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Detecting human coronary inflammation by imaging

perivascular fat

Copyright © 2017
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim

Alexios S. Antonopoulos,'* Fabio Sanna,’* Nikant Sabharwal,> Sheena Thomas,’

Evangelos K. Oikonomou,’ Laura Herdman,' Marios Margaritis,"> Cheerag Shirodaria,>
Anna-Maria Kampoli,’ loannis Akoumianakis,” Mario Petrou,* Rana Sayeed,*

George Krasopoulos,” Constantinos Psarros," Patricia Ciccone,’ Carl M. Brophy,' Janet Digby,’
Andrew Kelion,> Raman Uberoi,® Suzan Anthony,® Nikolaos Alexopoulos,® Dimitris Tousoulis,®
Stephan Achenbach,” Stefan Neubauer,"® Keith M. Channon,"*® Charalambos Antoniades’>3"

Early detection of vascular inflammation would allow deployment of targeted strategies for the prevention or
treatment of multiple disease states. Because vascular inflammation is not detectable with commonly used imaging
modalities, we hypothesized that phenotypic changes in perivascular adipose tissue (PVAT) induced by vascular
inflammation could be quantified using a new computerized tomography (CT) angiography methodology. We show
that inflamed human vessels release cytokines that prevent lipid accumulation in PVAT-derived preadipocytes in vitro,
ex vivo, and in vivo. We developed a three-dimensional PVAT analysis method and studied CT images of human ad-
ipose tissue explants from 453 patients undergoing cardiac surgery, relating the ex vivo images with in vivo CT scan
information on the biology of the explants. We developed an imaging metric, the CT fat attenuation index (FAl), that
describes adipocyte lipid content and size. The FAI has excellent sensitivity and specificity for detecting tissue inflam-
mation as assessed by tissue uptake of 18F-fluorodeoxyglucose in positron emission tomography. In a validation co-
hort of 273 subjects, the FAI gradient around human coronary arteries identified early subclinical coronary artery
disease in vivo, as well as detected dynamic changes of PVAT in response to variations of vascular inflammation,
and inflamed, vulnerable atherosclerotic plaques during acute coronary syndromes. Our study revealed that human
vessels exert paracrine effects on the surrounding PVAT, affecting local intracellular lipid accumulation in preadipo-
cytes, which can be monitored using a CT imaging approach. This methodology can be implemented in clinical practice
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to noninvasively detect plaque instability in the human coronary vasculature.

INTRODUCTION

Inflammation is a key feature in atherogenesis (1), and modalities
that can accurately detect vascular inflammation would enable better
cardiovascular risk stratification and implementation of appropriate
preventive strategies. Inflammation also characterizes vulnerable ather-
osclerotic plaques, the rupture of which leads to major cardiovascular
events such as acute coronary syndromes and ischemic strokes (I).
Noninvasive detection of vascular inflammation has been hailed as
the “holy grail” in cardiovascular medicine, because it would allow
identification of patients at high risk for future cardiovascular events
and initiation of appropriate risk reduction strategies. Current tools to
assess vascular inflammation that rely on systemic plasma biomarkers
(high-sensitivity C-reactive protein and proinflammatory cytokines)
are not directly related to the process of atherogenesis, do not identify
vulnerable atherosclerotic plaques, and provide very poor associations
with local vascular biological processes (2, 3). Moreover, existing in-
vasive (intravascular ultrasound and optical coherence tomography)
and noninvasive [computerized tomography angiography (CTA) or 18F-
fluorodeoxyglucose (IBFFDG)—positron emission tomography (PET)]
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imaging tools cannot provide reliable information on vascular inflam-
mation in human coronary arteries (4). Coronary calcium scoring
(CCS) is the only established noninvasive imaging biomarker with
predictive value in primary prevention (5), but it describes nonreversible
structural changes of the vascular wall, and it is not altered by interven-
tions that reduce cardiovascular risk such as statins. An imaging bio-
marker that could overcome these limitations and noninvasively
detect vascular inflammation would be invaluable in clinical research,
risk stratification of coronary artery disease (CAD), and identification
of patients at high risk of future cardiovascular events (6).

Adipose tissue releases a wide range of bioactive molecules that
exert endocrine and paracrine effects on the vascular wall (7), and we
have recently shown that the communication between adipose tissue
and the vascular wall is bidirectional (3, 8). The biological properties
of adipose tissue are largely driven by the degree of differentiation of
small, immature preadipocytes to large, well-differentiated adipocytes
rich in intracellular lipid droplets (9). The differentiation of immature
preadipocytes is promoted by PPAR-y activation, but this mechanism is
suppressed by exogenous inflammation (10). Currently, there is no
established noninvasive method to monitor adipocyte lipid content in
human adipose tissue, although the correlation between adipocyte size
and the balance between the lipid and aqueous phases of adipose tissue
(11) may lend itself to detection by imaging modalities such as CT.
Hence, information about composition of tissues could provide indirect
information on adipocyte size, a concept that has not been explored.

We hypothesized that the phenotypic characterization of human
adipose tissue could be accomplished in a noninvasive manner by using
CT imaging to assess adipocyte lipid content and that coronary peri-
vascular adipose tissue (PVAT) would function as a sensor rather than
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a driver of coronary inflammation. We
further hypothesized that if vascular in-
flammation prevents lipid accumula-
tion in preadipocytes of PVAT through
paracrine signaling mechanisms, then it
may also lead to changes in tissue com-
position that could be detectable by high-
resolution CTA. This approach would
therefore permit detection of both inflamed
coronary arteries without atherosclerosis

and vulnerable atherosdlerotic plaques prone 5000+ Pirena<0.05
to rupture, which would have important -
ramifications for patient management. &8‘4000-
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experiment, we demonstrated that mat-
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lipid accumulation and down-regulation
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PPAR-y (rel. gene expression)
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protein-4 (FABP4) gene expression (Fig.
1F). Fat depots with larger adipocytes, T
such as ScAT, had higher PPAR-y [an
adipocyte early-phase differentiation
marker (9)] (Fig. 1G), CCAAT/enhancer
binding protein (C/EBP) a [CEBPA, an
adipocyte late-phase differentiation mark-
er (9)] (Fig. 1H), and FABP4 (a marker of
terminal adipocyte differentiation/mature
adipocytes) gene expression (Fig. 1I). These
findings confirmed the notion that the expression of FABP4, CEBPA, and
PPAR-y genes could be used as markers of adipocyte size (12).

1

Effects of vascular inflammation on intracellular lipid
accumulation of preadipocytes in human pericoronary
adipose tissue

Qur recent studies in humans (3, 8) and additional evidence from
animal studies (13) suggest that adipocytes in PVAT respond to
proatherogenic processes in the underlying vascular wall that modify
their biology. We assumed that inflammatory signals from the human
arterial wall may diffuse into the PVAT to influence adipocyte lipid con-
tent by affecting biological processes such as adipocyte differentiation,
proliferation, and lipolysis (14). Because fresh samples of native human
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Fig. 1. Phenotyping of human adipose tissue. Representative bright-field microscopic images of human (A) EpAT,
(B) ThAT, and (C) ScAT. (D) Adipocyte size (n = 5 patients) and (E) adipocytes per field (n = 6 patients), quantified from
tissue sections of EpAT, ThAT, and ScAT from the same patients. (F) Adipocyte size correlated with FABP4 expression
(n = 16). (G) Gene expression of PPAR-y, (H) CEBPA, (1) and FABP4 (samples from n = 433 patients). Pyeng derived from
repeated-measures analysis of variance (ANOVA) with Bonferroni correction (D), Friedman'’s test with Dunn’s post hoc
correction (E), or Kruskal-Wallis with Dunn’s post hoc correction (G to I) *P < 0.05, **P < 0.01, ***P < 0.001 versus ScAT.
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coronary arteries are not easily obtained for research, we used aortic
tissue harvested during coronary artery bypass grafting (CABG) surgery
as our model. Aortic “buttons” obtained from the site of graft anasto-
mosis on the ascending aorta from patients in study arm 2 (table S1)
were cultured ex vivo for 1 week in the presence or absence of angio-
tensin IT (100 nM) to induce vascular inflammation (Fig. 2A). Exposure
to angiotensin II for 1 week led to up-regulation of the proinflammatory
cytokines IL-6, TNF-0, and IFN-y in the aortic tissue (Fig. 2B). The
tissue was then washed to remove angiotensin II and cocultured with
preadipocytes collected from the same patients, followed by induc-
tion of adipocyte differentiation to mature adipocytes using a well-
established methodology (15). When cocultured with aortic tissue
that was pretreated with angiotensin II, preadipocytes showed less
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intracellular lipid accumulation compared to preadipocytes cultured in the
absence of aortic tissue, indicating slower differentiation to mature adi-
pocytes; preadipocytes cocultured with nonstimulated aortic tissue had
an intermediate amount of lipid accumulation (Fig. 2, C to F). This sug-
gests that mediators released from the inflamed human vascular wall
can exert paracrine effects on PVAT, altering its lipid content in part
by preventing the differentiation of preadipocytes to mature adipocytes.

To explore whether inflammatory mediators produced in the vascu-
lar wall directly modify lipid accumulation in PVAT, we exposed hu-
man preadipocytes collected from PVAT to recombinant interleukin-6
(IL-6) + tumor necrosis factor-a (TNF-a) + interferon-y (IFN-y) and
studied their differentiation in vitro. Exposure of preadipocytes to cyto-
kines had an inhibitory effect on preadipocyte differentiation, as ob-
served visually over time (fig. S3), and led to lower intracellular
accumulation of lipid droplets (Fig. 3, A to E). The same cytokines also
accelerated the proliferation of human preadipocytes, evaluated using
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) cell proliferation assay (Fig. 3F).
The impact of these cytokines on preadipocyte differentiation was con-
firmed by quantifying the expression of PPAR-y, CEBPA, and FABP4
during the differentiation time course (Fig. 3, G to I). These findings
support the notion that vessel-derived inflammatory cytokines inhibit lip-
id accumulation in PVAT by inducing the proliferation and inhibiting the
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Fig. 2. Vascular inflammation blocks perivascular adipocyte differentiation through paracrine signals. (A) Exper-
imental design of the coculture experiments in study arm 2. Human aortic tissue (Ao) from 15 patients undergoing
CABG was harvested and cultured for 7 days + angiotensin Il (Angll; 100 nM). Preadipocytes isolated from PVAT
around the right coronary artery (RCA) were also cultured for this period. After 7 days, the aortic tissue was washed
to remove angiotensin Il and was cocultured with the preadipocytes before a differentiation time course was in-
duced. (B) IL-6, TNF-0, and IFN-y gene expression in aortic tissue before and after stimulation with angiotensin Il (n =
5 to 7 per group). (C) Quantification of oil red O in preadipocytes (control) or preadipocytes co-incubated with
aortic tissue or aortic tissue prestimulated with angiotensin Il (n = 6 per group). (D to F) Representative images
of oil red O staining in preadipocytes co-incubated with aortic tissue as in (C). P values derived from Wilcoxon
signed-rank test (B) and repeated-measures ANOVA followed by individual comparisons using paired t test (C).

differentiation of human preadipocytes in
a paracrine manner. Therefore, we hy-
pothesized that noninvasive imaging
tools, capable of monitoring these pheno-
typic changes of PVAT driven by the
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4 bk phases of adipose tissue depends on adi-
) ﬁ_ pocyte size (11) with larger adipocytes hav-

ing increased lipid content and increased
expression of FABP4 (Fig. 1 and fig. S2).
Because the CT attenuation of adipose
tissue reflects the balance between lipid
and aqueous phases, we concluded that ad-
ipose tissue CT attenuation may serve as a
marker of adipocyte size/adipose tissue lip-
id content. To explore whether the average
CT attenuation of adipose tissue provides a
marker of average adipocyte size/adipose
tissue lipid content, we quantified the fat at-
tenuation index (FAI) in EpAT, ThAT,
and ScAT explants obtained from 453 pa-
tients undergoing cardiac surgery (study
arm 1). Briefly, the FAT is the average atten-
uation (reduction in signal) of adipose
tissue within a volume of interest as mea-
sured from reconstructed CT. There was
an inverse association between FAI and
the degree of adipocyte differentiation as
defined by the expression of CEBPA and
FABP4 in the same samples (Fig. 4, A to
F, and table S2). However, FAI in EpAT did not correlate with the gene
expression of CD68, a marker of macrophage infiltration (p = 0.180,
P =0.096) or the ratio of CCR7 (macrophage marker of M1 polar-
ization)/MRC1 (macrophage marker of M2 polarization) (p =
-0.173, P = 0.109) (fig. S4). There was a weak but significant associ-
ation between FAI in ScAT and ThAT explants and the ratio of CCR7/
MRCI gene expression in the same samples (p = 0.182, P = 0.007 for
ScAT and p = 0.191, P = 0.001 for ThAT), although there was no sig-
nificant correlation between FAI and CD68 gene expression in either
ScAT (p = —0.116, P = 0.065) or ThAT (p = —0.078, P = 0.166) (fig. 54).

In addition, there was an inverse association between FAI of adipose
tissue explants and adipocyte size quantified by histology (Fig. 4G). Ac-
cordingly, we established that FAI may be used as a marker of the variation
of adipocyte size/adipose tissue lipid content in different depots: The
greater the adipocyte differentiation/size, the more lipophilic the content
of the tissue, therefore the more negative the FAL To address this hypoth-
esis in vivo, CT scans were performed in 105 patients (from study arm 1),
aiming to link in vivo scan data with those from adipose tissue explants
imaged ex vivo. We observed a correlation between the FAI obtained
in vivo and the respective FAI measured in the explants of the same tissue
that had been obtained from these patients (Fig. 4, H and I, and table S2).

To further validate the ability of FAI to estimate adipocyte lipid con-
tent in vivo, we correlated the in vivo FAI values for EpAT and ScAT
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(E) Oil red O photometric quantification of lipid accumulation in preadipocytes

cytokines (n = 7). Effects of cytokines on (F) preadipocyte proliferation and gene expression of the differentiation
markers (G) PPAR-y, (H) CEBPA, and (1) FABP4 (n = 3 independent experiments in triplicate). P values derived from
Wilcoxon signed-rank test (E) or two-way ANOVA with “time X treatment” interaction (F to ).

from CT scans of the 105 patients in study arm 1 who also underwent a
clinical CTA with the expression of adipocyte differentiation markers.
We observed that in vivo FAI (table S2) was inversely related to the ex-
pression of both CEBPA (Fig. 5, A and B) and FABP4 (Fig. 5, C and D)
in the respective adipose tissue depots from these patients. FAI in EpAT
(FAIgpat) in vivo was higher compared to FAT in ScAT (FAIgcar) in
vivo (Fig. 5E), confirming that histologically demonstrated differences
in differentiation status of adipose tissue depots led to respective differ-
ences in FAI in vivo. Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR), a marker of systemic insulin resistance that
has been associated with increased adipocyte size (16), was negatively
associated with FAIg a1 in vivo but not with FAIg, o1 (Fig. 5F), suggest-
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Day: 0 3 6 9

Fig. 3. Cytokines trigger proliferation and block differentiation of perivascular adipocytes. In study arm 2,
human preadipocytes were isolated from PVAT around the RCA and differentiated in the presence or absence of
inflammatory cytokines [recombinant TNF-a (4 ng/ml) + IL-6 (25 ng/ml) + IFN-y (20 ng/ml)] until day 9 of differ-
entiation [(A and B) without cytokines and (C and D) with cytokines, oil red O staining at day 9 of differentiation].

dication, we assessed '*"FDG uptake by
ScAT using the PET images and FAI using
the coupled CT images from the same
scans. We observed a positive association
between '®**FDG uptake and FAI in SCAT
(Fig. 6C), but there was no association be-
tween these two biomarkers in EpAT, a
finding in line with the gene expression
studies performed in the two adipose
tissue depots. FAIs a1 had excellent diag-
nostic accuracy for adipose tissue inflam-
mation (defined using the median '*"FDG
uptake as a cutoff, TBR = 0.200). For a cut-
off value of FAIg.st = 113.3 HU (Hounsfield
units), high adipose tissue inflammation
(TBR > 0.200) was detected with a sensi-
tivity of 90% and a specificity of 100%
(Fig. 6D). Representative images from a
subject with high FAIs s1/high "**FDG
uptake in ScAT and a subject with low FAIgs1/low BEEDG uptake
in ScAT are presented in Fig. 6E.

84 P=0.03

0+

differentiated with and without

Visualizing the changes in adipocyte size/adipose tissue
lipid content in coronary PVAT in vivo

To investigate the relationship between FAI and adipocyte lipid content
around the human coronary arteries, we compared adipose tissue obtained
immediately adjacent to the RCA with adipose tissue obtained 2 cm away
from the RCA and not in proximity with any visible epicardial coronary
branch, from patients undergoing CABG in study arm 2. We observed that
the expression of PPAR-y, CEBPA, and FABP4 was down-regulated closer
to the RCA (Fig. 7, A to C), whereas there was no difference in the
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as well as the abundant amount of adipose
tissue surrounding RCA, which can be easily
harvested without major bleeding risk, in
contrast to the other epicardial arteries.
We observed a progressive decrease of FAI
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Fig. 4. Ex vivo characterization of adipocyte size and adipogenesis using CT. Explants of EpAT, ThAT, and ScAT
from patients undergoing CABG (study arm 1) were scanned by CT to calculate FAI for each sample. Association of
FAl with the expression of (A to C) CEBPA (EpAT, n = 87; ThAT, n = 311; ScAT, n = 288) and (D to F) FABP4 (EpAT, n =
85; ThAT, n = 312; ScAT, n = 259) genes in all depots. (G) Correlation between adipocyte size and FAI (n = 44
biopsies). Association between FAI measured in vivo and in explants of (H) EpAT and (I) ScAT collected from
105 patients in study arm 1. P values by Kruskal-Wallis (A to F) and one-way ANOVA (H and ).

expression of inflammatory mediators within the tissue or macrophage
infiltration and polarization (fig. S5). This was in line with the observed
smaller adipocyte size in proximity to the RCA compared to an area 2 cm
away from the vascular wall (Fig. 7D). These observations confirmed
our findings from the ex vivo and in vitro experiments, suggesting that
paracrine inflammatory signals from the human coronary artery rather
than autocrine signals from within the tissue prevent lipid accumulation
in PVAT surrounding them, although these effects are less marked as
the distance from the RCA increases, even in the absence of obstructive
vascular disease. To examine whether we could track these morpholog-
ical changes of PVAT in response to coronary inflammation by non-
invasive CT imaging, we used imaging analysis tools developed for

Antonopoulos et al., Sci. Transl. Med. 9, eaal2658 (2017) 12 July 2017

to more negative values as we moved away
from the RCA—from PVAT to non-PVAT
(Fig. 7, H and I), where adipocytes are larger
(Fig. 7D) and better differentiated (Fig. 7, A
to C). These findings suggest that the ob-
served changes of FAI could detect the de-
gree of vascular inflammation inside the
human coronaries using a noninvasive ap-
proach in vivo.

Low Mid High
Tertiles of FAIl in tissue
explants

ScAT
P=0.03

Validating FAI against established
imaging biomarkers and coronary
atherosclerotic plaque burden

To validate FAI against established im-
aging biomarkers with known clinical
predictive value, we quantified CCS in
the RCA alone and the entire coronary
vasculature, and atherosclerotic plaque
burden in the proximal RCA in the 273
individuals of study arm 3 (table S3). The
relationships between FAI and distance
from the vascular wall were significantly
(P =0.001) different in patients with cor-
onary atherosclerosis compared to healthy
individuals (Fig. 71), showing lower FAI
values close to the vascular wall of healthy individuals. FAI in PVAT
(FAIpyar; defined as the average FAI within a distance from the perim-
eter of the vessel equal to the diameter of the vessel) varied between
patients even in the absence of coronary plaques (representative
examples in fig. S6). There was also a significant (P = 0.001) difference
in FAIpyat between patients with and without CAD independent of the
presence of obstructive RCA disease (fig. S7), whereas there was no
difference in FAIL,,, pyar (defined as the FAI of an adipose tissue layer
of 1-mm thickness, 2 cm away from the vascular wall) between CAD
and non-CAD groups (Fig. 8A). When we examined the relationship
between fat volumes and coronary atherosclerosis, we observed that
EpAT volume was associated with total CCS, whereas PVAT volume

Low Mid High

Tertiles of FAl in tissue
explants

5of 12

/T0zZ ‘8T 1snbny uo 1sanb Ag /610 Bewasuslos wis//:dny woly papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A EpAT B st
60
z 7] P=0.03 P=0.01
Kel
%) 44
$ T
& 401
Q3
£5 L
nao )
“3 20
(e)]
5 4
8 ‘_I_ &
- 0 —1_ 0
C EpAT D  ScAT
— 10 10 -|-
&7}
% 8 P=0.01 8 . P=0.04
g
a*r_ % 6 6
o v T
g @ 4 4 —_
()
2 2 2
] T
E 0 - — # 0. e ——
Low Mid High Low Mid High
Tertiles of FAIl in vivo Tertiles of FAIl in vivo
E F
“601  p<0.0001 —oo
Tertiles of
S = ~701 P=N5 HOMA IR
I
= | Low: @
'g -80 —801 Mid:
>
E =i =901
:
L -100+ % -100
-110 -110-
EpAT  ScAT EpAT ScAT

Fig. 5. In vivo characterization of adipogenesis by CT. Association of in vivo
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Not significant. Studies were performed in the 105 patients from the in vivo CTA
group of study arm 1.

around RCA was not associated with either the presence of CAD or the
RCA calcium burden (fig. S8). There was a weak association between
FAlIpy st and total CCS or RCA CCS (fig. S9, A and B). To study wheth-
er the gradient of FAI from PVAT around the RCA to non-PVAT
20 mm away from the RCA provides additional information to FAIpyar,
we calculated the volumetric perivascular characterization index (VPCI =
[100 x (FAIpyat — FALonpvat)/|FAIpyar|]). This index should not be
affected by systemic factors modifying global adipocyte size but would
be mostly driven by local stimuli. VPCI was weakly associated only with
the calcium burden in RCA but not total CCS (fig. S9, C and D). Nei-
ther FAIpyat nor VPCI was correlated with calcification volume in the
underlying segment of the analyzed RCA (Fig. 8, B and C), suggesting
that these imaging indices describe biological processes not directly re-
lated with local vascular calcium deposition. Both FAIpy,r and VPCI
were related to atherosclerotic plaque burden in the underlying RCA

Antonopoulos et al., Sci. Transl. Med. 9, eaal2658 (2017) 12 July 2017

segment (Fig. 8, D and E), a finding which was similar for all major
epicardial coronary arteries (fig. S10, B to D). VPCI was superior to
FAlpyar in identifying noncalcified (soft) atherosclerotic lesions in
the underlying coronary artery (Fig. 8F) but of moderate diagnostic val-
ue (fig. S11), suggesting that the current definition of vulnerable plaques
as those without calcium does not accurately reflect the biological pro-
cesses related to plaque rupture such as coronary plaque inflammation.
To examine whether FAIpy 4t is related to the presence of CAD (defined
as >50% stenosis in any coronary artery) independently of CCS, we per-
formed multivariable linear regression in study arm 3, which showed
that FAIpyar and CCS were related to the presence of CAD indepen-
dently of each other and independently of age, gender, and other
cardiovascular risk factors (table S4). Similarly, FAIpysr (but not total
CCS in the entire coronary tree or CCS in the RCA) was positively re-
lated with atherosclerotic plaque burden of the RCA independently of
age, gender, and cardiovascular risk factors (table S4).

Exploring the capacity of FAI to detect vascular
inflammation and vulnerable atherosclerotic plaques

To further investigate the ability of FAI to detect dynamic changes
in PVAT in response to variations in vascular inflammation, we stud-
ied FAIpyat around culprit lesions in patients with acute myocardial
infarction (MI) within the past 72 hours. The CTA scans were per-
formed immediately after percutaneous coronary intervention, where
both culprit and obstructive nonculprit coronary lesions were treated
in the same session. We observed that FAIpy a7 was increased by 8.76 +
2.87 HU around the culprit lesion compared to FAIpyat proximal to
the lesion (Fig. 8G). Because the CTA was performed after stent im-
plantation in the culprit lesion, we then sought to examine whether the
observed result was due to a possible artifact from the stent. As con-
trols, we used the nonculprit lesions from the same patients where
stent implantation was performed simultaneously with the culprit
lesion, as well as stable patients who had received a coronary stent
more than 3 months before the scan. An increase in A[FAlpyar] was
observed around ruptured culprit lesions compared to either the noncul-
prit lesions in acute MI patients or lesions in stable CAD patients treated
with a stent >3 months before the CTA (Fig. 8G); in the same patients,
in a pooled analysis of all lesions, A[FAIpyat] was significantly (P <
0.001) increased around ruptured compared to stable plaques (Fig.
8H) and had high diagnostic accuracy for detecting these areas of vas-
cular inflammation (Fig. 8I).

To examine whether FAIpy o7 around the culprit lesions of patients
with recent MI changes over time, a subgroup of patients from the same
cohort (n = 5) underwent further CTA 5 weeks post-ML. Patients with
stable CAD (n = 5) were also rescanned 5 weeks after the first scan to act
as a control group. There was a significant (P = 0.04) reduction in FAIpyar
around the edges of the culprit lesion 5 weeks after the event, whereas
there was no change in FAIpy a1 around the stable atherosclerotic pla-
ques (Fig. 8]). Representative examples of differences in FAIpyat
around a culprit stented lesion, a nonculprit stented lesion, a nontreated
plaque, and a stent are provided (Fig. 8K).

DISCUSSION

Here, we present a method for detecting coronary inflammation by
characterizing the changes in pericoronary adipose tissue CT attenua-
tion. In a large cohort of patients undergoing cardiac surgery, we dem-
onstrate that the average attenuation of adipose tissue (FAI) is inversely
correlated with the expression of adipogenic genes and average adipocyte
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size, which is driven by intracellular lipid
accumulation. We also show that the ex-
pression of adipogenic genes, the average
adipocyte size, and lipid accumulation in
PVAT are all driven by paracrine inflam-
matory signals from the vascular wall and
are highly influenced by the presence of
vascular disease. Using imaging tools de-
veloped for this purpose, we provide evi-
dence that these biological effects of
vascular inflammation on PVAT can be
tracked by analyzing standard imaging se-
quences obtained during CTA. This con-
cept is summarized in a schematic (Fig.
8L). On the basis of this approach, we pro-
vide imaging phenotyping that describes
the degree of coronary artery inflamma-
tion, discriminates ruptured from nonrup-
tured coronary atherosclerotic plaques
during acute coronary syndromes, and de-
scribes coronary atherosclerotic plaque
burden independently of CCS.

Adipose tissue contains adipocytes of
varying sizes and differentiation status
(9). Induction of adipocyte differentiation
in the adipose tissue includes postconflu-
ent mitosis and growth arrest of preadipo-
cytes, which is essential for their subsequent
differentiation to mature adipocytes. PPAR-y
and CEBPA are synergistically and coop-
eratively responsible for the early and
intermediate phases of differentiation of
preadipocytes and their subsequent entry
into the terminal differentiation phase to
mature adipocytes (9). In this latter phase,
mature adipocytes are characterized by
the expression of adipocyte-specific genes
and lipogenic enzymes (such as FABP4)
and by accumulation of intracellular lip-
ids, the amount of which determines the
adipocyte size (17). We (18) and others
(19) have shown that there are differences
in adipocyte size and tissue biology be-
tween different human adipose tissue de-
pots. Here, we demonstrate that the average
adipocyte size is smaller in human EpAT
and ThAT compared to ScAT, partly due
to the presence of larger populations of im-
mature preadipocytes identified by the lower
expression of PPAR-y, CEBPA, and FABP4,
and possibly other ongoing biological
processes such as inflammation-induced
lipolysis (14).

It is widely accepted that the balance
between the lipid and aqueous phases of
adipose tissue is driven by adipocyte size,
due to the accumulation of intracellular
lipids in large, mature adipocytes (11).
Here, we demonstrate that this balance
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between the lipid and aqueous phases of adipose tissue can be estimated
using CTA, by determining the average attenuation coefficient within a
predefined radiodensity window (—190 to —30 HU) (20). Previously, it
has been suggested that fat attenuation of visceral and ScAT depots pro-
vides important information, independently of fat volume or classic risk
factors, on cardiovascular risk prediction (20, 21). Now, we demonstrate
that the average attenuation of adipose tissue (FAI) measured either
ex vivo in adipose tissue explants or in vivo in patients undergoing clinical
CTA shows an inverse correlation with adipocyte size and the expres-
sion of adipogenic markers, such as FABP4, driven by the variations in
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®Healthy coronaries o1 -----

endocrinology, because adipocyte size and
adipose tissue inflammation are important
features of metabolic syndrome, which at
present can only be assessed using adipose
tissue biopsies or PET/CT, respectively.

In our recent studies (3, 8), we have dem-
onstrated a constant, bidirectional com-
munication between the human arterial
wall and its surrounding PVAT, introduc-
ing the concept that reverse, “inside-to-
outside” signals originating from the
vascular wall can affect the biology of
PVAT in a paracrine manner. A previous
study in mice has also shown that endo-
vascular wire injury induces PPAR-y-
mediated phenotypic changes in PVAT,
dependent on vascular TNF-o expression

-72 -55-30
FAI (HU)

L A5 L 2 F (13). On the basis of these findings, we
§4 { ¢ now postulate that vascular inflammation
S, ot <A may release inflammatory mediators that

LN <o 1A induce PPAR-y-mediated structural

( changes in the neighboring PVAT. Our

results show that the human arterial wall
expresses proinflammatory cytokines, and
the inflamed arterial tissue prevents lipid
droplet formation in PVAT adipocytes in
an ex vivo coculture system by interfering
with the ability of human preadipocytes to
differentiate, as well as by triggering their
proliferation.

Vascular inflammation is a key fea-
ture in atherogenesis, because it precedes
the formation of atherosclerotic plaques
(1). Despite the importance of vascular
inflammation as a therapeutic target
(22, 23), there are no reliable biomarkers to identify patients with high
coronary inflammatory burden, because circulating inflammatory
biomarkers are not specific and imaging modalities offer information
only on the structural changes of the vascular wall. Clinical association
studies have previously shown that inflammation of PVAT around the
coronary arteries is increased in the presence of atherosclerosis, and it
was conventionally believed that PVAT exerts a detrimental effect on
the human coronaries, inducing atherogenesis (24, 25). Attention was
also focused on linking volume (26) or inflammatory status (27) of
PVAT with the presence of atherosclerotic plaques, whereas recent
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b: 20 mm from RCA

8 of 12

/T0zZ ‘8T 1snbny uo 1sanb Ag /610 Bewasuslos wis//:dny woly papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Fig. 8. FAlpyar and VPCl as novel phenotyping
tools for vascular disease. (A) Associations be-
tween FAlpya7/FAlonpvar and CAD. (B and C) Asso-
ciation between calcification volume and FAlpyar Or
VPCl. (D and E) Both FAlpyar and VPCl are related
with atherosclerotic plaque burden in RCA [n = 267
for (A) to (E)l. (F) Comparisons of FAlpyar and VPCl
between noncalcified plaques (n = 26) and mixed
or calcified plaques (n = 84) in CAD patients with
high atherosclerotic plaque burden in the RCA
(defined as >33rd percentile). (G) Changes in
FAlpyar around ruptured (culprit) atherosclerotic
lesions (n = 10) of acute MI patients, nonculprit
lesions of the same patients (n = 7), or lesions
in stable CAD patients (n = 13); A[FAlpyat]l =
FAIPVAT(around lesion) — FAlPVAT(proximal segment)+
(H) Comparison of A[FAlpya7] between stable
and unstable plaques and (1) its diagnostic accu-
racy in receiver operator characteristic (ROC)
curve analysis for detection of unstable plaques
(culprit lesions). (J) Paired CT scans with 5 weeks
difference, to assess temporal changes of FAlpyar
in acute MI and stable CAD patients (n = 5).
(K) Representative images of FAlpyar color
maps around: (i) a culprit lesion (green arrow-
heads, identified by the presence of the stent,
upper left image), (ii) a nonculprit lesion from
the same patient (identified by the presence
of the stent implanted in the same session as
the culprit, upper right image), (iii) a stable
atherosclerotic lesion without a stent (lower
left image), and (iv) a stent implanted at least
3 months before imaging (lower right image);
green arrowheads flag the plaque/stent. (L) A
schematic representation of the study’s findings
that translate the inside-to-outside signal from
the human coronaries to their PVAT into an imag-
ing application. P values derived from unpaired
t test (A, F, and H), one-way ANOVA (B to E), two-
way ANOVA (G), or Wilcoxon signed-rank test (J).

studies by Alam and co-workers (28)
have also linked EpAT thickness with
coronary microvascular function in pa-
tients with nonobstructive CAD and
EpAT volume with coronary calcifica-
tion and presence of noncalcified plaques
(29). However, if vascular inflammation
sends paracrine signals to PVAT to pre-
vent lipid accumulation in adipocytes
(3, 8, 13), then this could lead to increased
FAlIpyar around inflamed coronary ar-
teries, potentially detectable in vivo. First,
we have demonstrated that there is a gra-
dient in adipocyte size and the expression
of adipogenic genes (FABP4, CEBPA, and
PPAR-y) moving from PVAT adjacent to

the human coronary arteries to adipose tissue further away. Second, we
developed new imaging tools that enabled us to analyze FAlpyt in
sequential cylindrical layers around the human coronary arteries,
showing a parallel shift of FAIpy s to more negative values moving
away from the vascular wall, reflective of the increase in adipocyte
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size/adipose tissue lipid content. FAIpysr was positively related to
total atherosclerotic plaque burden and the presence of noncalcified
(inflamed) atherosclerotic plaques in the underlying coronary artery
because it flags the proinflammatory stimulation of pericoronary ad-
ipose tissue as the result of vascular inflammation. Furthermore, we
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demonstrate that FAIpy a7 is increased around ruptured coronary ath-
erosclerotic plaques of patients scanned during the acute phase of MI
after stenting, possibly also due to the contribution of inflammatory
cells infiltrating the perivascular space (30), a phenomenon that starts
to resolve 5 weeks after the event. This latter finding suggests that
FAlIpyar may be used to noninvasively detect vulnerable atherosclerotic
plaques, thereby enabling the identification of high-risk patients. Our
findings imply that the previously reported (20, 21) negative associa-
tions of CT attenuation of visceral adipose tissue or ScAT with cardio-
metabolic risk are explained by the fact that FAI in these depots
describes increased adipocyte lipid accumulation; therefore, it can be
driven by other cardiometabolic risk factors such as visceral obesity
and insulin resistance. On the contrary, FAlpy,r is positively associated
with atherosclerotic plaque burden but not with systemic insulin
resistance, suggesting that it is driven by local inflammatory stimuli
coming from the vascular wall, rather than systemic metabolic con-
ditions such as insulin resistance.

The main limitation of this study is the lack of data demonstrating a
predictive value of these imaging markers for clinical outcomes, which
falls beyond the scope of this current work. Moreover, the absolute
values of FAI need to be tested and validated across different CT scan-
ners in different centers before the markers described in this study be-
come clinical applications.

In conclusion, the existing biomarkers with predictive value in CAD,
such as CCS, have major weaknesses given that they do not change with
interventions that modify cardiovascular risk and that they represent
permanent structural changes in the vascular wall. To track vascular in-
flammation in early disease states, we now introduce the concept that
inflammation in the human coronaries drives changes in the surrounding
PVAT in a paracrine manner, leading to less perivascular lipid accumula-
tion closer to the vascular wall. We then describe a method and metrics of
imaging phenotyping (FAIpy a1 and VPCI) that enable reliable tracking
of these changes in adipocyte lipid content/size around the human cor-
onary arteries. The ability of these imaging tools to describe coronary
atherosclerosis is independent of any cardiovascular risk factor or
other established imaging biomarkers. The FAIpysr and VPCI
may enable early detection of vascular inflammation and have the
advantage of being dynamic (they alter with changes in vascular in-
flammation), which is a major advantage over CCS. We also provide a
tool that enables noninvasive detection of vulnerable (highly inflamed)
atherosclerotic plaques in the human coronary arteries. This approach
can be used to analyze historical CT As that have previously been per-
formed in patients for diagnostic purposes. If the potential prognos-
tic value of this new imaging phenotyping approach of PVAT is
confirmed in clinical studies with prospective follow-up, then it
could have a major impact on risk stratification and clinical manage-
ment of individuals in both primary and secondary prevention.

MATERIAL AND METHODS

Study design

The objective of this study was to develop a methodology for the detec-
tion of vascular inflammation in human coronary arteries, by performing
functional imaging of coronary PVAT using CTA. This study (i) links
molecular phenotyping of human PVAT with its CT imaging character-
istics ex vivo and in vivo, (ii) develops a method that links CT attenuation
of human adipose tissue with lipid accumulation and tissue inflamma-
tion, and (iii) develops a method that uses molecular phenotyping and
CT attenuation of PVAT around the human coronaries, as a means to

Antonopoulos et al., Sci. Transl. Med. 9, eaal2658 (2017) 12 July 2017

quantify vascular inflammation related with atherosclerotic disease bur-
den and plaque vulnerability in clinical cohorts.

Study arm 1 consisted of 453 patients undergoing cardiac surgery at
the Oxford University Hospitals NHS Foundation Trust (table S1). Adi-
pose tissue samples (ThAT, n = 417; ScAT, n = 374; EpAT, n = 264)
were harvested during surgery for gene expression studies, histology,
and CT imaging as explants. A subgroup of 105 patients also underwent
CTA to link the histological and biological characteristics of the adipose
tissue biopsies with the imaging characteristics of the same adipose tissue
depots in vivo and in vitro. Study arm 2 included 45 patients undergoing
CABG (table S1) for mechanistic experiments and PVAT phenotyping.
Study arm 3 included a clinical cohort of 273 patients who underwent
diagnostic coronary CTA (table S3) to validate the findings generated
from study arms 1 and 2 and translate them in a clinical setting. Study
arm 4 included 22 patients with CAD (table S3) undergoing CTA to
assess whether FAIpyar can identify unstable coronary plaques.

The study was conducted according to Declaration of Helsinki
principles and approved by the local Research Ethics Committee
(Oxford REC C 11/5C/0140, Oxford REC C 15/SC/0545, and Hip-
pokration Hospital ID 2.2.15/1654 for study arm 4).

Blood sampling and measurements of

circulating biomarkers

Fasting venous blood samples were obtained from the patients in study
arm 1 before cardiac surgery. Serum insulin was measured by chemi-
luminescent microparticle immunoassay, and serum glucose was
measured by the hexokinase method using commercial kits (ABBOTT).
Insulin resistance was defined by HOMA-IR, calculated using the
formula (glucose x insulin)/405, with glucose measured in milligrams
per deciliter and insulin in milliunits per liter.

Imaging studies using CT and PET/CT

Details on CT and PET/CT imaging studies of adipose tissue, PVAT,
and coronary plaque characterization are presented in the Supplemen-
tary Materials. Technical considerations on the calculation of the new
imaging biomarkers FAIpyar and VPCI are presented in fig. S12.
Adipose tissue characterization by CT

Adipose tissue was defined as all voxels with attenuation between —190
and —30 HU. Voxel attenuation histograms were plotted, and the FAI
was defined as the average attenuation of the adipose tissue volume of
interest (within the prespecified window of —190 to —30 HU; see the
Supplementary Materials for further details).

PVAT characterization

Perivascular tissue around the RCA was segmented into 20 concentric
cylindrical 1-mm-thick layers, extending between the first and fifth
centimeter from its ostium, and FAI was calculated for each layer.
The FAI curves of adipose tissue were plotted against the radial dis-
tance from the outer vascular wall (see the Supplementary Materials
for further details).

FAI of PVAT

FAIpyat was defined as the FAI of adipose tissue in a layer of tissue
within a radial distance from the outer coronary artery wall equal
to the average diameter of the tracked RCA segment. Non-PVAT
FAI (FALon-pvar) was defined at the most distal concentric layer
of adipose tissue from RCA wall. VPCI was then calculated as the
% change in FAI from PVAT (FAlpyr) to non-PVAT (2 cm away
from the RCA’s outer wall, FAI, ., pvaT), as defined above (VPCI =
[100 x (FAIpyar — FALonpvar)/|[FAIpyat|]); see the Supplemen-
tary Materials for further details.
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Coronary plaque analysis using CTA

Coronary plaques between 65 and 265 HU were described as fibrous,
and coronary plaques more than 465 HU were described as calcified.
Atherosclerotic plaque burden was calculated as the ratio of fibrous
plaque volume to total vessel volume (see the Supplementary Materials
for further details).

Statistical analysis

Continuous variables were tested for normal distribution using the
Kolmogorov-Smirnov test. Non-normally distributed variables are
presented as median (25th to 75th percentile) and whiskers (Tukey).
Normally distributed variables are presented as means + SEM. Between-
group comparisons of continuous variables were performed using un-
paired ¢ test (for two groups) or one-way ANOVA (or Kruskal-Wallis
as appropriate) for three groups followed by Bonferroni (or Dunn’s)
post hoc correction for multiple comparisons, as indicated. Paired com-
parisons were performed using paired ¢ test (or Wilcoxon signed-rank
test), and for three or more groups, repeated-measures ANOVA (or
Friedman’s test as appropriate) was used. For between-group serial
changes, we used two-way ANOVA for repeated measures with interac-
tion terms as presented in the figure legends. Categorical variables were
compared by using x test. Correlations between continuous variables
were assessed by using bivariate analysis, and Pearson’s r or Spearman’s
p coefficient was estimated, as indicated in the figure legends.

To test whether FAIpy,r is related with the presence of CAD, we
performed multivariable logistic regression for predictors of obstructive
CAD (>50% stenosis of the lumen) and multivariate linear regression
for atherosclerotic plaque burden in the RCA (independent variables as
described in relevant text sections and table S4). The results of the re-
gression analysis are presented as standardized p and P values. All sta-
tistical tests were performed using SPSS version 20.0, and P < 0.05 was
considered statistically significant. Individual subject-level data are re-
ported in table S5.
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Picturing plagues and imaging inflammation

To determine risk of future coronary artery disease, calcium content in vascular plaques is typically
evaluated by coronary calcium scoring, which uses computerized tomography (CT) imaging. To detect
inflammation and subclinical coronary artery disease (soft, noncalcified plaques), Antonopoulos et al. developed
an alternative metric called the perivascular CT fat attenuation index (FAIl). The perivascular FAI uses CT imaging
of adipose tissue surrounding the coronary arteries to assess adipocyte size and lipid content. Larger, more
mature adipocytes exhibit greater lipid accumulation, which is inversely associated with the FAI. Inflammation
reduces lipid accumulation and slows preadipocyte differentiation. Imaging pericoronary fat in human patients after
myocardial infarction revealed that unstable plaques had larger perivascular FAIs than stable plagues and that the
FAIl was greatest directly adjacent to the inflamed coronary artery. The perivascular FAl may be a useful,
noninvasive method for monitoring vascular inflammation and the development of coronary artery disease.
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