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COMPENDIUM ON INTERORGAN CROSSTALK IN HEART FAILURE AND 6
CARDIOMETABOLIC DISEASES

Multiorgan Imaging for Interorgan Crosstalk in
Cardiometabolic Diseases

Ana Devesa'®, Victoria Delgado(®, Ladislav Valkovic®, Joao A.C. Lima‘?, Eike Nagel®, Borja Ibanez(, Betty Raman

ABSTRACT: Cardiometabolic diseases encompass a group of conditions characterized by metabolic and inflammatory
abnormalities that increase the risk of diabetes and cardiovascular disease. These syndromes involve multiple organs,
including the heart, arterial system, brain, skeletal muscle, adipose tissue, hematopoietic system, liver, kidneys, and pancreas.
The crosstalk between these organs contributes to the development of disease. Advances in imaging techniques, such as
magnetic resonance imaging, magnetic resonance spectroscopy, computed tomography, and positron emission tomography,
have revolutionized the evaluation of these conditions. Hybrid imaging modalities, such as positron emission tomography/
computed tomography and positron emission tomography/magnetic resonance imaging, provide unique insights into the
anatomy and metabolic alterations occurring in response to cardiometabolic risk factors. These methods are particularly
valuable for assessing multisystemic involvement and interorgan crosstalk, revealing critical interactions such as the
brain-heart axis, the heart-liver axis, and the fat-muscle-heart dynamics. This review discusses the role of state-of-the-art
imaging techniques in evaluating the pathophysiological mechanisms underlying these complex syndromes and the clinical
applications of the different imaging techniques in the assessment of cardiometabolic diseases.
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he concept of cardiometabolic disease encompasses
a group of conditions involving cardiovascular, renal,
metabolic, and inflammatory abnormalities.'? Meta-
bolic syndrome (MetS), characterized by central obesity,
hypertension, dyslipidemia, and insulin resistance, rep-
resents a key contributor to cardiometabolic diseases,
significantly increasing the risk of type 2 diabetes and
cardiovascular events.®
The spectrum of cardiovascular diseases associated
with MetS is broad, ranging from vascular events such
as acute coronary syndrome and cerebrovascular acci-
dents to myocardial abnormalities and heart failure (HF).*
MetS and diabetes are linked to an elevated risk of ath-
erosclerotic diseases, including coronary artery disease
(CAD), cerebrovascular disease, and peripheral arterial
disease.®® Furthermore, these conditions affect not only
the macrovascular system but also the microvascular

network, as evidenced by alterations in coronary,™® cere-
bral® and renal’® microcirculation, among other organs.
Even in patients without diabetes, MetS and insulin resis-
tance are associated with changes in myocardial metabo-
lism, reducing cardiac efficiency; notably, cardiac changes
can be observed much earlier than the appearance of any
events.!! Diabetes also increases the risk of HF through
other mechanisms.'

Cardiometabolic diseases extend beyond the cardio-
vascular system, implicating multiple organs. Skeletal
muscle, a critical regulator of glucose metabolism, plays
a pivotal role in systemic insulin resistance and is directly
linked to MetS.'® Adipose tissue, particularly visceral fat,
contributes to metabolic and proinflammatory abnormali-
ties'; in particular, epicardial adipose tissue characteris-
tics are independent risk factors for CAD, atrial fibrillation,
and HE'®"17
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Nonstandard Abbreviations and Acronyms

BM bone marrow

CAD coronary artery disease

CB2 cannabinoid receptor 2

CK creatine kinase

COX-2 cyclooxygenase-2

CT computed tomography

DCE dynamic contrast-enhanced

FAI fat attenuation index

GLP-1 glucagon-like peptide 1

HF heart failure

HFpEF heart failure with preserved ejection
fraction

HU Hounsfield unit

Lv left ventricle

MAFLD metabolic dysfunction—associated fatty
liver disease

MAO-B monoamine oxidase-B

MBF myocardial blood flow

MESA Multi-Ethnic Study of Atherosclerosis

MetS metabolic syndrome

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy
P2X7 purinergic receptor P2X 7
PESA Progression of Early Subclinical

Atherosclerosis
PET positron emission tomography

PVAT perivascular adipose tissue
SGLT2 sodium-glucose cotransporter 2
TSPO translocator protein

The hematopoietic system is another key player in the
pathogenesis of cardiometabolic diseases. Activation of
bone marrow (BM) by MetS has been shown to increase
the risk of systemic atherosclerosis,'® and both the BM
and spleen exhibit increased metabolic activity following
acute vascular events, such as myocardial infarction or
stroke.'®?° In addition, MetS affects the brain, as recent
evidence links it to neurodegenerative disorders, includ-
ing Alzheimer disease.?’

Abdominal organs also play a significant role in
cardiometabolic diseases. The interplay between
metabolic, cardiovascular, and renal abnormalities, com-
monly referred to as the cardiovascular-kidney-MetS,?
increases the risk of chronic kidney disease, which, in
turn, exacerbates vascular events, HF, and cardiovascular
mortality.?® The liver is closely linked to cardiometabolic
abnormalities, as metabolic dysfunction—associated fatty
liver disease (MAFLD) is strongly associated with fea-
tures of the MetS, suggesting shared underlying mech-
anisms.?* Furthermore, pancreatic dysfunction is also
associated with cardiometabolic diseases.?®
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Beyond the isolated involvement of individual organs,
interorgan crosstalk amplifies and sustains the progres-
sion of cardiometabolic diseases. Crucial interactions
between systems are essential for maintaining homeo-
stasis, and their disruption leads to increased morbidity.?

In this regard, acute conditions can disrupt steady-
state interorgan communication, exacerbating systemic
responses. The immune system, along with its governing
organs, plays a central role in mediating these interac-
tions.2® Beyond acute cardiovascular events, other acute
conditions, such as cancer onset and its treatments, also
induce cardiometabolic alterations.

Multiple methodologies are utilized to assess the
impact of cardiometabolic dysregulation both clinically
and for research purposes. Among these, imaging tech-
nologies play an important role in the phenotypic char-
acterization of metabolic disorders including their early
subclinical abnormalities and late clinical manifestations.

In this review, we will explore the pathophysiological
insights and the clinical applications that imaging tech-
niques can provide in the evaluation of cardiometabolic
diseases, focusing on organ-specific assessments with
echocardiography, magnetic resonance imaging (MRI),
magnetic resonance spectroscopy (MRS), computed
tomography (CT), and positron emission tomography
(PET), as well as their combined applications. In addi-
tion, we will discuss imaging approaches for evaluating
interactions and multiorgan involvement in the pathogen-
esis of cardiometabolic diseases. Finally, we will examine
the role of imaging in detecting disruptions in interorgan
communication during acute conditions.

IMAGING MODALITIES FOR
CARDIOMETABOLIC DISEASE
ASSESSMENT

Organ-Specific Imaging Techniques

Myocardium

Echocardiography, cardiac CT, cardiac MRl and MRS,
and PET imaging can provide insights into the biologi-
cal mechanisms underlying myocardial diseases. Also,
imaging markers can be used as surrogate end points
for clinical studies.

Imaging Insights of Pathophysiological Mechanisms in
Myocardial Metabolism
Advanced imaging techniques have allowed a better under-
standing of the pathophysiological mechanisms underlying
changes in myocardial metabolism. In particular, cardiac
MRS is a unique noninvasive technique for assessing
cardiac metabolism. While conventional cardiac magnetic
resonance (CMR) focuses on water and fat signals (hydro-
gen nuclei, H), other nuclei, such as phosphorus (3'P) and
carbon ('3C), are used for advanced metabolic assessment.
S'P-MRS specifically monitors cardiac high-energy
phosphate metabolism; the phosphocreatine/ATP ratio is
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a common marker of cardiac energy production efficiency,
with reductions indicative of metabolic impairment? In
obesity and diabetes, a reduced phosphocreatine/ATP
ratio correlates with diastolic dysfunction,?”~#® which pro-
vides a better understanding of the pathophysiological
mechanism underlying diabetic cardiomyopathy. Obe-
sity may increase the ATP transfer rate via CK (creatine
kinase) as a compensatory mechanism at rest but limits
energy reserves during stress,?® which explains the higher
risk of HF in these patients (Figure 1). In patients with pre-
vious myocardial infarction, 3'P-MRS studies demonstrate
reduced phosphocreatine and ATP concentrations.®

Hyperpolarized '3C-MRS studies have demonstrated
that the diabetic myocardium shows reduced pyruvate
dehydrogenase flux and increased lactate production,
alongside the energetic impairments and lipid accumula-
tion identified by 3'P- and 'H-MRS® (Figure 1). These
findings underscore significant metabolic inflexibility,
particularly in the heart's ability to adapt fuel utilization
during fasting-to-fed transitions.

Sodium-23 (**Na)-MRI also provides information on
the myocardial scar and has been used to identify viable

Imaging Innovations for Cardiometabolic Research

myocardium. ?*Na signal increases in the presence of
myocardial ischemia or nonviable scar.3®

'8F-FDG  ("8F-fluorodeoxyglucose) PET is another
essential tool for the study of myocardial metabolism. Previ-
ous studies have demonstrated that myocardial metabolism
is impaired in the context of MetS and insulin resistance,
even in asymptomatic individuals who seem otherwise
healthy'" (Figure 2). These individuals exhibit reduced '®F-
FDG uptake in the myocardium, indicating decreased glu-
cose consumption. Similar reductions in myocardial glucose
uptake are observed in patients with diabetes,*® and this
metabolic abnormality is associated with an elevated risk for
atherosclerotic disease.'’ The shift in myocardial energetic
substrate utilization also correlates with reduced myocardial
efficiency,® which has been linked to the development of
HF and adverse cardiovascular events.®” Furthermore, '8F-
FDG PET imaging has revealed that anthracycline-based
cancer treatments induce a marked metabolic shift in the
heart, favoring glucose over fatty acids as the primary sub-
strate for energy production® (Figure 2), which, in turn, may
have consequences on cardiac efficiency and atheroscle-
rotic risk as described above.
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Figure 1. Magnetic resonance spectroscopy (MRS).

A, Cardiac MRS 8'P-, 'H-, and '®C-MRS findings in a patient with diabetes (lower row) compared with healthy control (upper row). Diabetes

is associated with impaired myocardial energetics (reduced phosphocreatine/ATP ratio), increased myocardial triglyceride content, elevated
lactate-to-pyruvate ratio, and decreased bicarbonate-to-lactate ratio. Adapted from Rider et al®® with permission. B, Muscle MRS. The upper
figure displays noncontrast 3'P-MRS in a 32-year-old healthy male showing the voxel of interest (red box) positioned on the target muscle (the
gastrocnemius). The lower figure presents a graph depicting dynamic spectral data recorded during rest, exercise, and recovery, with peaks
corresponding to inorganic phosphate (Pi) and ATP. Adapted from Finnigan et al*! with permission. €, Cardiac 3'P-MRS in patients with obesity
and without obesity. Obesity is associated with lower phosphocreatine/ATP values, increased forward rate constant of the CK (creatine kinase)
creation, and a trend toward increased CK flux. Adapted from Rayner et al*® with permission.
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Figure 2. Myocardial imaging.

A, Myocardial tissue characterization on photon counting computed tomography (PCCT) demonstrating the sensitivity of the technique to myocardial
necrosis with cross-validation from cardiac magnetic resonance (CMR) late gadolinium imaging. Adapted from Kotronias et al** with permission. B,
PCCT images from a patient with an inferolateral myocardial infarction reveal increased vascular fat attenuation index (FAI) in the LCx (left circumflex
coronary artery) and relatively normal FAl in the other vessels. Adapted from Kotronias et al** with permission. C, Late gadolinium enhanced imaging
of a patient with diabetes, showing anterior subendocardial myocardial infarction (red arrows). D, Pixelwise perfusion images from a hypertensive
patient with metabolic syndrome, demonstrating inducible perfusion defect in the anterior wall (black arrow), suggestive of microvascular dysfunction.
E, '®F-FDG ("®F-fluorodeoxyglucose) positron emission tomography/ magnetic resonance imaging comparing a healthy individual (left) with diffuse

physiological myocardial '8F-FDG uptake and a patient with metabolic syndrome (right) with reduced myocardial '8F-FDG uptake. Images were
obtained from the PESA study (Progression of Early Subclinical Atherosclerosis). F, Cardiac metabolic alterations following anthracycline-based
therapy. The figure illustrates increased '®F-FDG uptake in the myocardium observed in both a pig model and human subjects after anthracycline
treatment, indicating a metabolic shift toward glucose utilization. Images were obtained from a project funded by the European Research Council
under the European Union's Horizon 2020 Research and Innovation Program (grant agreement 819775).

Novel radiotracers help in identifying early changes
occurring in the myocardium, such as fibrosis and inflam-
mation. For instance, ®®Ga-fibroblast activation protein
inhibitor PET allows early identification of myocardial
fibrosis.3 ©Ga-DOTATATE is used to detect inflamma-
tion associated with myocardial infarction.®® These tech-
niques allow a better understanding of early changes
associated with cardiometabolic diseases.

Clinical Applications of Cardiac Imaging
Echocardiography is the first-line imaging modality
in clinical practice for assessing the cardiac impact of

Circulation Research. 2025;136:1454-1475. DOI: 10.1161/CIRCRESAHA.125.3256517

cardiometabolic diseases. Studies using echocardiogra-
phy show that left ventricular (LV) concentric remodeling
is associated with insulin resistance, diabetes, hyper-
leptinemia, myocardial steatosis, and visceral adipose
tissue expansion.*’ In obese individuals, LV dilatation is
frequently observed, driven by increased fat mass, ele-
vated cardiac output, and greater total blood volume.*
Increased central adiposity and weight gain contribute to
LV diastolic stiffness, impairing diastolic function.*® While
LV ejection fraction may remain within normal ranges
for extended periods, studies examining myocardial
deformation and active shortening and thickening have
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revealed impaired LV strain in longitudinal, circumferen-
tial, and radial directions.**

Cardiac CT provides a comprehensive evaluation of
cardiometabolic health by assessing coronary arteries,*!
fat distribution, and other metabolic health markers (Fig-
ure 2). Coronary artery calcium scoring allows for the
evaluation of calcified plaques, which correlate with ath-
erosclerotic burden and serve as a surrogate marker for
cardiovascular risk. CT studies have consistently demon-
strated a high prevalence of coronary stenosis, multives-
sel involvement, and an increased total coronary plaque
burden in individuals with diabetes and other metabolic
conditions. In particular, atherosclerotic plaques in these
populations often exhibit higher lipid content and lower
fibrotic composition, making them more vulnerable to
rupture.*>4® PET techniques such as "®F-sodium fluoride
allow the identification of vascular microcalcifications
related to atherosclerosis,*” providing another dimen-
sion to CAD evaluation. CT also enables the evaluation
of extracellular volume, with CT-derived extracellular
volume measurements showing excellent correlation
with those obtained by CMR, the gold standard tech-
nique.*® Moreover, CT-derived extracellular volume is a
recognized risk marker for HF, ventricular arrhythmias,
and mortality.*® CT also provides precise measurements
of perivascular fat, which is discussed further in a later
section. In addition, CT enables the monitoring of thera-
peutic interventions, providing insights into treatment
efficacy over time.%0%'

Imaging Innovations for Cardiometabolic Research

CMR studies have demonstrated subtle LV hyper-
trophy®? and abnormalities in both systolic and diastolic
functions,®® detectable through cine imaging and myo-
cardial and atrial systolic and diastolic deformation or
strain analysis. CMR can quantify extracellular matrix
alterations and myocardial fibrosis using T1 mapping
and extracellular volume quantification,®* which may be
elevated in diabetic cardiomyopathy and is also linked to
poor outcomes (Figure 2). Stress T1 mapping, a measure
of blood volume reserve, is reduced in patients with dia-
betes, indicating coronary microvascular dysfunction.?® In
addition, in both early diabetes and obesity, myocardial
blood flow (MBF) and myocardial perfusion reserve® as
assessed on dynamic contrast-enhanced (DCE) first-
pass perfusion CMR may be impaired as discussed in
a later section. Many of these techniques have been
applied to track response to novel therapies (eg, empa-
gliflozin and liraglutide) for diabetes and cardiometabolic
diseases®®® (Figure 3). Late gadolinium imaging is also
invaluable in the assessment of vascular complications
of MetS including the detection of myocardial infarction
and associated complications (eg, aneurysms and ven-
tricular rupture) and assessment of myocardial viability.
Multiparametric MRI of the postischemic heart identifies
a severe inflammatory response with a bimodal pattern:
an early wave of edema linked to reactive hyperemia and
increased vascular permeability, followed days later by a
second wave due to inflammatory cell infiltration originat-
ing from the BM and spleen.®®

A B
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Cardiac MRS is also useful in the monitoring of thera-
peutic interventions. Intentional weight loss and specific
treatments, such as SGLT2 (sodium-glucose cotrans-
porter 2) inhibitors and GLP-1 (glucagon-like peptide
1) receptor agonists, have been shown to improve phos-
phocreatine/ATP ratios and cardiac function as evalu-
ated by 3'P-MRS.57606! TH-MRS detects intramyocardial
lipid levels that are elevated in obesity and diabetes, cor-
relating with cardiac remodeling and dysfunction.® Fur-
thermore, results from dietary intervention studies have
shown that myocardial triglyceride content is modifiable
and related to cardiac function in obesity and diabetes.®®
Furthermore, given the intertwined relationship between
diabetes, obesity, and HF, the ability to measure cardiac
metabolism will become increasingly important in tailor-
ing interventions to individual patients and ensuring opti-
mal patient outcomes.

Coronary Microcirculation

Imaging myocardial microcirculation is critical for under-
standing myocardial perfusion and identifying early vas-
cular changes associated with cardiometabolic diseases.
Techniques such as myocardial contrast echocardiogra-
phy, CMR, and PET are central to these evaluations.

Imaging Insights of Pathophysiological Mechanisms in
Microvascular Dysfunction

Advanced imaging techniques provide deeper insights
into the early and subtle changes occurring in coro-
nary microcirculation, often long before clinical disease
becomes apparent. The use of quantitative perfusion
techniques in DCE-MRI has enabled the identification
of early alterations in microvascular function in asymp-
tomatic adults.” In one study, resting MBF was directly
correlated with the number of MetS components, as well
as with insulin resistance, assessed using the homeo-
static model assessment for insulin resistance and the
presence of diabetes.” These findings align with those
of a previous study in patients with diabetes® and sug-
gest that in cardiometabolic diseases, not only stress
MBF is reduced, but also resting MBF is increased, likely
due to altered basal endothelial mechanisms. This imbal-
ance contributes to a decrease in myocardial perfusion
reserve. Such changes are only detectable through quan-
titative techniques, which offer high sensitivity for detect-
ing subtle perfusion alterations.

While DCE-MRI is a well-established technique,
emerging methods such as arterial spin labeling, oxygen-
sensitive or blood-oxygen-level-dependent MRI%* and
intravoxel incoherent motion also show promise in iden-
tifying the pathophysiological mechanisms underlying
alterations in coronary microcirculation and myocardial
oxygen reserve without the need for contrast agents.

Clinical Applications of Microvascular Imaging
In clinical practice, myocardial contrast echocardiography
is particularly useful for identifying localized microvascular

Circulation Research. 2025;136:1454-1475. DOI: 10.1161/CIRCRESAHA.125.3256517
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abnormalities, and it has shown that MBF reserve is
reduced in patients with diabetes with no CAD.%®

The high sensitivity of DCE-MRI to perfusion changes
makes it particularly suitable for diagnosing coronary
microvascular dysfunction, which is increasingly recog-
nized as a contributor to ischemic heart disease, obe-
sity, and diabetic cardiomyopathy (Figure 2).5° In diabetic
cardiomyopathy, DCE-MRI is particularly valuable for
detecting diffuse perfusion defects, serving as early indi-
cators of cardiovascular risk, and guiding therapeutic
interventions to improve outcomes.®¢” In addition, DCE-
MRI is valuable for assessing other conditions, such as
anthracycline-induced cardiotoxicity where irreversible
cardiac microcirculatory dysfunction may develop.®®

PET-determined myocardial perfusion also offers an
effective method for assessing coronary microcirculation.
Research indicates that coronary microvascular dysfunc-
tion as assessed by PET is notably prevalent among indi-
viduals with diabetes, MetS, and obesity.*® Furthermore,
a recent large-scale study has highlighted that abnormal
PET findings can reliably identify patients at high risk of
cardiometabolic disease, providing critical diagnostic and
prognostic insights.”

Arterial System

The arterial system plays a central role in the develop-
ment, progression, and consequences of cardiometa-
bolic diseases.”’ Cardiometabolic diseases often induce
structural and functional changes in the arterial system,
contributing to the formation of atherosclerosis,” which
can result in cardiovascular complications.

Imaging Insights of Pathophysiological Mechanisms in
Atherosclerosis

Multimodality imaging, such as '®F-FDG PET/CT and
PET/MRI, offers detailed information on the activity and
composition of atherosclerotic plaques.”™ Importantly, '8F-
FDG PET enables the detection of early changes in the
vascular wall, even before overt atherosclerotic plaques are
identifiable™; this information has been crucial in advanc-
ing our understanding of the inflammatory processes
underlying atherosclerosis formation. Moreover, PET stud-
ies have demonstrated that arterial wall inflammation is
directly influenced by MetS™7 and diabetes,” highlighting
their contribution to the atherosclerotic process.

Clinical Applications of Vascular Imaging

Vascular ultrasound enables the evaluation of athero-
sclerotic plaque and arterial stiffness,”®®° a technique
highlighted in the latest ESC guidelines as a key tool
for cardiovascular risk evaluation®' Furthermore, the
progression of atherosclerosis, as evaluated by vascu-
lar ultrasound, has been shown to be an independent
predictor of all-cause mortality® Thus, this noninvasive
and cost-effective tool provides valuable prognostic
information.
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MRI can also be used to study vascular compliance®
and aortic stiffness, which are abnormal in cardiometa-
bolic diseases®* and an independent predictor of vascu-
lar outcomes. In addition, MRI can further characterize
atherosclerotic plaque composition and identify features
of vulnerability, which can predict the risk for vascular
events.® Extracardiac vascular imaging with CT allows
the evaluation of vascular calcification in the aorta, renal
arteries, and peripheral arteries, which has been associ-
ated with cardiometabolic risk and correlates with overall
atherosclerotic burden.®®

Skeletal Muscle

Skeletal muscle dysfunction is a hallmark of cardiometa-
bolic diseases, characterized by metabolic inflexibility, or
the impaired ability of muscles to switch between lipid
and carbohydrate oxidation depending on fuel avail-
ability.®” This dysfunction results in the accumulation of
ectopic lipids within both intramyocellular and extramyo-
cellular compartments of the muscle, disrupting normal
metabolism.

Imaging Insights of Pathophysiological Mechanisms in
Muscle Dysfunction

'"H-MRS is considered the gold standard for differentiat-
ing between intramyocellular and extracellular lipids.®® In
addition, the Dixon MRI method enables the spatial visu-
alization of fat distribution within the skeletal muscle.®®
Studies combining Dixon MRI with "H-MRS have dem-
onstrated elevated intramyocellular lipid levels in patients
with cardiometabolic diseases, correlating with measures
of insulin sensitivity.*°

9'P-MRS can also provide insights into skeletal
muscle bioenergetics (Figure 1). Static and dynamic
S'P-MRS imaging has revealed that patients with car-
diometabolic diseases exhibit delayed phosphocreatine
recovery, altered inorganic phosphorus-to-ATP exchange
flux, and changes in glycerophosphocholine concentra-
tions, indicative of impaired mitochondrial ATP produc-
tion and oxidative capacity.®'®? These findings explain the
impact of cardiometabolic diseases on skeletal muscle
metabolism.%

'8F-FDG PET has also been used to study the effects
of cardiometabolic diseases on skeletal muscle. Stud-
ies have shown reduced "®F-FDG uptake in the skeletal
muscle of patients with diabetes, indicating impaired glu-
cose utilization. This reduction is closely associated with
systemic insulin resistance.®*

Clinical Applications of Skeletal Muscle Imaging

Muscle quantity and quality are important markers of car-
diometabolic risk. Sarcopenia has been associated with
insulin resistance and increased risk of cardiovascular
disease.®® In clinical practice, CT and MRI are the refer-
ence techniques for assessing sarcopenia and evaluat-
ing cardiometabolic risk. CT studies show that muscles
with normal density exhibit attenuation values around 31

1460  May 23,2025
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to 100 Hounsfield unit (HU), while fat-infiltrated muscles
present lower values, typically ranging from O to 30 HU.%®
One CT study demonstrated that decreased muscle mass
is an independent predictor of cardiovascular events and
HF®" These findings suggest that muscle mass and com-
position could serve as valuable markers for monitoring
treatment response in cardiometabolic diseases.

Dixon MRI also provides an accurate quantification
of muscle fat content® In addition, muscle function is
linked to cardiovascular risk.?® 3'P-MRS allows for the
evaluation of muscle function®'; although not yet widely
available for clinical practice, this technique holds prom-
ise for assessing cardiometabolic risk.

Adipose Tissue

Imaging of visceral, subcutaneous, and perivascular fat
provides critical insights into obesity, diabetes, and MetS,
where adipose tissue distribution serves not only as a
marker of disease severity but also as a crucial factor in
disease progression.

Imaging Insights of Pathophysiological Implications of
Adipose Tissue Inflammation

Adipose tissue inflammation has been linked to cardio-
metabolic diseases, an association primarily studied in
patients with obesity.® In fact, it has been suggested
that metabolic diseases may progress due to persistent
inflammation in key cardiometabolic tissues, including
adipose tissue.'® Experimental studies using in vivo
imaging have demonstrated activation of the leukocyte
adhesion cascade in the adipose tissue of obese mice,
indicating an active inflammatory process.’®" In humans,
"8F-FDG PET is the most frequently used imaging tech-
nique for assessing adipose tissue inflammation. '8F-
FDG uptake in adipose tissue has been associated with
insulin resistance and adiponectin levels,'*? reflecting
the inflammatory status in MetS'% (Figure 4). In addi-
tion, increased "F-FDG uptake in adipose tissue has
been linked to inflammation in other cardiometabolic
organs, highlighting the connection between adipose
tissue inflammation and systemic insulin resistance. For
instance, adipose tissue '®F-FDG uptake is associated
with vascular inflammation®® and has been associated
with reduced cerebral glucose metabolism, suggesting
a connection between adipose tissue dysfunction and
neurodegenerative diseases.'®

Other radiotracers, such as '8F-fluoro-6-thia-
heptadecanoic acid and '"C-acetate, have been sug-
gested to provide a more accurate assessment of adipose
tissue metabolic activity compared with '®F-FDG."%

A particular type of fat, the perivascular adipose tis-
sue (PVAT), has been recognized as a dynamic endo-
crine organ that plays a crucial role in vascular function.
CT imaging of PVAT has demonstrated that fat density is
closely related to vascular inflammation, suggesting that
PVAT composition may serve as a biomarker for athero-
sclerosis.'”” The fat attenuation index (FAI), a CT-derived
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Figure 4. Adipose tissue and bone marrow imaging.

A, Example of magnetic resonance (MR) images showing automated periadipose tissue segmentation and predicted segmentation quality.
Adapted from Ardissino et al'® with permission. B, Cardiac computed tomography (CT) images of epicardial fat segmentation from a patient
with diabetes. The lower row shows increased epicardial fat volume in a patient with obesity and diabetes compared with the lean patient in the
upper row. Adapted from Levelt et al'** with permission. C, '®F-FDG ('®F-fluorodeoxyglucose) positron emission tomography (PET)/CT images
of visceral adipose tissue (VAT) and subcutaneous adipose tissue in a patient with metabolic syndrome (left) and a healthy individual (right).
'8F-FDG uptake in VAT is notably higher in patients with metabolic syndrome compared with healthy individuals. Adapted from Pahk et al'® with
permission. D, "8F-FDG PET/MR imaging of the bone marrow in metabolic syndrome and healthy individuals. The upper figure demonstrates
increased '®F-FDG uptake in the lumbar vertebrae (white arrows) of a patient with metabolic syndrome, whereas the lower figure shows lower
uptake in a healthy individual. Images were obtained from the PESA study (Progression of Early Subclinical Atherosclerosis).

quantitative metric of PVAT density, has been shown to
provide critical insights into vascular inflammation asso-
ciated with cardiometabolic disease. FAI reflects the HU
density of PVAT, which is higher when PVAT is inflamed
(Figure 2).

Clinical Applications of Fat Imaging
Visceral fat, which is strongly associated with insulin
resistance and inflammation, can be quantified using
specific MRI sequences such as proton density fat frac-
tion,'%® T2, T2* or Dixon imaging,'® or by CT through
the use of HU."'® Although subcutaneous fat is less
pathogenic, its measurement alongside visceral fat helps
refine assessments of total adiposity and its varied meta-
bolic impacts. In fact, the volume and density of visceral
and subcutaneous fat correlate with cardiovascular risk
and can serve as predictors for metabolic outcomes.™
In addition, both CT and MRI may also provide valuable
insights into adipose tissue inflammation, which may be
inferred from altered HU values in CT or higher T2 values
in MRI (Figure 4). Indeed, lower fat attenuation values
have been associated with worse cardiometabolic pro-
files at follow-up.'"

PVAT has also been shown to have relevant clinical
implications. Recent studies highlight FAI's prognos-
tic value in predicting cardiovascular events. Elevated

Circulation Research. 2025;136:1454—1475. DOI: 10.1161/CIRCRESAHA.125.325517

FAl was independently linked to myocardial infarction
and adverse plaque features. The ORFAN (Oxford Risk
Factors And Non-invasive imaging) study''? investiga-
tors have further confirmed its role in risk stratification,
especially in nonobstructive CAD, by combining FAI
with plaque metrics. Advances in artificial intelligence
have enhanced FAI sensitivity, enabling the detection of
even subtle inflammatory PVAT changes that correlate
with systemic inflammatory markers. In MetS and diabe-
tes, increased FAI reflects poorer metabolic control and
cardiovascular risk, independent of obesity metrics.'”
FAIl also allows tracking of treatment effects (eg, statin
use), highlighting its role in personalized risk stratifica-
tion and management strategies of cardiometabolic
diseases.'?113

Epicardial adipose tissue is an important risk marker
in cardiometabolic diseases. In pathological states such
as MetS and other inflammatory disorders, epicardial adi-
pose tissue undergoes expansion and functional altera-
tions, leading to a proinflammatory profile.'™ Its volume
can be quantified using cardiac CT and MRI,'®'7 with
CT offering additional insights. Specifically, epicardial
adipose tissue inflammation can be detected through
increased epicardial adipose tissue attenuation on CT
scans, characterized by higher HU values; this feature is
linked to cardiovascular disease''® (Figure 4).
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Bone Marrow

Imaging Insights of Pathophysiological Mechanisms in BM
Metabolic Activity

Experimental studies have suggested that the BM plays
a significant role in cardiometabolic diseases. Cardiomet-
abolic risk factors increase the release of hematopoietic
progenitor cells, which impact systemic inflammation and
accelerate atherosclerosis progression.'™® In humans, the
study of BM can only be performed using hybrid imag-
ing methods that combine both anatomic and metabolic
information. One study in humans used hybrid PET/
MRI techniques to quantify BM activity'® (Figure 4).
This research demonstrated that BM activation, as evi-
denced by increased '®F-FDG uptake in the vertebrae of
asymptomatic individuals, is associated with MetS and its
individual components, as well as with systemic inflam-
mation and elevated leukocyte counts.'® In addition, as
proposed by preclinical studies, BM activation is linked
to early signs of atherosclerosis (ie, increased '®F-FDG
vascular uptake™). The concurrent increase in '®F-FDG
uptake in both the BM and arteries is associated with
a higher prevalence of atherosclerosis and a greater
plaque burden.’

Acute cardiovascular complications of MetS are also
known to significantly impact BM metabolism. Studies
using '®F-FDG PET have shown that BM activity increases
in patients experiencing acute cardiovascular events.'®%
Myocardial infarction or stroke activates the BM, stimulat-
ing the proliferation of hematopoietic stem and progenitor
cells. This process leads to increased production of neu-
trophils and inflammatory monocytes, which contribute to
poor myocardial healing.'"” Moreover, BM activation fol-
lowing myocardial infarction contributes to atherosclerosis
progression.''® Interestingly, patients with stable cardiovas-
cular disease also exhibit higher BM metabolic activity.'™®

Clinical Application of BM Imaging

Experimental studies have proposed imaging meth-
ods for evaluating BM activity as potential markers for
treatment monitoring. In one study'® in mice, PET/MRI
enabled the detection of increased BM vasculature fol-
lowing exposure to a danger signal. Clinical studies in
inflammatory diseases, such as rheumatoid arthritis, have
shown that BM edema evaluated by MRI can identify
inflammatory infiltrates in these patients.’?® Altogether,
these studies suggest that BM activity, evaluated through
noninvasive advanced imaging techniques, could serve
as a valuable tool for monitoring the efficacy of therapies
with anti-inflammatory effects.

Brain

Imaging Insights of Pathophysiological Mechanisms in
Neurodegenerative Diseases

The breakdown of the blood-brain barrier has been
observed in preclinical models of obesity and diabetes,
which is thought to exacerbate neuroinflammation and
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braininjury.'"?' MRItechniques suchas DCE-MRI, diffusion-
weighted imaging, tensor imaging, and susceptibility-
weighted imaging hold the potential for characterizing
the blood-brain barrier in cardiometabolic diseases.'#?'?®
Complementing these structural imaging methods,
a recent study utilizing cerebral MRS revealed that
central obesity and hyperinsulinemia are associated
with neurometabolic alterations, including reduced N-
acetylaspartate and choline levelsin brain regions involved
in cognitive and emotional processing'?* (Figure 5).

'"8F-FDG PET studies have also shown that cardiomet-
abolic diseases alter brain glucose uptake, influenced by
both local mechanisms and systemic glucose levels.'?512%
In asymptomatic middle-aged individuals, cardiometa-
bolic risk factors, especially hypertension, are associ-
ated with areas of brain hypometabolism.”?” Regional
blood flow, as assessed by PET, may also be altered in
obese participants.’® In patients with insulin resistance,
'"8F-FDG PET reveals abnormal glucose uptake in brain
regions susceptible to neurodegeneration although the
results in this are mixed.94129130

Imaging tracers targeting neuroinflammatory markers
(eg, TSPO [translocator protein], COX-2 [cyclooxygenase-
2], CB2 [cannabinoid receptor 2], MAO-B [monoamine
oxidase-B], and P2X7 [purinergic receptor P2X 7]) have
been used to study brain inflammation, with mixed results
in MetS models. This could be due to less robust selec-
tivity for microglial activation, a feature that is still under
investigation.”®" Furthermore, studies have shown that
'8F-florbetaben PET imaging can detect amyloid plaques
in individuals with diabetes, hypertension, and hypercho-
lesterolemia, diagnosed years before PET, thus linking
cardiometabolic diseases with neurodegeneration.'®

These imaging findings allow a better understand-
ing of the processes underlying cognitive dysfunction in
patients with cardiometabolic diseases.

Clinical Applications of Brain Imaging

Structural brain changes evaluated by MRI, particularly
atrophy, are commonly observed in individuals with obe-
sity and MetS, particularly in regions such as the frontal
lobes, anterior cingulate gyrus, hippocampus, amygdala,
brainstem, and thalamus. Both gray and white mat-
ter losses have been reported in patients with diabe-
tes, and these changes are associated with cognitive
decline.® White matter hyperintensities are commonly
observed in individuals with MetS, often alongside mark-
ers of cerebrovascular disease, which increase the risk
of stroke and cognitive impairment'®* (Figure 5). Finally,
functional brain MRI and perfusion studies have shown
impaired cerebral perfusion in areas crucial for cognition
in patients with diabetes and obesity.'?®

Liver
Individuals with cardiometabolic diseases often exhibit
liver abnormalities such as MAFLD and metabolic

Circulation Research. 2025;136:1454-1475. DOI: 10.1161/CIRCRESAHA.125.3256517
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Figure 5. Brain magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS).

A, Brain MRI showing hyperintensities on T2 FLAIR (Fluid Attenuated Inversion Recovery) and T1-weighted imaging in asymptomatic individuals
with cardiometabolic risk factors, suggestive of subclinical vascular injury. B, Long-echo multivoxel MRS in the region of the right deep frontal
white matter. Spectrum (i) in an obese subject, showing a decrease in the N-acetylaspartate (NAA)/creatine (Cr) and choline-containing molecules
(Cho)/Cr ratio (ii); spectrum (iii) in a control subject, showing a normal ratio of NAA/Cr and Cho/Cr. Adapted from Vukovi¢ et al'?* with permission.

dysfunction—associated steatohepatitis.’® Various imag-
ing techniques, particularly MR, are pivotal in assessing
these liver conditions.

Imaging Insights of Pathophysiological Mechanisms

in MAFLD and Metabolic Dysfunction-Associated
Steatohepatitis

BC-MRS and ®'P-MRS'¢13 have been utilized to
assess hepatic oxidative metabolism in cardiometabolic
diseases. These studies reveal lower ATP turnover'® and
slower tricarboxylic acid flux in individuals with diabetes,
indicative of impaired liver metabolism. Measures such
as liver steatosis, body mass index, waist circumference,
fasting glucose, and HbA1c (glycated hemoglobin) also
correlate with altered liver metabolism.'®® Studies using
"®F-FDG PET have demonstrated increased '®F-FDG
uptake in the liver of individuals with MetS.'%340 These
imaging findings further explain the link between liver
dysfunction and cardiometabolic syndrome.

Clinical Applications of Liver Imaging

Studies'! using ultrasound have shown that individuals
with cardiometabolic syndrome exhibit greater liver stiff-
ness (a marker of fibrosis) compared with those without,
correlating with insulin resistance and systemic inflam-
mation.'*? Quantitative MRI techniques, including tissue-
specific relaxometry mapping, have also proven useful for
assessing tissue characteristics such as fibrosis, edema,

Circulation Research. 2025;136:1454-1475. DOI: 10.1161/CIRCRESAHA.125.3256517

and iron levels, offering valuable insights into liver pathol-
ogy and its relationship with cardiometabolic health'®
(Figure 6). Notably, iron-corrected T1 mapping serves
as a surrogate marker for liver inflammation and fibro-
sis and has been shown to be more prevalent among
patients with obesity with diabetes. Higher corrected T1
levels have also been linked to an increased risk of major
cardiovascular events such as atrial fibrillation, HF, and
all-cause mortality, independent of liver fat content and
metabolic health status.’® Altered iron homeostasis may
also correlate with insulin resistance in obese individu-
als, highlighting the importance of iron metabolism in the
context of cardiometabolic syndromes.'**

Liver fat content is also a prognostic factor in meta-
bolic diseases. MRI-based proton density fat fraction
imaging has demonstrated higher liver fat content in
individuals with cardiometabolic diseases compared with
healthy individuals without metabolic dysfunction.'#'H-
MRS has further revealed increased liver fat content in
individuals with diabetes and obesity, with higher liver
fat associated with an increased risk of cardiovascular
events in a multiethnic population'# (Figure 6).

Pancreas

Obesity, inflammation, insulin resistance, sleep apnea, and
environmental factors are common mechanisms linking
cardiometabolic diseases with pancreatic dysfunction.?
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Healthy volunteer

Residual Water

Hepatic TG
=2.5%

Diabetic patient (normal BMI)

Residual Water

Hepatic TG
=76%

Diabetic patient (obese)

Residual Water

=16.1%

Lipid Peak

Hepatic TG

Lipid Peak

Lipid Peak \

Hepatic T1 Map

Figure 6. Liver magnetic resonance spectroscopy (MRS) in patients with diabetes compared with healthy volunteers.

A, 'H-MRS of a healthy volunteer with hepatic triglyceride (TG) content of 2.56%. B, 'H-MRS of a lean patient with diabetes with hepatic TG
content of 7.6%. C, 'H-MRS of a patient with obesity and diabetes with hepatic TG content of 16.1%. D, SAMOLLI (Shortened Modified Look-
Locker Inversion Recovery) T1 map of the liver in a healthy volunteer showing a corrected T1 (cT1) of 748 ms. E, ShAMOLLI T1 map of the liver in
a lean patient with diabetes with a cT1 of 772 ms. F, ShAMOLLI T1 map of the liver in a patient with obesity and diabetes with a cT1 of 1244 ms.
BMI indicates body mass index. Adapted from Levelt et al'** with permission.

Imaging Insights of Pathophysiological Mechanisms in
Pancreatic Function

Pancreatic MRl and MRS may be used to investigate pan-
creatic fat content and its association with metabolic dys-
function. A meta-analysis of studies evaluating pancreatic
size and fat content through ultrasound, CT, and MRI con-
cluded that excess pancreatic fat seen in diabetes leads to
[-cell reduction and impaired insulin secretion, contribut-
ing to hyperglycemia and metabolic dysregulation.’*® Indi-
viduals with diabetes and obesity often exhibit increased
pancreatic fat, which correlates with factors such as waist
circumference, triglyceride levels, hyperferritinemia, vis-
ceral adipose tissue, and insulin resistance. %1%

Studies using ®'P- and '®*C-MRS have shown reduced
oxidative metabolism in pancreatic cells in individuals
with cardiometabolic dysfunction, thought to underlie
[-cell dysfunction and reduced insulin secretion.'®!

PET imaging with tracers targeting GLP-1 receptors
such as radiolabeled exendin-4 provides a noninvasive
assessment of B-cell mass in the pancreas.'®?7'%* Studies
in both animals and humans have shown reduced tracer
uptake in diabetes and insulin-resistant models, indicat-
ing a reduction in B-cell mass.’® Single-photon emission
CT imaging with indium-111-labeled GLP-1 receptor
probes'® has also shown decreased p-cell signal in

1464  May 23,2025

these models, indicating a reduction in B-cell mass'®
and possibly impaired insulin secretion.

PET perfusion imaging has been used to assess pan-
creatic blood flow, revealing early abnormalities in obe-
sity, which suggest compromised B-cell function due to
inadequate nutrient and oxygen delivery.'”

Clinical Applications of Pancreatic Imaging
MRS techniques have been shown useful in the study
of pancreatic fat in patients with obesity. Particularly, in
patients undergoing bariatric surgery or short-term caloric
restriction, '"H-MRS has shown significant reductions in
pancreatic fat and improvements in -cell function, high-
lighting the modifiable natures of these changes.'®®
Research on GLP-1 agonists has shown that these
therapies can improve imaging signals of $-cell func-
tion,'®® underscoring the potential reversibility of pancre-
atic dysfunction with targeted cardiometabolic therapies.

Kidneys

Imaging Insights of Pathophysiological Mechanisms in
Renal Diseases

Nuclear imaging modalities have shown promise in
assessing renal pathophysiology. Techniques such
as technetium-99  m-diethylenetriaminepentaacetic

Circulation Research. 2025;136:1454-1475. DOI: 10.1161/CIRCRESAHA.125.3256517
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acid and technetium-99 m-mercaptoacetyltriglycine
PET can evaluate renal perfusion, while "®F-FDG and
®Ga-fibroblast activation protein inhibitor PET offer
insights into renal inflammation and fibrosis.'6%7163

Clinical Applications of Renal Imaging

Renal MRI is increasingly used in the assessment of
patients with MetS, offering precise evaluation of kidney
size, corticomedullary differentiation, and early kidney
damage. Advanced techniques such as T1 and T2 map-
pings allow for the detection of renal fibrosis and inflam-
mation, while renal fat fraction quantification provides
insights into progressive renal dysfunction, particularly
in diabetes.'®* Furthermore, increased renal fat content,
as detected on MR, has been linked to obesity-related
renal injury.'®® Noncontrast MRI approaches, including
arterial spin labeling and oxygen-sensitive or blood-
oxygen-level-dependent imaging, enable the assessment
of renal perfusion and oxygenation. These methods are
particularly valuable for identifying abnormalities in renal
function before the onset of overt nephropathy. Oxygen-
sensitive or blood-oxygen-level-dependent imaging, for
instance, can noninvasively detect renal hypoxia in dia-
betes, with studies showing more pronounced hypoxia in
the medulla compared with the cortex.'®® Similarly, arte-
rial spin labeling has demonstrated the ability to quantify
early renal perfusion impairment in diabetes, even before
changes in glomerular filtration rate are evident. Func-
tional MRI techniques, such as diffusion-weighted imag-
ing, are emerging as effective tools for evaluating tubular
function and tissue integrity. DCE-MRI also provides
novel methods to estimate renal filtration.

Spleen

Imaging Insights of Pathophysiological Mechanisms in
Splenic Metabolism

Splenic activity can be assessed on imaging modalities
such as "®F-FDG PET. Increased '®F-FDG uptake may
indicate heightened immune activation in the context of
MetS; however, this area deserves further investigation.
Emerging tracers, such as ®Ga-DOTATATE and TSPO
tracers, may offer more specific insights into inflamma-
tion and immune activity in the spleen, enhancing our
understanding of splenic involvement in cardiometabolic
conditions,'6%168

Clinical Applications of Splenic Imaging

Noninvasive imaging of the spleen provides unique
insights into its structure and function in the context of
MetS, obesity, and diabetes, as these conditions are asso-
ciated with systemic inflammation and immune dysregu-
lation. Abdominal MRI can accurately measure splenic
size and volume, which have been found to increase in
individuals with obesity. Advanced techniques such as
T1 and T2 mappings are sensitive to changes in splenic
vascularity and fibrosis, while T1 mapping may also be
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used to detect alterations in iron homeostasis within the
spleen.’®

Contributions of Each Imaging Technique to the
Evaluation of Cardiometabolic Diseases

The different imaging techniques can contribute to the
evaluation of cardiometabolic diseases in several ways.
The Table represents the main uses of each technique in
cardiometabolic diseases.

CONNECTIONS BETWEEN ORGANS

Imaging Evaluation of Connection Between
Organs

The connections between organs in cardiometabolic
diseases are essential for understanding the broader
pathophysiology.? These interactions often extend
beyond individual organs, provoking cascading abnor-
malities that can contribute to the development and
progression of diseases.? Imaging techniques, alongside
molecular biomarkers, can help reveal these connec-
tions and detect early cardiometabolic disease risks'™
(graphic abstract). Hybrid imaging techniques, such as
PET/CT and PET/MRI, are useful in studying interorgan
crosstalk. For example, in the PESA study (Progression
of Early Subclinical Atherosclerosis), a combination of
PET/MRI with other techniques such as CMR, cardiac
CT, and vascular ultrasound provided detailed insights
into the interactions between systemic atherosclerosis,
insulin resistance,®'™ metabolic risk factors, and various
organs,'®including the brain,'” heart,”"! and adipose tis-
sue.'™ Studies using these techniques have also been
instrumental in understanding the brain-heart axis,'”
adipose tissue—atherosclerosis link,'” and more, as
they provide a holistic view of multiple organ systems
affected by cardiometabolic diseases. In addition to
hybrid modalities, the combination of different imaging
techniques allows the study of the interactions between
organs. For example, the MESA (Multi-Ethnic Study of
Atherosclerosis) has used multimodality imaging, such
as brain and CMR, coronary and chest CT, carotid ultra-
sound, and echocardiograms, to explore how cardio-
metabolic risk factors impact various organs and their
interactions.”””"'8! Furthermore, the study of metabolic
pathways between organs has benefited from MRS,
which shows promising results for understanding inter-
organ metabolic interactions.'®?

Examples of Connections Between Organs
Heart-Liver Axis

The heart-liver axis represents a complex, bidirectional
relationship driven by shared metabolic dysfunction, sys-
temic inflammation, and neurohormonal dysregulation.
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Table. Contributions of Each Imaging Technique to the Evaluation of Cardiometabolic Diseases

Imaging technique

Organs evaluated

Manifestation of cardiometabolic disease

References

Echocardiography Cardiac Systolic and diastolic functions, hypertrophy, LV filling | Ng et al,*' Turkbey et al,*> Wohlfahrt et al,**
pressures, atrial contractility, and epicardial adipose and Ng et al**
tissue

Vascular ultrasound Arteries Atherosclerotic plaque presence, plaque distribution, Fernandez-Friera et al,”® Lopez-Melgar et al,”

plaque burden, and arterial stiffness

and Teixeira et al®®

Cardiac MR

Cardiac and myocardium

Systolic and diastolic functions, hypertrophy, LV filling
pressures, atrial contractility, aortic distensibility, and
abnormal myocardial tissue (inflammation, edema, and
fibrosis)

Avelar et al,®? Khan et al,®® Khan et al,’* Levelt
et al,*® Crane et al,*®* Chowdhary et al,*” and
Cohen et al®®

Khan et al®®

Cardiac MR perfusion

Myocardial
microcirculation

Changes in myocardial perfusion and coronary
microvascular function (blood flow, perfusion reserve,
and blood volume)

Chowdbhary et al,?® Thirunavukarasu et al,®'
Crane et al,*® Del Buono et al,®® and Heydari
et al®’

MR spectroscopy

- 'H-MRS

-3'P-MRS

- ®C-MRS
Magnetization transfer

Myocardial metabolism

Changes in metabolism (ie, phosphocreatine/ATP
ratio, CK flux, and Pi)

Clarke et al,?2 Chowdhary et al,®® Chowdhary
et al,%” Rider et al,®® Thirunavukarasu et al,®’
Banerjee et al,%? Jonker et al,%® and Levelt

et al'#

Skeletal muscle

Muscle bioenergetics

Ripley et al®’ and Valkovi¢ et al®?

Liver Liver fat content and hepatic oxidative metabolism Sharma et al,'*® Rothe et al,'®” Schmid et
al,’*® and Le et al'¥’
Pancreas Pancreatic fat and beta-cell function Lewis et al'®" and Gaborit et al'®®

Whole-body MRI

Cardiac and extracardiac
interactions

Changes in cardiac structure, function and myocardial
tissue characteristics, and association with visceral
and subcutaneous fat and extracardiac (brain, kidneys,
and liver) structural abnormalities

McCracken et al'™ and Raman et al'”'

Cardiac or whole-body CT | Cardiac Changes in visceral and epicardial fat and changes Amano et al,® Halon et al,*® and Levelt et al'*
in cardiac structure, coronary assessment, and
assessment of perivascular fat
"SF-FDG PET Myocardium Changes in myocardial metabolism and substrate use | Devesa et al,"" Succurro et al,* Karimi et al,*®
Losi et al,%” Toner et al,*® and Irkle et al*’
Myocardial Coronary microvascular function Bhandiwad et al®® and Huck et al”

microcirculation

Arteries

Vascular inflammation associated with atherosclerosis

Fernandez-Friera et al,”* Bucerius et al,”®
Tahara et al,”® Kim et al,”” and Bucerius et al®®

Skeletal muscle

Changes in muscle glucose uptake

Boersma et al®*

Adipose tissue

Increase or decrease in adipose tissue glucose uptake

Bucerius et al,*® Reijrink et al,'°? Pahk et al,'®®
Yu et al,'® and Pahk et al'”

Bone marrow and spleen

Bone marrow and spleen metabolic activity

Devesa et al,'® Emami et al,’® and Kim et al*®

Brain Brain metabolism and perfusion Guzzardi et al,'* Cortes-Canteli et al,'?” Pak
et al,'?® Ishibashi et al,'?® and Rebelos et al'*®
Liver Liver metabolic activity Pahk et al'*®
Kidneys Renal inflammation and fibrosis Bélissant et al'®?
%8Ga-FAPI PET Kidneys Renal fibrosis Zhou et al'®
%8Ga-nodaga-exendin-4 Pancreas Beta-cell function Connolly et al,'®? Mikkola et al,'** and Brom
PET et al'®*
%8Ga-DOTATATE PET Myocardium Myocardial inflammation due to myocardial infarction Toner et al*°
Vascular Vascular inflammation associated with atherosclerosis | Toner et al*
Coronaries Vascular inflammation associated with atherosclerosis | Oostveen et al'®®

Bone marrow and spleen

Bone marrow and spleen metabolic activity

Oostveen et al'®®

'8F-florbetaben PET

Brain

Amyloid deposition in diabetes

van Arendonk et al'®?

"8F-sodium fluoride PET

Coronaries

Vascular microcalcification

Irkle et al*’

'8F-FDG indicates '8F-fluorodeoxyglucose; ®Ga-FAPI, ®Ga-fibroblast activation protein inhibitor; CK, creatine kinase; CT, computed tomography; LV, left ventricle; MR,
magnetic resonance; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; PET, positron emission tomography; and Pi, phosphate.

Both cardiometabolic HF with preserved ejection frac-
tion (HFpEF) and MASLD are linked by obesity, insu-
lin resistance, hypertension, and dyslipidemia, which

contribute to cardiac and hepatic pathology. Emerg-
ing evidence suggests that MASLD may independently
drive metabolic heart disease through direct interorgan
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crosstalk, beyond traditional cardiometabolic risk fac-
tors. One key mechanism is chronic low-grade inflamma-
tion, where MASLD promotes a proinflammatory milieu
through elevated cytokines such as interleukin-6, tumor
necrosis factor-a, and C-reactive protein, in turn contrib-
uting to systemic endothelial dysfunction, vascular stiff-
ness, and microvascular disease, all of which are central
to HFpEF progression. In addition, MASLD-induced oxi-
dative stress worsens cardiac mitochondrial dysfunction,
increasing the risk of diastolic dysfunction.”®® Hepatic
metabolic dysregulation also plays a pivotal role in car-
diac substrate utilization. MASLD leads to increased
very-low-density lipoprotein secretion, elevated free fatty
acids, and hepatic insulin resistance, driving myocardial
steatosis and lipotoxicity. This shift forces the heart to
rely excessively on fatty acid oxidation at the expense
of glucose metabolism, contributing to metabolic inflex-
ibility and energy depletion, hallmarks of HFpEF. In addi-
tion, impaired ketone metabolism in MASLD may deprive
the heart of an alternative fuel source, further exacer-
bating energetic deficits. Beyond metabolic substrates,
liver-derived secretory proteins (eg, fibroblast growth
factor-21, fetuin-A, and adropin) have also been impli-
cated in cardiac inflammation, fibrosis, and insulin sen-
sitivity. Liver-derived extracellular vesicles enriched in
microRNAs (eg, miR-122) may further mediate myocar-
dial remodeling and mitochondrial dysfunction.'®3184

Among patients with diabetes and HFpEF, stud-
ies have demonstrated associations between diastolic
dysfunction and elevated liver fat fraction or fibrosis.'®®
Patients with HFpEF and MAFLD show more advanced
liver fibrosis, including cirrhosis, compared with those
with MAFLD alone.’®® Conversely, individuals with liver
disease often have a higher burden of cardiac abnor-
malities, with the severity of liver disease correlating
with increased myocardial edema and fibrosis.”®” A UK
Biobank study of 33 616 participants found that liver
inflammation and fibrosis were associated with a dou-
bling of cardiovascular risk, even in individuals without
overt metabolic risk factors.'*® Hepatic fat, quantified via
CT and MRI,"** may enable early identification of MAFLD
and metabolic dysfunction—associated steatohepatitis,
conditions associated with heightened risk of cardiovas-
cular events.'88'8 However, while liver fat is strongly tied
to cardiometabolic conditions, its direct association with
cardiac outcomes remains unclear, with inflammation
likely playing a more significant role.'*®

Muscle, Fat, Microcirculation, and HF

The interplay between muscle, fat, and microcircula-
tion is integral to cardiovascular disease, particularly in
HFpEFR.'%° Excess visceral and epicardial fat contributes
to systemic inflammation and vascular stiffness, increas-
ing cardiac workload and impairing myocardial relax-
ation.’" Adipose tissue—driven inflammation disrupts
microvascular function, exacerbating coronary microvas-
cular dysfunction, which limits oxygen delivery, creating
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an oxygen supply-demand imbalance that impacts car-
diac efficiency. Skeletal muscle dysfunction further com-
pounds this issue. In HFpEF, fat infiltration into muscle
reduces oxidative capacity and perfusion, leading to early
fatigue and diminished exercise tolerance.'®? This mus-
cle weakness, exacerbated by fat infiltration, impairs the
muscle’s ability to adequately extract oxygen, amplifying
cardiovascular stress as the heart compensates for the
decreased muscle perfusion. Consequently, this cycle
of inflammation, impaired microvascular function, and
reduced muscle capacity perpetuates HFpEF symptoms,
reducing the quality of life.

Beyond HFpEF, the interplay between muscle and
adipose tissue has systemic implications. Altered glu-
cose uptake in skeletal muscle, visceral fat, and the brain
is linked to whole-body insulin resistance, highlighting
the interconnected metabolic pathways driving cardio-
metabolic diseases.*

Brain-Heart Axis

The heart-brain relationship in MetS is complex and bidi-
rectional, with advanced imaging revealing numerous
links.

The autonomic nervous system, critical for heart
rate and blood pressure regulation, often exhibits dys-
autonomia in cardiometabolic diseases, manifesting as
sympathetic overactivity or impaired parasympathetic
function.'® Functional MRI studies highlight altered con-
nectivity in brain regions regulating autonomic control
in MetS and diabetes.’®* Structural MRI has revealed
reduced white matter connectivity in these populations,
correlating with increased cardiovascular risk. In addi-
tion, cardiac conditions such as atrial fibrillation and HF
are linked to neurological complications, including stroke
and cerebral hypoperfusion,'®® which may further impair
cognitive function. Studies from the UK Biobank have
also demonstrated correlations between adverse car-
diac phenotypes, such as increased aortic stiffness, and
brain abnormalities, such as white matter hyperintensi-
ties, emphasizing the interconnectedness of cardiac and
neural health.'™

The use of DCE-MRI has allowed the identification of
increased blood-brain barrier permeability following myo-
cardial infarction in both experimental and clinical stud-
ies.'”® This phenomenon has also been observed after
ischemic stroke, and the underlying mechanism appears
to involve the release of inflammatory factors that com-
promise blood-brain barrier integrity. This disruption plays
a significant role in the development of neurological
complications following myocardial infarction.

Kidney-Heart Axis

The heart-kidney axis is a well-established area of
research, highlighting the interdependence between
these organs in health and disease.’®” Hypertension, dia-
betes, and microvascular disease often simultaneously
affect both organs, with endothelial dysfunction playing a
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central role.’®® Imaging is an important tool for assessing
the function of both organs. In cases of chronic kidney
disease, CMR parameters, including myocardial strain,
T1 and T2 mappings, show significant alterations that
worsen as chronic kidney disease progresses.'® Car-
diac CT can also provide valuable information on car-
diac and vascular calcification and relevant parameters
in uremic cardiomyopathy.?® Furthermore, PET imaging
studies have demonstrated that even moderate chronic
kidney disease may accelerate a decline in coronary flow
reserve.?’

BM, Vascular Disease, and Ischemic Events

The BM plays a significant role in the interaction
between cardiometabolic risk factors and cardiovascular
diseases. Increased BM activity in individuals with MetS
is linked to elevated inflammatory markers, contributing
to early atherosclerosis, as evidenced by increased arte-
rial 8F-FDG uptake and the presence of atherosclerotic
plaques.”® BM activity also intensifies following acute
cardiovascular events, such as myocardial infarction, with
concurrent splenic activation.’®?° PET/MRI studies have
further shown that increased BM activity correlates with
decreased myocardial glucose uptake, reducing myo-
cardial efficiency.'’ These findings emphasize the BM's
critical role in both chronic atherosclerosis and acute
ischemic events.

Spleen-Heart Axis

The spleen’s role in modulating the immune response
after acute cardiovascular events is crucial.2°>?%® Several
studies both in animals and humans have shown that
there is an increase in the metabolic activity of the spleen
occurring after myocardial infarction or stroke.'929? More-
over, ischemic preconditioning experiments have dem-
onstrated the spleen’s cardioprotective function. During
acute events, the spleen releases cardioprotective fac-
tors that reduce infarct size, highlighting its importance
in cardiovascular health and recovery mechanisms.?
These findings support the spleen’s potential as a thera-
peutic target in heart disease.

ROLE OF IMAGING IN THE MANAGEMENT
OF CARDIOMETABOLIC DISEASES

Imaging techniques play an important role in the man-
agement of cardiometabolic diseases. Cardiac CT facili-
tates the monitoring of statin therapy by characterizing
atherosclerotic plaques, analyzing their composition,
and identifying high-risk features.®519%"13 Fyrthermore,
perivascular FAI assessed via CT decreases following
statin therapy, enabling the tracking of reduced vascular
inflammation in response to treatment?®

Therapies such as SGLT2 inhibitors and GLP-1 recep-
tor agonists in patients with obesity and diabetes can
also be monitored using advanced imaging modalities.
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CMR provides insights into the effects of these therapies
on myocardial perfusion and cardiac function.?”®® In addi-
tion, MRS offers a means to evaluate cardiac metabolic
response to these treatments®®! and assess the func-
tional response of pancreatic f§ cells.’®%20

Imaging can also detect cardiometabolic changes
induced by drugs. Several beneficial drugs can signifi-
cantly alter cardiovascular metabolism; among the most
notable are cancer treatments. Anthracyclines, commonly
used as first-line therapy, are linked to cardiovascular
complications in up to 30% of patients.*” Experimental
studies using PET have shown that even at low cumula-
tive doses, anthracyclines alter cardiac substrate utiliza-
tion, inducing severe alteration in cardiac energetics.®®
Anthracyclines induce severe mitochondrial damage,
resulting in early intracardiomyocyte edema. The combi-
nation of T2 mapping and precontrast/postcontrast T1
mapping can noninvasively detect these early cardiac
changes induced by anthracyclines.?°®

FUTURE PERSPECTIVES

Imaging modalities are rapidly advancing, along with
our understanding of the consequences of MetS and
its associated conditions on various organs. However,
critical gaps remain, necessitating further research to
fully elucidate the effects of cardiometabolic conditions
across different systems.

A major limitation of current studies is their predomi-
nantly cross-sectional design, which does not estab-
lish cause and effect. A deeper understanding of how
dysfunction in one organ contributes to susceptibility in
others is critical, particularly in cardiometabolic diseases
where organ interdependence can amplify disease
progression. For example, how liver fibroinflammation
may predispose the heart remodeling or neurovascular
changes in the brain remains incompletely understood.
Similarly, identifying individuals who are predisposed to
multiorgan involvement could help develop earlier, more
effective interventions.

In this context, multidisciplinary clinics and collabora-
tions that manage diseases spanning the heart, brain,
and liver in individuals with MetS are urgently required.
Such clinics should include clear referral pathways to
specialist care and foster teamwork among cardiolo-
gists, hepatologists, neurologists, and endocrinologists.
By addressing multiorgan dysfunction holistically, these
clinics could significantly improve patient outcomes in
cardiometabolic diseases.

Another important avenue for research is the identi-
fication of preclinical imaging markers that detect organ
dysfunction even before structural, irreversible changes
occur or blood tests become abnormal. Early identifica-
tion of these substrates could highlight opportunities for
reversibility and treatment. Longitudinal imaging studies

Circulation Research. 2025;136:1454-1475. DOI: 10.1161/CIRCRESAHA.125.325517



Gzoz /T Jequedaq uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Devesa et al

and clinical trials are needed to confirm that cardiometa-
bolic treatments can not only improve metabolic states
but also reverse imaging-detected abnormalities in a
favorable manner. These studies would provide critical
insights into the potential for regeneration and recovery
of organ function.

In addition, most current imaging focuses on static
assessments, which limits our ability to evaluate dynamic
physiological changes. Developing more nuanced,
reproducible, and widely available imaging modalities
that can assess metabolism and cardiac physiology
in real time is vital. Dynamic imaging during metabolic
challenges, exercise, or following a vasoactive stimu-
lus could reveal key insights into the mechanisms of
disease and response to therapies. However, existing
advanced imaging technologies (eg, hyperpolarized
carbon-13, PET/MRI, PET/CT, and multinuclear MRS)
remain cumbersome, expensive, and with limited global
availability. There is also a shortage of expertise in these
techniques, an incomplete understanding of potential
confounders, and insufficient biological correlation with
clinical outcomes. Addressing these gaps remains a pri-
ority for the future and will require technological innova-
tion, training, standardization of protocols, and biological
validation to make these tools more clinically accessible.

Finally, the concept of multiorgan interdependence
highlights the need for a holistic approach. Despite the
significant advances, many gaps still remain in under-
standing the interplay between various organ systems.
Specifically, cross-organ talk involving the kidney, spleen,
pancreas, and other organs remains underexplored
underscoring the need for further research. For example,
nuclear imaging holds promise for assessing renal and
pancreatic changes in cardiometabolic conditions, yet
its utility in routine practice requires further validation.
Similarly, the impact of insulin resistance on the arte-
rial system and atherosclerotic risk could provide valu-
able insights into cardiovascular event risks in MetS. To
advance this field, hypothesis-driven research, longitu-
dinal studies, and clinical trials focused on therapeutic
impacts on multiorgan imaging biomarkers are crucial
with the potential to predict, prevent, and treat complex
cardiometabolic diseases more effectively.

CONCLUSIONS

In conclusion, cardiometabolic diseases represent a com-
plex interplay of metabolic, inflammatory, and cardiovas-
cular abnormalities that affect multiple organs, including
the heart, brain, liver, kidneys, skeletal muscle, adipose
tissue, and hematopoietic system. The disruption of
interorgan crosstalk amplifies disease progression, con-
tributing to significant morbidity and mortality. Advances
in imaging modalities, such as MRI, CT, PET, and hybrid
techniques, such as PET/CT and PET/MRI, have gener-
ated vital insights into organ-specific changes but also
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enabled the evaluation of systemic interactions, such as
the brain-heart, heart-liver, and fat-muscle-heart axes,
highlighting the pivotal role of interorgan communication.
By assessing the structural, functional, and metabolic
alterations associated with cardiometabolic diseases,
imaging can facilitate early diagnosis, risk stratification,
and monitoring of disease progression and treatment
effects. As the field evolves, integrating these advanced
imaging approaches with clinical practice will be essen-
tial for developing targeted therapies that address both
organ-specific and systemic mechanisms underlying car-
diometabolic diseases.
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