-mentioned
studies involved cohorts of middle-aged (55–62 years old)
patients who were retrospectively assessed for clinical
purposes (i.e., malignant/benign tumours, suspected car-
diovascular accidents, or vascular calcification) and
included no estimate of physical fitness (a major CMR
factor) [14]. It therefore remains to be seen whether these
findings apply to young, healthy, sedentary adults, or
whether a larger compartmental or total NAT accumula-
tion are related to other CMR factors.

It is well known that inflammatory activity appears early
in adipose tissue expansion, and exists during chronic obe-
sity [15–17]. This can lead to maladaptive responses such as
fibrosis, hypoxia and necrosis (among others) in adipose
tissue, and negatively influence metabolic homoeostasis
[18]. For instance, local changes in VAT deposits induced
by adipocyte expansion are related to a low-grade systemic
inflammation status characterized by elevated concentrations
of circulating pro-inflammatory markers [17, 19–21]. Whe-
ther specific NAT compartments are associated with a more
inflammatory profile is unknown. The aim of the present

work was, therefore, to examine the relationship between
compartmental/total NAT and overall/central adiposity,
CMR, and inflammatory markers in young, healthy, seden-
tary adults.

Materials and methods

Study subjects and ethics statement

A total of 139 young, healthy adults (95 women), all
belonging to the ACTIBATE study population (Clin-
icalTrials.gov, ID: NCT02365129) [22], took part in this
cross-sectional study. All subjects had to be age 18–25
years old, have a sedentary lifestyle (i.e., undertaking
<20 min moderate-vigorous physical activity <3 days/week
at baseline), to be a non-smoker, take no medication, have
had a stable body weight over the last 3 months (changes
<3 kg), to have no cardiometabolic disease (e.g., hyperten-
sion or diabetes), and to have no first-degree relative history
of cancer. The study was approved by the University of
Granada Ethics Committee on Human Research (n° 924)
and by that of the Servicio Andaluz de Salud. All work was
performed in accordance with the Declaration of Helsinki
(2013 revision); all subjects gave their written informed
consent to be included. All assessments were made in
Granada (Spain).

Procedures

18F-FDG-PET/CT assays

All subjects underwent a 18F-fluordeoxyglucose positron
emission tomography combined with computed tomo-
graphy (18F-FDG-PET/CT), and the CT scan was used to
quantify NAT volume and distribution (these analyses were
completed over eight dates distributed between October and
December of 2015 and 2016, i.e., four per year, with one
test per subject). The subjects all confirmed they had met
the requirements of: (i) arriving in a fasting state (at least
6 h), (ii) having slept as usual, (iii) having refrained from
any moderate or vigorous physical activity (within 24 and
48 h respectively), (iv) having not consumed any alcoholic
or stimulant beverages in the previous 6 h or taken any
drugs that might affect the peripheral circulation in the last
24 h. The subjects were then invited to dress in standardized
clothing and to void their bladders.

Since the original aim of the ACTIBATE study [22] was
to detect the volume and activity of brown adipose tissue
(BAT), participants were submitted to a personalized
cooling protocol prior to the 18F-FDG-PET/CT scan in
order to stimulate BAT metabolic activity, as previously
explained [23]. After 60 min of following this personalized
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cooling protocol, a bolus of 18F-FDG (180.6 ± 5.8 MBq
≈2.9 MBq/kg). was injected. One hour later, the subjects
underwent PET/CT using a Siemens Biograph 16 PET/CT
scanner (Siemens, Erlangen, Germany). After lying down
on a flat table (supine position), with a thin pillow below
their heads to make them feel more comfortable, a low dose
CT scan (120 kV) was performed for attenuation correction
and anatomic localization. Immediately thereafter, one static
acquisition of 2 PET bed positions (6 min each) was per-
formed from the atlas vertebra to the mid chest region.

Neck measurements

Quantification of neck adipose tissue As indicated above,
for the main study purpose, only the CT component of the
PET/CT was used. The CT scans were analysed using the
Beth Israel plugin for FIJI software http://sourceforge.net/
projects/bifijiplugins/ by the same researcher (JMPG). To
determine the NAT volume and the distribution of fat across
the different NAT compartments, several regions of interest
(ROIs) were outlined at the level of C5 – the height at which
NC measurement is usually performed (i.e., the level of
laryngeal prominence [10])-, using a 3D-axial technique.
NAT volumes were calculated for the chosen ROIs by
determining the number of pixels within the radiodensity
range of −300 to −10 Hounsfield Units (HU). An extended
description of how the ROIs were drawn and analysed for
each NAT specific compartment can be found in the Sup-
porting Information (Appendix 1). Briefly, the three main
NAT compartments were defined as:

i. subcutaneous NAT: adipose tissue in the posterior
neck, between the skin and deep cervical fascia (see
Fig. 1).

ii. intermuscular NAT: adipose tissue between the
sternocleidomastoid, levator scapulae, semiespinalis
and trapezius muscles, separated from the subcuta-
neous fat by the deep cervical fascia. No overlapping
was allowed between the subcutaneous NAT and this
compartment (see Fig. 1).

iii. perivertebral NAT: adipose tissue interspersed
between the muscles surrounding vertebrae C5 (see
Fig. 1).

In addition, using a 3-D sagittal view, another ROI was
outlined at the height of C5 to determine the total NAT (i.e.,
with no compartmental differentiation) and lean tissue
volume [24]. This ROI was drawn parallel to the body’s
sagittal axis, and included the entire neck length and width
from the upper to the lower part of vertebra C5. Pixels were
deemed to represent NAT when they fell within the same
radiodensity range, while those within the range of −9 to
150 HU range were deemed to represent lean tissue

(including skeletal muscle tissue, blood vessels and certain
internal organs) [24].

Neck circumference NC was measured using an inexten-
sible metallic tape over the thyroid cartilage, perpendicular
to the longitudinal axis of the neck [25]. During this mea-
surement subjects were in an anatomical position, standing
or sitting with the head in the Frankfort plane and the
shoulders relaxed.

Anthropometry and body composition

Subject weight and height were respectively measured using
a model 769 calibrated digital scale and a portable model
213 stadiometer, both from SECA (Hamburg, Germany).
BMI was determined as body weight (kg)/height squared
(m2). On the same day, subjects underwent dual energy

Fig. 1 Neck adipose tissue (NAT) accumulation based on the
subject’s nutritional status. This figure shows the NAT compart-
ments (i.e., subcutaneous, intermuscular and perivertebral) in a typical
normal-weight, overweight and obese subject.
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x-ray absorptiometry using a Discovery Wi device (Holo-
gic, Bedford, MA, USA) to determine fat mass, lean mass,
and VAT mass. We additionally determined the lean and fat
mass and percentage of the trunk and appendicular regions
(i.e., arms and legs) for secondary analyses, given the fact
that appendicular body composition represents a stronger
predictor for physical fitness than whole body lean mass, in
diseases such as heart failure [26].

Cardiometabolic and inflammatory profile

CMR and inflammation markers were normally assessed
within 3 weeks of the 18F-FDG-PET/CT assessment. Sub-
jects came to our centre for the extraction of blood samples,
and were asked to confirm having met the requirements of:
(i) arriving in a fasting state (10–14 h), (ii) having slept as
usual, (iii) having refrained from any kind of physical
activity in the same morning when the blood extractions
were performed (i.e., they had to come by means of
motorized transport), (iv) having refrained from any mod-
erate or vigorous physical activity (within 24 and 48 h
respectively), and (v) having not consumed any stimulant
beverage.

Glycaemic, lipids markers and HOMA index Serum glu-
cose, total cholesterol, high density lipoprotein-cholesterol
(HDL-C) and triglycerides were assessed following standard
methods using an AU5832 automated analyzer (Beckman
Coulter Inc., Brea CA, USA). Low density lipoprotein-
cholesterol (LDL-C) was estimated as: [total cholesterol –
HDL-C – (triglycerides/5)] (all in mg/dL) [27]. Serum
insulin was measured using the Access Ultrasensitive Insulin
Chemiluminescent Immunoassay Kit (Beckman Coulter
Inc., Brea CA, USA). The homoeostasis model assessment
of insulin resistance (HOMA) index was calculated as
(insulin [µU/mL] × glucose [mmol/L]/22.5) [28].

Systolic and diastolic blood pressure An Omron M6 upper
arm blood pressure monitor (Omron Healthcare Europe B.
V. Hoofddorp, The Netherlands) was used to determine the
systolic and diastolic blood pressure, with subjects seated
and relaxed. Measurements were taken at three time points,
and the mean determined for use in later analyses.

Physical fitness: muscular strength Handgrip strength was
determined using an adjustable grip TKK 5101 Grip - D
hand dynamometer (Takei, Tokyo Japan). Subjects were
asked to squeeze gradually and continuously for a few
seconds, and were encouraged to do their best when per-
forming the tests. All tests were performed using the opti-
mal grip-span [29]. Each subject performed two attempts
with each hand, with the arm fully extended and
maintaining the trunk erect. The maximum score for each

hand was recorded in kilograms and the mean score of the
left and right hand used in analyses. Muscular strength
relative to body weight and lean body mass was also
calculated.

Physical fitness: cardiorespiratory fitness Subjects’ max-
imum oxygen consumption (VO2max) was determined via a
maximum exercise test using a Pulsar treadmill (H/P/Cos-
mos Sport & Medical GMBH, Nußdorf, Germany), based
on the modified Balke protocol [30]. O2 consumption and
CO2 production were measured by indirect calorimetry
using a CPX Ultima CardiO2 cart (Medical Graphics Corp,
St Paul, USA) and a Model 7400 oronasal mask (Hans
Rudolph Inc., Kansas City, MO, USA) equipped with a
Prevent™ metabolic flow sensor (Medgraphics Corp., St.
Paul, MN, USA). The criteria for achieving VO2 max were: a
respiratory exchange ratio of ≥1.1, a plateau in VO2 (change
of <100 mL/min in the last three consecutive 60 s stages),
and a heart rate within 10 beats/min of the age-predicted
maximum (208–0.7 × age) (Pallarés & Morán-Navarro,
2012). When no plateau in VO2 was reached, VO2 peak was
obtained, and taken to represent cardiorespiratory fitness.
The latter variable was also recorded relative to body weight
and lean body mass.

Cardiometabolic risk score A CMR score based on vari-
ables included in the diagnostic of Metabolic Syndrome
[31] was computed, including the subject’s waist cir-
cumference, blood pressure, plasma glucose, and HDL-C
and triglyceride concentrations. Each variable was stan-
dardized as follows: standardized value= (value−mean)/
standard deviation. The HDL-C standardized values were
multiplied by −1 to represent increasing values as directly
proportional to the risk score. The final score was deter-
mined as the sum of the five standardized scores divided
by five.

Pro and anti-inflammatory markers C-reactive protein,
C3, C4, and β-microglobulin 2 concentrations were mea-
sured by immunoturbidimetric assay, employing the same
AU5832 automated analyser as above. Interleukin (IL)-2,
IL-4, IL-6, IL-7, IL-8, IL-10, IL-17a, interferon gamma
(IFNɣ) and tumor necrosis factor alpha (TNF-α) were
determined using a MILLIPLEX MAP Human High Sen-
sitivity Cytokine Panel from the Luminex Corporation
(Missouri, USA; Catalogue # HSCYTMAG-28SK). Leptin
and adiponectin concentrations were measured using the
MILLIPLEX MAG Human Adipokine Magnetic Bead
Panel 2 (Catalogue # HADK2MAG-61K) and the MILLI-
PLEX MAP Human Adipokine Magnetic Bead Panel 1
(Catalogue # HADK1MAG-61K) respectively, both from
the Luminex Corporation. Intra-assay CVs can be found in
the Supporting Information [32].
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Statistical analyses

Descriptive statistics for continuous and categorical variables
were recorded for all subjects. All variables related to NAT,
and the cardiometabolic (except muscular and cardior-
espiratory fitness) and the inflammatory profile, were square
root-transformed for correlational analyses to render their
distributions closer to normal. All the analyses were per-
formed separately for women and men given their important
metabolic, phenotypic and NAT distribution differences, and
given the influence of the interactions sex x body composi-
tion/CMR/inflammatory profile on NAT variables. The
Kruskal–Wallis test was used to compare neck measurements
across BMI categories. Pearson correlations were calculated
to examine the relationship of compartmental and total NAT
volume with NC, and to examine the relationship between
neck measurements and body composition variables. Pearson
correlation analysis was also conducted to examine the
associations of neck measurements and VAT mass with
CMR and the inflammatory profile. Adjustments for multiple
comparisons were performed with the Benjamini-Hochberg
procedure (False Discovery Rate-FDR- correction), to control
the overall type I error rate [33]. This procedure was applied
for the main analyses. Zou’s confidence intervals [34] were
obtained to compare the correlation coefficients of over-
lapping dependent significant correlations (as a preferred
method to significance testing) using the web interface of the
cocor package for R language (available at http://compa
ringcorrelations.org) [35]. All the other statistical analyses
were performed using SPSS software version 21.0 (SPSS,
Chicago, IL, USA). Significance was set at P < 0.05.

Results

In the present study, we initially included a total of 139 par-
ticipants (see Flow Chart, Fig. S1) [32], all of whom under-
went a 18F-FDG-PET/CT scan in order to measure and
quantify adipose tissue in the upper body region. Nevertheless,
after checking and analysing all CT scans to measure and
quantify NAT, several participants were excluded for each
specific analysis (see Supporting Information for detailed
information) [32]. The sample size varies for the different
variables (e.g., NAT measures, body composition, cardiome-
tabolic or inflammatory parameters). Therefore, in order to
make the maximum use of the data, we performed the analyses
with all valid data on the specified measures. The main char-
acteristics of the whole study cohort are presented in Table S1.

NAT volume and distribution with increasing BMI

Figure 2 shows the pattern of NAT accumulation across
BMI groups stratified as normal-weight, overweight and

obese. The volumes of the subcutaneous, intermuscular and
perivertebral and total NAT were larger in obese women
and men compared to normal-weight women and men (all
P ≤ 0.05; Fig. 2a–d respectively). The same pattern was seen
for overweight women and men with respect to sub-
cutaneous, intermuscular and total NAT (all P ≤ 0.05, a, b
and d, respectively), but not for the perivertebral NAT (P >
0.05, c). Unlike the NAT, neck lean tissue volume did not
vary across BMI categories (P > 0.05, Fig. S2). Further-
more, women who were overweight and obese, and men
who were obese, returned larger NC values than their
normal-weight counterparts (all P ≤ 0.05, Fig. 2e).

Associations of NAT volume and its distribution with
anthropometric and body compositions parameters

The volume of subcutaneous, intermuscular, perivertebral
and total NAT was directly associated with NC in both
women and men (all P ≤ 0.002, Fig. S3), although these
correlations were weaker in women than in men (r=
0.43–0.61 vs. 0.70–0.83, respectively).

The different compartmental and total NAT volumes
were also directly associated with BMI, lean mass, fat mass,
and VAT mass, in both sexes (all P ≤ 0.05, Fig. 3). The
intermuscular and total NAT volumes showed the strongest
correlations with BMI, fat mass and VAT mass, with r >
0.69 in women, and >0.8 in men. The NC also showed
direct relationships with the same variables. These results
remained similar when fat mass was substituted by per-
centage fat mas, although the strength of some associations
was slightly less strong (see Fig. S4). Neck lean tissue
volume was only associated with overall lean mass in
women (P ≤ 0.001, Table S2). Table S3 shows the rela-
tionship of compartmental and total NAT with trunk and
appendicular lean mass, and fat mass and percentage.

Association of NAT volume and its distribution with
cardiometabolic risk and inflammatory profile

Larger NAT accumulations were associated with higher
CMR scores in both women and men. The compartmental
and (especially) total NAT volumes, and the NC, were
directly associated with glycaemic and lipid markers and
blood pressure (all CMR factors), and inversely with HDL-
C and some physical fitness components (all P ≤ 0.05, see
Table 1). These associations appeared to be stronger in the
men than in the women. Total NAT volume and VAT mass
seemed to be equally related to the CMR score (for both
associations r= 0.6 and 0.8 for women and men, respec-
tively). To statistically compare whether the correlation
coefficients of the latter associations (and others) were
similar, Zou’s confidence intervals were determined. All
correlation coefficients of total NAT volume and VAT mass

Neck adipose tissue accumulation is associated with higher overall and central adiposity, a higher. . .
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with the CMR profile were found to be similar (data not
shown) – except for the associations with high-density
lipoprotein cholesterol and cardiorespiratory fitness relative
to weight in men. Linear regressions showed that total NAT
volume was deemed to explain 4.8 to 37.6%, and 11.9 to
66.2% of the variance for the significantly associated CMR
variables in women and men, respectively (see Table 1,
Supporting Information – Appendix 2). The highest
explained variance was for the CMR score – being 37.6% in
women, and 66.2% in men. Of note, when a stepwise linear
regression was performed introducing total NAT volume
and VAT mass as independent variables and the CMR score
as the dependent variable, in men, VAT mass was excluded
from the model, remaining only total NAT volume (the
opposite was observed for women, data not shown).

Table 2 shows that, in women, the compartmental and
total NAT volumes were directly associated with the con-
centrations of C3 and C4 (except for the perivertebral
NAT), and leptin, and inversely associated with the adipo-
nectin concentration (all P ≤ 0.01). In men, the compart-
mental and total NAT volumes were directly associated
with the C3 and leptin concentrations (both P ≤ 0.001), and
inversely associated with that of adiponectin (P ≤ 0.05,
except the perivertebral NAT). Perivertebral NAT was the
only NAT compartment volume associated with the C4

concentration (P ≤ 0.01). The NC was directly associated
with the C4 and leptin concentrations in both women and
men (all P ≤ 0.01). It is noteworthy that, overall, sub-
cutaneous, intermuscular and total NAT volumes, and VAT
mass, appeared to be similarly associated with the C3 (r=
0.41–0.50 in women, r= 0.59–0.74 in men), C4 (r=
0.32–0.39 in women), adiponectin (r=−0.24 to −0.31 in
women; r=−0.43 to −0.56 in men) and leptin con-
centrations (r= 0.38–0.59 in women, r= 0.57–0.69 in
men). Posterior analysis applying Zou’s confidence interval
confirmed that the correlation coefficients of the associa-
tions between total NAT volume and inflammatory profile
vs. the associations between VAT mass and inflammatory
profile, were similar (data not shown). Linear regressions
showed that total NAT volume was deemed to explain 14 to
33%, and 36 to 46% of the variance for the significantly
associated inflammatory-profile variables in women and
men, respectively (see Table 2, Supporting Information –

Appendix 2). In both sex, total NAT volume explained the
largest explained variance for leptin.

After adjusting for multiple comparisons, most results
related to the main analyses (Tables 1 and 2, and Fig. 2),
remained similar. Of note, some of these relationships (for
instance that of intermuscular and total NAT volume with
the CMR score) remained significant (P ≤ 0.05) in women

Fig. 2 Mean (and standard
deviation) neck measurements
with respect to BMI
categories. The Kruskal–Wallis
test was used to compare the
compartmental (a–c) and total
NAT volumes (d), and neck
circumference (e), across BMI
categories. NAT variables were
square root-transformed before
statistical analysis to render their
distribution closer to normal.
*P ≤ 0.05, **P ≤ 0.01, ***P ≤
0.001. Note that subjects who
were underweight were pooled
with the normal-weight subject.
NAT neck adipose tissue.
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or/and men, independently of BMI, body fat percentage and
VAT mass (see Table 1, Supporting Information –

Appendix 3 for a detailed analysis) [32]. Furthermore, we
found that when examining the relationship with cardio-
metabolic markers, total NAT volume and VAT mass out-
performed BMI and other body composition parameters in
most associations in men (see Table 2, Supporting Infor-
mation – Appendix 3) [32]. Similarly, intermuscular and
total NAT volumes, and neck circumference generally were
more strongly associated with glycaemic and lipid markers
than BMI and body composition parameters in women.
Regarding the relationship with inflammatory markers in
men (see Table 3, Supporting Information – Appendix 3)
[32], intermuscular and total NAT volumes did not out-
perform BMI and body composition parameters. However,
in women, intermuscular and total NAT volumes appeared
to be more strongly associated with C-reactive protein,
several components of the natural immune system and
adiponectin than the rest of anthropometric and body
composition parameters.

Sensitivity analyses are provided in the Supporting
Information [32]. Coefficients of variation (CVs) of NAT
measures (indicating the consistency of our data), and
Bland-Altman plots comparing inter-evaluator estimate

differences in NAT assessment, are also provided in the
Supporting Information [32].

Discussion

The present results show NAT accumulation to be greater in
those subjects with higher adiposity values, and that the
compartmental and total NAT volumes are associated with
overall and central adiposity. The compartmental (espe-
cially intermuscular) and total NAT volumes were also
directly associated with CMR and inflammatory status.
Several of these associations remained statistically sig-
nificant independently of BMI, body fat percentage and
VAT mass, such as is the case for the relationship between
total NAT volume and the CMR score. These findings
suggest that total NAT volume might be as valuable as VAT
mass in terms of predicting CMR and inflammatory status,
and that NC might be a useful clinical variable for esti-
mating CMR, especially in men.

Torriani et al. [10] recently reported that the NAT
increases with increasing adiposity, and that it seems to
follow different accumulation patterns across the sub-
cutaneous, intermuscular and perivertebral compartments,

Fig. 3 Association between neck measurements and body compo-
sition in both sexes. Pearson correlation coefficients, P values and
sample sizes are provided for both women and men. NAT variables
were square root-transformed before analysis to render their

distribution closer to normal. After applying False Discovery Rate
(FDR, Benjamini-Hochberg) correction, all associations remained
statistically significant (P ≤ 0.05). BMI Body mass index, NAT Neck
adipose tissue, VAT Visceral adipose tissue.

Neck adipose tissue accumulation is associated with higher overall and central adiposity, a higher. . .
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with each differently related to CMR, in patients with
successfully treated malignant/benign tumours. The present
results are in line with these findings, although the peri-
vertebral NAT seemed to be less affected by increasing
adiposity. Indeed, the compartmental NAT volumes were
similarly related to total and central body composition
variables, but the perivertebral NAT volume returned the
weakest associations. Also in agreement with the above
authors, the intermuscular and total NAT volumes showed
the strongest association with the CMR factors examined,
and total NAT seemed to be as predictive as VAT mass with
respect to overall CMR. Interestingly, potential differences
between the sexes were seen in the relationship between the
NAT variables and body composition and CMR, which
were stronger in men. It is known that women are more
likely to accumulate fat in the lower body (i.e., the glu-
teofemoral zone) than are men, who tend to accumulate
more visceral fat [36], and that this body fat distribution is
differently related to CMR [37]. Thus, it might be specu-
lated that NAT accumulation is also different in women and
men and might also be differently related to CMR. Torriani
et al. [10] previously showed that women were more likely
to accumulate neck fat in the subcutaneous NAT compart-
ment, and men in the intermuscular and perivertebral NAT
compartments. This finding, together with the present
results, reinforces the hypothesis that NAT accumulation in
specific compartments is gender-dependent, and that it
might be differently related to CMR (more so in men).
However, this might be partially driven by the fact that men
had a higher average BMI in the present cohort. Together,
these findings underline the relationship between NAT
accumulation and cardiometabolic disease, and shed some
light on traditionally non-explored adipose fat deposits that
might provide therapeutic targets.

To better understand the pathophysiology of NAT (and
its specific distribution), studies are required that examine
whether NAT accumulation is related to the low grade pro-
inflammatory status commonly associated with obesity [38].
The present work therefore examined whether the com-
partmental and total NAT volumes were associated with the
systemic anti- and pro-inflammatory factors previously
shown to be associated with VAT [21]. Overall, the present
results show the intermuscular and total NAT volumes and
the VAT mass to be similarly related, in terms of direction
and strength, to the C3, C4, adiponectin and leptin con-
centrations. The lack of studies in this area precludes
comparisons being made, although some [39, 40] have
compared inflammation signalling in gluteal and abdominal
subcutaneous white adipose tissue, and report the expres-
sion of inflammatory or cytokine genes in the former region
in persons with obesity comorbidities (e.g., hyperlipidaemia
and insulin resistance) to be considerably weaker than that
seen in the latter. This suggests that the accumulation of fat

– including the NAT – across specific adipose tissue
deposits, might contribute differently to the low-grade
chronic pro-inflammatory state. This idea warrants further
research. It also arises the possibility that the intermuscular
and total NAT volume may be valuable markers for VAT
mass in studies where CT of the neck region is available,
but not CT or DXA for body VAT composition.

From a clinical point of view, the volumetric quantifi-
cation of NAT might not be viable given the high cost,
technical difficulties and exposure to radiation involved in
CT imaging. However, the NC showed correlation coeffi-
cients with CMR factors (Table 1) similar to those of the
compartmental and total NAT volumes. In addition, the NC
showed strong and moderate-to-strong associations with the
NAT volumes in both men and women. These findings are
in line with those of large cohort studies showing NC to be
directly associated with a large battery of CMR markers
[7, 41, 42], and moderately associated with upper body
subcutaneous fat volume [38]. Although NC did not show
such a strong relationship with systemic inflammatory
markers as did the intermuscular and total NAT volumes, it
would seem to be a good marker of CMR in young, healthy,
sedentary adults, and might provide a practical screening
tool for determining the latter.

These results should be interpreted with caution. They
may not be generalizable to people with excess upper body
fat due to the difficulties of accurately outlining the ROIs for
distinguishing specific NAT compartments. A multidetector-
based analysis of a neck area beyond that studied in the
present work, as described elsewhere [11], may help better
characterize the NAT. Furthermore, since a thin pillow was
placed below the head, which was therefore slightly
inclined, ROIs for estimating the NAT volumes could only
be drawn for the posterior part of the neck around the level
of C5. In addition, the subjects underwent a personalized
cold exposure prior to their PET/CT scan, which might have
had a very small effect (cold exposure only induces a mean
change of only ~3 HU) [43] on the radiodensity readings,
leading to a small number of voxels that should have been
classified as NAT. Of note, CMR and inflammation para-
meters were normally assessed within 3 weeks of the 18F-
FDG-PET/CT assessment. Further work should examine the
molecular signatures of the neck region to try to reveal the
underlying mechanisms (e.g., lipid metabolism and regula-
tion) by which NAT accumulation contributes to a higher
CMR and a more pro-inflammatory status.

In conclusion, an increase in NAT volume is associated
with a higher CMR and a more pro-inflammatory state in
young, healthy, sedentary adults. Some of the relationships
of NAT measures with CMR and inflammatory markers
were independent of BMI, body fat percentage and/or VAT
mass. Our findings suggest that total NAT volume might be
as valuable as VAT mass in terms of predicting CMR and
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inflammatory status, and suggest that NC might be a useful
clinical variable for estimating CMR, especially in men.
Further research is warranted to understand the mechanisms
giving rise to these associations.
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