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Abstract

The myocardial extracellular volume (ECV) has emerged as a critical biomarker for diagnosing and
managing cardiac disease, as it reflects changes in myocardial tissue composition such as fibrosis and
edema. Cardiac magnetic resonance imaging (MRI) and computed tomography (CT) have
increasingly been used to non-invasively quantify ECV, providing valuable insights into myocardial
pathology. This review summarizes the latest advancements in ECV measurement techniques using
cardiac CT and MRI emphasizing their clinical applications in conditions including
cardiomyopathies, myocardial fibrosis, and heart failure. We discuss the technical principles
underlying ECV quantification via both imaging modalities, compare their diagnostic accuracy and
reproducibility, and highlight the complementary roles they play in clinical practice. Challenges such
as standardization, radiation exposure in CT, and contrast agent considerations are also addressed.
By analyzing current literature, we provide an overview of the consistency and discrepancies
between CT- and MRI-derived ECV measurements, and propose future directions for improving
imaging protocols, expanding clinical indications, and integrating ECV assessment into personalized
treatment strategies. This comprehensive review aims to inform clinicians and researchers about the
evolving role of ECV quantification in cardiac imaging and its potential to enhance cardiovascular
disease diagnosis and management.

Keywords: cardiac computed tomography; cardiac magnetic resonance imaging; extracellular
volume; cardiovascular disease; clinical application

1. Introduction

The extracellular volume (ECV) fraction, which represents the proportion of myocardial tissue
occupied by the extracellular matrix (ECM) and interstitial space, has emerged as a key biomarker
for assessing cardiac tissue pathology, particularly myocardial fibrosis. Myocardial fibrosis,
characterized by excessive collagen deposition and ECM remodeling, plays a significant role in the
pathophysiology of various cardiac diseases, including cardiomyopathies, ischemic injury,
infiltrative disorders, and inflammatory conditions. Since fibrosis adversely affects myocardial
compliance, electrical conduction, and contractile function, accurate quantification of ECV provides
critical insights into disease severity, prognosis, and therapeutic response. Cardiac magnetic
resonance imaging (MRI), particularly with parametric mapping techniques such as T1 mapping and
late gadolinium enhancement (LGE), is conventionally the clinical gold standard for non-invasive
ECV quantification and myocardial tissue characterization [PMID: 38595125, 39867184]. T1 mapping
enables the quantification of diffuse interstitial fibrosis by calculating native and post-contrast T1
relaxation times, while LGE identifies focal replacement fibrosis. The ECV fraction derived from these
measurements strongly correlates with histopathological fibrosis and predicts adverse outcomes in
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heart failure (HF) and cardiomyopathies [PMID: 38595125, 39867184]. MRI-derived ECV (MRI-ECV)
quantification has shown clinical utility in diverse conditions, including hypertensive heart disease,
cardiac amyloidosis (CA), dilated cardiomyopathy (DCM), and inflammatory myocarditis, serving
as a robust tool for early diagnosis and risk stratification [PMID: 32890280, 33067004, 39867184,
40102107]. Despite its superior tissue characterization capabilities, cardiac MRI has inherent
limitations. It requires patient cooperation for breath-holding, is contraindicated in patients with
certain implanted devices or severe claustrophobia, and is less accessible in some clinical settings due
to cost and availability constraints. These factors have stimulated interest in alternative imaging
modalities capable of ECV assessment with broader clinical applicability.

Cardiac computed tomography (CT) has rapidly evolved from a primarily coronary artery
imaging tool to a versatile modality capable of myocardial tissue characterization, including ECV
quantification. Advances in CT technology, such as dual-energy CT (DECT), single-energy CT (SECT)
with iodine density imaging, and the emerging photon-counting detector CT (PCD-CT), have
enhanced spatial resolution and contrast differentiation, enabling the non-invasive detection of
myocardial fibrosis and calculation of ECV [PMID: 40137579, 39963992, 40774023]. CT-derived ECV
(CT-ECV) measurement leverages the differential distribution of iodinated contrast agents between
the intravascular and interstitial spaces, analogous to gadolinium-based methods in MRI. Many
studies have shown a strong correlation between CT-ECV and MRI-ECV values across various
cardiac pathologies, including CA, aortic stenosis (AS), pulmonary hypertension, and myocarditis,
underscoring the diagnostic and prognostic value of CT-ECV [PMID: 40142874, 37597032, 35661458,
40102107]. Importantly, CT provides several practical advantages such as shorter acquisition times,
fewer contraindications, and the ability to simultaneously evaluate the coronary artery, which may
streamline patient assessment and improve clinical workflow [PMID: 39963992, 40137579]. The
development of PCD-CT, with superior spectral resolution and noise reduction, has shown promise
in enhancing the accuracy and reproducibility of myocardial ECV quantification, particularly in
patients with elevated heart rates or arrhythmias, where conventional CT techniques may be limited
[PMID: 40903622, 36719292]. Despite these technological advances, challenges persist in
standardizing CT protocols, minimizing radiation exposure, and validating CT-ECV against
histopathological standards and clinical outcomes in larger, multicenter cohorts.

Given the complementary strengths and limitations of cardiac MRI and CT, a growing body of
literature focuses on delineating their respective roles in clinical practice and exploring the potential
of CT as a viable alternative or adjunct to MRI for ECV assessment. While MRI remains the gold
standard, the expanding capabilities of CT provide a practical solution for patients contraindicated
for MRI or requiring comprehensive coronary and myocardial evaluation in a single session [PMID:
40142874, 39963992]. Moreover, emerging techniques such as non-contrast myocardial tissue
composition mapping using advanced MRI sequences and multiparametric CT imaging are poised
to further refine the detection and quantification of myocardial fibrosis, facilitating earlier diagnosis
and tailored therapeutic strategies [PMID: 40501284, 39963992]. This review aims to provide a
comprehensive overview of the current clinical applications of cardiac CT- and MRI-ECV
quantification, highlighting recent technological innovations, comparative diagnostic performance,
and prognostic implications. Furthermore, it discusses future perspectives, including the integration
of artificial intelligence (AI) and machine learning for enhanced image analysis, the role of novel
tracers and imaging biomarkers, and the potential for personalized medicine approaches in
cardiovascular care. We seek to elucidate the evolving landscape of ECV imaging through this
synthesis, guiding clinicians and researchers in optimizing the use of cardiac CT and MRI for
improved patient outcomes.
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2. Main Body
2.1. Definition of the Extracellular Volume (ECV) and Its Clinical Significance
2.1.1. Physiological Basis of ECV

The ECV represents the fraction of myocardial tissue volume that lies outside the
cardiomyocytes, encompassing the interstitial space, ECM, vascular compartment, and interstitial
fluid. Physiologically, the ECV is primarily composed of water; electrolytes such as sodium and
chloride; structural proteins including collagen, elastin, and proteoglycans; and various signaling
molecules. This compartment plays a crucial role in maintaining myocardial structural integrity,
facilitating nutrient and waste exchange, and modulating cellular signaling. The dynamic balance
between intracellular and extracellular compartments is essential for normal cardiac function, with
ECV values typically ranging from 20% to 30% in healthy myocardium, as measured by cardiac MRI
techniques [1,2].

Cardiomyocyte size and density influence both the size and composition of the ECV. Studies in
healthy porcine models have shown a negative correlation between cardiomyocyte breadth and ECV,
indicating that larger cardiomyocytes occupy more intracellular space, thereby reducing the relative
extracellular fraction [1]. Sex differences also contribute to variations in ECV, with females exhibiting
higher myocardial perfusion, blood volume, and ECV than males, suggesting intrinsic physiological
differences in myocardial extracellular composition and vascularization [2,3]. Furthermore, the ECV
is modulated by hematocrit levels and myocardial blood volume, reflecting the interplay between
vascular and interstitial compartments.

The ECV expansion is a hallmark of myocardial remodeling in pathological states, particularly
in the context of fibrosis, inflammation, and edema. Myocardial fibrosis involves excessive deposition
of ECM components, particularly collagen, leading to increased ECV and altered mechanical
properties of the myocardium. This expansion can be diffuse or focal and is associated with impaired
ventricular compliance and function [4,5]. For instance, increased sympathetic nerve activity
correlates with expanded ECV in hypertensive heart disease, indicating early interstitial fibrosis [5].
Similarly, ECV in CA elevation reflects amyloid infiltration and correlates with microvascular
dysfunction and myocardial stiffening [6].

The ECM within the ECV is not merely a passive scaffold but actively modulates cellular
behavior through biochemical and mechanical signaling. Its composition and cross-linking, mediated
by enzymes such as lysyl oxidase, influence myocardial stiffness and remodeling processes [7].
Moreover, the ECV contains extracellular vesicles (ECVs), which are membrane-bound particles
involved in intercellular communication and carry molecular cargoes that can influence cardiac
physiology and pathology [8]. These vesicles contribute to the pathogenesis of various cardiac
conditions by mediating signaling pathways that regulate fibrosis, inflammation, and repair.

Water and sodium homeostasis within the ECV are tightly regulated to maintain osmotic
balance and volume status, which are critical for cardiac function. The kidney and heart coordinate
to regulate extracellular fluid volume and composition, with disturbances leading to conditions such
as HF and cardiorenal syndrome [9,10]. Sodium concentration within the ECV influences cell volume
regulation and myocardial stiffness, with abnormal sodium handling implicated in hypertension and
cardiac remodeling [11,12]. Aquaporins and ion channels modulate transmembrane water and ion
fluxes, affecting cardiomyocyte volume and extracellular fluid dynamics [13].

In summary, the physiological basis of ECV encompasses its composition of interstitial fluid,
ECM, vascular elements, and ECVs, all of which contribute to myocardial structure and function.
Alterations in ECV size and composition both reflect and influence cardiac pathology, particularly
through mechanisms involving fibrosis, inflammation, and volume dysregulation. Advanced
imaging modalities such as cardiac MRI T1 mapping enable non-invasive quantification of ECV,
providing insights into myocardial health and disease progression [12]. Therefore, understanding the
physiological and pathological roles of ECV is essential for interpreting its clinical significance in
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cardiac imaging and for developing targeted therapies aimed at modulating ECM remodeling and
myocardial stiffness.

2.1.2. ECV and Its Association with Cardiac Diseases

ECV quantification has emerged as a pivotal biomarker in evaluating myocardial tissue
remodeling across various cardiac diseases, including HF, cardiomyopathies, and infiltrative
disorders. Additionally, ECV reflects myocardial ECM expansion, predominantly due to fibrosis or
infiltration, and can be non-invasively measured using cardiac MRI or CT. Multiple studies have
shown that increased myocardial ECV is strongly associated with adverse clinical outcomes and
provides incremental prognostic information beyond conventional imaging parameters.

Both preserved and reduced ejection fraction phenotypes in HF populations exhibit elevated
ECV values, which correlate with myocardial fibrosis burden and predict hospitalization and
mortality. A large cardiac MRI cohort study demonstrated that both higher ECV and indexed ECV
were independently associated with HF hospitalization and death, even after adjusting for age, sex,
left ventricular function, and biomarkers such as N-terminal pro-brain natriuretic peptide (NT-
proBNP) [14]. ECV also correlates with myocardial strain parameters, such as global longitudinal
strain (GLS). However, these two metrics represent distinct pathophysiological domains —ECV and
GLS reflecting interstitial expansion and contractile function, respectively —with minimal correlation
but additive prognostic value [15]. This suggests that combining ECV and strain imaging enhances
risk stratification in HF.

ECV quantification in cardiomyopathies provides critical insights into disease severity and
progression. Patients with hypertrophic cardiomyopathy (HCM) exhibit increased ECV, which
correlates with adverse remodeling, arrhythmic risk, and major adverse cardiovascular events
(MACESs). A multicenter prognosis study demonstrated that ECV and epicardial adipose tissue
volume index measured by cardiac MRI were strong predictors of MACEs in HCM, improving risk
stratification [16]. Similarly, elevated ECV in DCM and other non-ischemic cardiomyopathies reflects
diffuse interstitial fibrosis and is associated with impaired ventricular function and worse outcomes
[17]. In rare genetic cardiomyopathies such as Danon disease and Friedreich’s ataxia, increased ECV
measured by cardiac MRI has been shown to reflect the extent of myocardial fibrosis and correlates
with disease severity and ventricular remodeling [18,19].

ECV also plays a crucial role in the evaluation of infiltrative cardiac diseases, notably CA.
Quantitative ECV measurements strongly correlate with amyloid burden and functional impairment.
In wild-type transthyretin amyloid cardiomyopathy, ECV has been shown to correlate with cardiac
biomarkers (NT-proBNP and troponin T), longitudinal strain, exercise capacity, and disease stage,
providing a comprehensive assessment of disease severity [20]. CT-ECV has shown high diagnostic
accuracy for CA, with sensitivity and specificity exceeding 85%, facilitating its utility for non-invasive
diagnosis and preoperative planning for transcatheter aortic valve replacement (TAVR) [21].
Moreover, ECV quantification can monitor treatment response in amyloidosis, as demonstrated by
serial cardiac MRI studies showing reductions in ECV after chemotherapy and stem cell
transplantation [22].

In systemic diseases with cardiac involvement—such as systemic sclerosis (SSc), granulomatosis
with polyangiitis (GPA), and immune-mediated inflammatory diseases (IMIDs)—elevated
myocardial ECV reflects subclinical myocardial fibrosis and microvascular pathology, both of which
are linked to disease severity and adverse outcomes. For example, higher ECV and LGE in SSc are
associated with skin score, digital ulcers, and biomarkers of myocardial injury, indicating early
cardiac involvement despite preserved systolic function [23,24]. Similarly, increased ECV in GPA
correlates with disease phenotype, antineutrophil cytoplasmic antibody status, and myocardial
fibrosis detected by LGE [25]. Systemic sclerosis has emerged as a major determinant of myocardial
fibrosis in IMIDs, with smoking and body mass index also influencing ECV levels [26].

Diabetes mellitus, particularly type II diabetes, is associated with increased myocardial ECV,
reflecting diffuse interstitial fibrosis that contributes to diabetic cardiomyopathy and HF risk. Studies
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have shown that patients with diabetes accompanied by complications exhibit significantly higher
ECV than those without, and elevated ECV independently predicts adverse cardiovascular events
[27,28]. Furthermore, sodium-glucose cotransporter 2 inhibitors, which are known to reduce
cardiovascular mortality in diabetes, may exert beneficial effects on myocardial remodeling,
potentially modulating ECV and fibrosis [29,30].

In patients undergoing cardiac interventions such as TAVR, elevated pre-procedural ECV
predicts the development of conduction abnormalities and the need for permanent pacemaker
implantation, underscoring the clinical utility of ECV in procedural risk stratification [31].
Additionally, ECV and myocardial strain parameters in hypertensive heart disease serve as sensitive
markers for myocardial abnormalities and treatment response, with ECV reflecting interstitial fibrosis
that contributes to ventricular remodeling [32].

Emerging evidence supports the feasibility and prognostic value of CT-ECV measurements,
which demonstrate strong correlation with cardiac MRI-ECV and histopathology. CT-ECV provides
advantages in availability, cost, and applicability in patients contraindicated for MRI, thereby
expanding the clinical utility of myocardial fibrosis assessment [33,35]. Moreover, novel CT
techniques, including PCD-CT, enable the simultaneous assessment of coronary artery disease and
myocardial ECV in infiltrative diseases such as amyloidosis [36].

In summary, myocardial ECV quantification is a robust, non-invasive biomarker that reflects
diffuse interstitial fibrosis and infiltration, providing critical diagnostic and prognostic information
across various cardiac diseases. Its integration with functional imaging and serum biomarkers
enhances risk stratification, guides therapeutic decision-making, and facilitates the monitoring of
disease progression and treatment response. Ongoing advancements in imaging technology, coupled
with the standardization of ECV measurement protocols, will further consolidate its role in precision
cardiovascular medicine.

2.2. Advantages of Magnetic Resonance Imaging (MRI) in ECV Measurement
2.2.1. MRI Technology Overview

Over the past three decades, MRI has evolved from an experimental technique to a routine,
indispensable tool in cardiac diagnostics, providing unparalleled spatial and temporal resolution for
myocardial function and tissue characterization [37]. Among the various MRI techniques, T1
mapping has emerged as a pivotal method for quantifying myocardial tissue properties, particularly
the ECV fraction, which serves as a biomarker of interstitial expansion due to fibrosis, edema, or
infiltration [38]. The principle of T1 mapping is based on acquiring multiple images at varying
inversion times or flip angles to generate pixel-wise maps of the longitudinal relaxation time (T1) of
myocardial tissue. Native (pre-contrast) T1 values reflect intrinsic tissue characteristics, whereas post-
contrast T1 values, combined with hematocrit levels, enable ECV calculation by quantifying the
distribution volume of gadolinium-based contrast agents within the extracellular space [39].

The use of T1 mapping in ECV measurement is particularly valuable because it enables non-
invasive, quantitative assessment of diffuse myocardial fibrosis that may be undetectable by
conventional LGE imaging, which primarily identifies focal scar [38]. This quantitative approach
enhances diagnostic accuracy in various cardiomyopathies, including dilated, hypertrophic, and
infiltrative forms such as amyloidosis and Fabry disease, by detecting subtle interstitial changes
before the development of overt structural abnormalities [40,41]. For example, native T1 mapping
can differentiate between Fabry disease and amyloidosis without contrast administration, whereas
ECV quantification provides a direct measure of ECM expansion [40]. Additionally, T1 mapping has
prognostic implications. Elevated ECV correlates with adverse outcomes such as arrhythmias and
sudden cardiac death, emphasizing its clinical relevance [42].

Technically, T1 mapping sequences have been refined to improve accuracy and reproducibility.
The modified Look-Locker inversion recovery (MOLLI) and shortened MOLLI are commonly used
sequences that balance acquisition time and precision [38]. They can be performed during breath-
hold or with respiratory compensation techniques to mitigate motion artifacts, a persistent challenge
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in cardiac MRI [43]. Recent advances, including free-breathing T1 mapping with ultrasound-driven
slice tracking, have further enhanced image quality and patient comfort [43]. Furthermore, post-
processing algorithms facilitate pixel-wise T1 calculation, enabling detailed regional myocardial
characterization.

The clinical utility of T1 mapping extends beyond diagnosis to treatment monitoring. For
instance, changes in ECV measured by T1 mapping in CA correlate with histological amyloid load
and response to therapies such as tafamidis [44,45]. Similarly, combined T1 and T2 mapping
improves early detection of myocardial damage in DCM by revealing both fibrotic and edematous
changes [46]. T1 mapping-derived ECV predicts adverse outcomes in heart transplant patients,
underscoring its role in surveillance [47].

Taken together, T1 mapping is a robust MRI technique that quantitatively assesses myocardial
tissue characteristics by measuring T1 relaxation times pre- and post-contrast administration. Its
application in ECV measurement provides a sensitive and non-invasive biomarker of myocardial
fibrosis and interstitial disease, thereby enhancing diagnostic accuracy, guiding therapy, and
informing prognosis across various cardiac pathologies [38,40]. Ongoing technological
improvements continue to address challenges such as motion artifacts and acquisition time, paving
the way for wider clinical adoption and improved patient care.

2.2.2. Examples of MRI Clinical Application

MRI-ECV fraction is a pivotal quantitative biomarker for assessing myocardial fibrosis and
interstitial remodeling across various cardiac diseases. Numerous clinical studies have validated
MRI-ECV for characterizing myocardial tissue alterations, correlating with histopathology, and
predicting clinical outcomes. In DCM, combined T1 and T2 mapping with ECV quantification has
shown superior diagnostic power compared with LGE alone. Specifically, native T1, T2, and ECV
values were significantly higher in patients with DCM than in controls, with combined mapping
achieving an area under the curve (AUC) of 0.96 for diagnosis, indicating enhanced sensitivity in
detecting fibrotic and edematous myocardial changes at early disease stages [46]. Similarly, MRI-ECV
correlates with myocardial amyloid burden and provides prognostic stratification in systemic light-
chain amyloidosis. However, the presence of myocardial edema, as revealed by prolonged T2
relaxation times, may confound ECV measurements, necessitating multiparametric imaging
approaches that integrate T1, T2, and LGE for accurate tissue characterization [48,49]. In HCM, PCD-
CT-derived ECV (PCD-CT-ECV) has shown a strong correlation with MRI-ECV, and MRI-ECV
quantification correlates with functional capacity and biomarkers such as NT-proBNP, underscoring
its role in fibrosis assessment and risk stratification [50].

MRI-ECV has also been validated against histological collagen quantification in patients with
aortic valve stenosis and HCM, demonstrating a strong correlation (r=0.70), confirming its reliability
as a non-invasive surrogate for diffuse myocardial fibrosis [51]. In patients with atrial fibrillation
(AF), MRI-ECV quantification is feasible and correlates well with CT-ECV, even in the presence of
arrhythmia, supporting its clinical application in this population [52]. Moreover, elevated myocardial
ECV and T2 mapping values independently predict adverse cardiac and non-cardiac outcomes in
cardiac transplant recipients, highlighting their prognostic significance in graft monitoring [47].

In the context of cancer therapy-related cardiotoxicity, systematic reviews and meta-analyses
have shown that MRI-ECV is significantly higher in patients exposed to cardiotoxic treatments than
in controls, suggesting that ECV can detect subclinical myocardial changes prior to overt dysfunction
[53]. Similarly, MRI-ECV has been shown to strongly correlate with histological collagen volume
fraction in diabetic cardiomyopathy models, enabling early detection and monitoring of diffuse
myocardial interstitial fibrosis [54].

MRI-ECV also plays a critical role in inflammatory cardiac diseases such as myocarditis. Studies
employing advanced cardiac MRI techniques, including T1 mapping and LGE, have demonstrated
higher ECV values in acute myocarditis than in normal myocardium, with thresholds yielding high
diagnostic accuracy (AUC=0.95), thereby facilitating non-invasive diagnosis and disease monitoring
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[55]. In post-acute sequelae of coronavirus disease 2019, multiparametric cardiac MR, including ECV
and strain imaging, has been shown to differentiate myocardial involvement, with reduced strain
parameters correlating with increased ECV and T1 values, thereby reflecting myocardial injury and
fibrosis [56].

Furthermore, MRI-ECV quantification facilitates early diagnosis, treatment response
assessment, and risk stratification in rare cardiac pathologies such as CA. Meta-analyses indicate that
ECV remains stable or decreases with effective therapy (e.g., tafamidis), while elevated ECV predicts
MACE, outperforming traditional biomarkers [44,57]. In arrhythmogenic right ventricular
cardiomyopathy, MRI-derived biventricular GLS and ECV provide incremental prognostic value
beyond established risk scores for predicting sustained ventricular arrhythmias [58].

Overall, cardiac MRI-ECV measurement has demonstrated robust clinical applicability across
various cardiac diseases, providing a quantitative assessment of myocardial fibrosis and interstitial
changes that correlate with histology, functional impairment, and clinical outcomes. Its integration
with complementary MRI techniques such as T1/T2 mapping, LGE, and strain imaging enhances
diagnostic accuracy and prognostic stratification, supporting its expanding role in personalized
cardiac care.

2.3. Advances in Computed Tomography (CT) for ECV Measurement
2.3.1. Evolution of CT Technology

The evolution of CT technology has profoundly influenced its clinical applications, particularly
in cardiovascular imaging and ECV quantification. Initially, SECT was the primary modality for
cardiac imaging, providing anatomical information with reasonable spatial and temporal resolution.
It operates by acquiring images at a single X-ray energy spectrum, which limits its ability to
differentiate materials with similar attenuation properties, such as iodine contrast and calcium,
thereby constraining accurate tissue characterization and quantification of myocardial ECV. Over the
past decades, advancements in hardware and software have improved the spatial and temporal
resolution of SECT, enabling better visualization of coronary arteries and myocardial structures;
however, challenges remain in functional assessment and radiation dose reduction [59,60].

Notably, the introduction of DECT marked a significant milestone in CT technology evolution,
enabling the acquisition of images at two distinct energy spectra. This spectral imaging capability
allows for material differentiation based on energy-dependent attenuation differences, facilitating
improved tissue characterization, such as distinguishing iodine from calcium and more precisely
quantifying myocardial ECV. DECT systems have evolved since their clinical introduction in 2006,
with improvements in detector technology, acquisition speed, and post-processing algorithms
enhancing image quality and diagnostic accuracy [61,62]. Its ability to perform material
decomposition and generate iodine maps has been instrumental in myocardial tissue characterization
and ECV measurement, providing functional insights beyond anatomical imaging.

More recently, PCD-CT has emerged as a promising advancement, providing ultra-high spatial
resolution, improved contrast-to-noise ratio, and spectral imaging capabilities in a single acquisition.
It detects individual photons and measures their energy, enabling precise spectral separation and
material quantification while reducing radiation dose. This technology enhances the accuracy of
myocardial ECV quantification by improving iodine signal detection and reducing artifacts, thereby
refining myocardial tissue characterization [63,65]. Early clinical studies have demonstrated PCD-
CT’s potential to surpass DECT and SECT in cardiac imaging applications, including ECV
assessment.

The progression from SECT to DECT and presently to PCD-CT reflects a trajectory toward more
sophisticated imaging modalities that combine anatomical and functional assessment with improved
image quality and lower radiation exposure. These technological evolutions have expanded CT’s role
in cardiovascular imaging from mere coronary artery visualization to comprehensive myocardial
characterization, including ECV quantification. The integration of Al and advanced reconstruction
algorithms further enhances the potential of these technologies to provide reliable, reproducible, and
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clinically relevant ECV measurements [60,66]. In summary, the development of CT technology from
SECT to DECT and PCD-CT has progressively improved the capacity for accurate, non-invasive
myocardial ECV quantification, paving the way for broader clinical applications and improved
patient management.

2.3.2. CT Clinical Application Research

CT-ECV measurement has emerged as a promising non-invasive technique for myocardial
tissue characterization, particularly in diseases such as myocarditis, HF, CA, and AS. Several studies
have shown that CT-ECV strongly correlates with cardiac MRI-ECV, which remains the reference
standard for myocardial fibrosis and interstitial expansion assessment. PCD-CT has been shown to
accurately quantify myocardial ECV in acute myocarditis, with strong segmental correlations to MRI
and excellent diagnostic performance. A study involving 32 patients with suspected myocarditis
found no significant difference between CT-ECV and MRI-ECV values, and the CT-ECV value was
significantly elevated in patients with MRI-confirmed myocarditis, yielding an AUC of 0.95 for
diagnosis [55]. This highlights CT-ECV’s potential as a non-invasive imaging biomarker for
myocarditis evaluation.

CT-ECV has been validated as a risk stratification tool in HF. Using spectral detector CT, the CT-
ECV value was significantly elevated in patients with non-ischemic HF compared with controls, with
higher CT-ECV values correlating with worse New York Heart Association functional class and
reduced left ventricular ejection fraction. Patients with CT-ECV of 231.29% reportedly had a higher
probability of MACE [67]. Moreover, CT-ECV has been show to correlate with clinical parameters
such as GLS and cardiac troponin levels, indicating its utility in reflecting myocardial injury and
dysfunction [68].

In CA, CT-ECV has also shown both high diagnostic accuracy and prognostic value. Meta-
analyses indicate that CT-ECV values are significantly higher in patients with CA than in controls
and those with AS, with pooled CT-ECV values averaging around 50% in amyloidosis compared
with approximately 28% in healthy individuals [21]. CT-ECV strongly correlates with MRI-ECV, with
correlation coefficients exceeding 0.85 across myocardial segments, and shows significant
associations with clinical markers such as high-sensitivity cardiac troponin T and left ventricular
ejection function [68,69]. Furthermore, it can differentiate between lone AS and AS complicated by
transthyretin amyloidosis, with distinct cutoff values aiding in diagnosis [70]. CT-ECV has also been
shown to predict mortality in patients with CA, with higher ECV values indicating worse prognosis
[71].

In AS, CT-ECV measured during routine TAVR planning has shown prognostic significance. A
meta-analysis including over 1200 patients showed that elevated CT-ECV (>30.7%) was associated
with increased cardiovascular events, all-cause mortality, and HF hospitalizations post-TAVR [72].
This finding supports incorporating CT-ECV assessment into preprocedural CT protocols for risk
stratification.

Technical advances in CT, such as DECT and PCD-CT, have improved ECV quantification
accuracy and reduced radiation dose. Studies comparing various CT acquisition protocols have
found that 4-min non-electrocardiogram (ECG)-gated delayed DECT provides ECV measurements
comparable to conventional 10-min ECG-gated scans, enhancing clinical workflow [73]. PCD-CT
further refines ECV quantification, showing excellent correlation and agreement with MRI-ECV, and
enabling simultaneous assessment of coronary artery disease and myocardial structure in CA [36,74].

Notably, CT-ECV has also shown promise beyond cardiac diseases. Elevated CT-ECV has been
reported as a predictive biomarker for recurrence and survival in various cancers, including
thymomas, pancreatic ductal adenocarcinoma, gastric cancer, and colorectal cancer, reflecting ECM
expansion in tumor stroma [75,78]. Although these applications are outside cardiology, they
underscore the versatility of CT-ECV as a quantitative imaging biomarker.

Comparative studies consistently demonstrate a strong correlation between CT-ECV and MRI-
ECV, with pooled correlation coefficients around 0.9, and mean differences of <1%, confirming CT as
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a reliable alternative when MRI is either contraindicated or unavailable [79,80]. Segmental analyses
reveal that septal myocardial segments yield more consistent ECV measurements than non-septal
regions, which may inform regional assessment strategies [79,81]. Furthermore, CT-ECV
measurements are feasible and reliable even in patients with AF, where MRI may be challenging [52].

In summary, CT-ECV measurement is a robust, reproducible, and clinically valuable tool for
assessing myocardial fibrosis and interstitial expansion in myocarditis, HF, CA, and AS. It provides
practical advantages, including wider availability, shorter scan times, and fewer contraindications
than MRI. Advances in CT technology, including DECT and PCD-CT, have enhanced CT-ECV’s
accuracy and clinical applicability. Ongoing research continues to refine CT-ECV protocols and
expand its prognostic and diagnostic roles, positioning CT-ECV as an increasingly integral
component of cardiovascular imaging.

2.4. Consistency Study of ECV Measurement Between CT and MRI
2.4.1. Correlation Analysis

The correlation between cardiac CT-ECV and MRI-ECV quantification has been extensively
investigated across various cardiac pathologies, demonstrating strong concordance and promising
clinical applicability of CT-ECV as a reliable alternative to the MRI gold standard. Multiple studies
have reported excellent correlations between CT-ECV and MRI-ECV quantification, with Pearson
correlation coefficients usually exceeding 0.8, indicating robust linear relationships at both global and
segmental myocardial levels. For instance, CT-ECV and MRI-ECV showed high correlations across
myocardial segments, including septal (r=0.88) and lateral (r=0.80) walls, in CA with no significant
difference in mean global ECV values, underscoring CT’s capability to replicate MRI findings with
clinical relevance [68]. Similarly, DECT-ECV strongly correlated with MRI-ECV at right ventricular
insertion points (r=0.83-0.84) and left ventricular segments (r=0.73-0.79) in pulmonary hypertension,
although the correlation was weaker in the right ventricular free wall, reflecting regional variability
in measurement accuracy [69].

Meta-analyses consolidating data from multiple studies further affirm the excellent agreement
between CT-ECV and MRI-ECV quantification, with pooled correlation coefficients around 0.90 and
mean differences of <1%, highlighting CT’s precision and reproducibility [82]. Notably, DECT
techniques yield higher correlation coefficients than SECT, suggesting that spectral imaging enhances
ECV quantification accuracy [82]. PCD-CT, a novel technology, has demonstrated superior
correlation and reliability relative to conventional energy-integrating detector CT, particularly in
patients with elevated heart rates, with intraclass correlation coefficients reaching up to 0.94,
indicating excellent reproducibility [83].

Methodological comparisons within CT modalities reveal that iodine-based dual-energy
methods provide more accurate and consistent ECV measurements than standard subtraction
methods, with closer agreement to MRI-ECV and lower root mean squared errors, reinforcing the
importance of advanced CT post-processing techniques [84]. Additionally, synthetic hematocrit-
based ECV calculations, which obviate the need for blood sampling, have shown high correlation
with laboratory-derived ECV and MRI reference standards when appropriate image reconstruction
algorithms, such as second-generation deep learning reconstruction, are employed to reduce noise
and bias [85,86].

Segmental analyses confirm that CT-ECV can discriminate between LGE-positive and LGE-
negative myocardial segments with high sensitivity and specificity, with correlation coefficients
exceeding 0.9 in ischemic and non-ischemic segments, supporting CT’s utility in detecting focal
fibrosis [87]. The reproducibility of CT-ECV quantification is further validated in patients with CA,
where DECT-ECV measurements show good inter- and intraobserver agreement and test-retest
reliability, establishing CT-ECV as a repeatable imaging biomarker [88].

Clinical studies also demonstrate meaningful correlations between CT-ECV and relevant clinical
parameters such as high-sensitivity cardiac troponin T, GLS, and left ventricular ejection fraction,
paralleling MRI findings and underscoring the prognostic value of CT-ECV [68,89]. CT-ECV
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correlates strongly with MRI-ECV and functional biomarkers such as peak VO, and NT-proBNP, in
severe AS and HCM, further validating its clinical applicability [50,90].

However, some limitations and variability exist. For example, CT-ECV measurements
performed during arrhythmia in patients with AF show good agreement with MRI-ECV acquired in
sinus rhythm, indicating CT’s robustness in challenging clinical scenarios [52]. MRI-ECV may not
accurately reflect histological amyloid load in CA with myocardial edema, suggesting that
multiparametric imaging, including T2 mapping, is necessary for comprehensive tissue
characterization [48].

Overall, the body of evidence supports that CT-ECV quantification strongly correlates with MRI-
ECV quantification across diverse cardiac diseases and patient populations. Advances in CT
technology, including DECT and PCD-CT, combined with optimized reconstruction and synthetic
hematocrit methods, have enhanced measurement accuracy and reproducibility. These findings
position CT-ECV as a viable, non-invasive imaging biomarker for myocardial fibrosis and ECM
expansion, providing a practical alternative to MRI, particularly in patients with contraindications or
limited access to MRI. Nonetheless, further large-scale prospective studies are warranted to
standardize protocols, validate diagnostic thresholds, and fully establish the prognostic implications
of CT-ECV in clinical practice [33-35,82].

2.4.2. Comparison of Clinical Applicability

The clinical applicability of cardiac CT-ECV and MRI-ECV quantification varies based on patient
characteristics, clinical settings, and technical considerations, with each modality providing distinct
advantages and limitations. Cardiac MRI remains the gold standard for ECV assessment due to its
superior soft tissue contrast, established protocols for T1 mapping, and extensive validation in
various cardiac pathologies, including cardiomyopathies, myocarditis, and CA. MRI-ECV has
demonstrated strong prognostic value, as shown in studies of heart transplant patients, acute
myocarditis, and DCM, where elevated ECV correlates with adverse outcomes and disease severity
[47,91,92]. MRI also enables comprehensive tissue characterization, including native T1, T2 mapping,
and LGE, providing insights into myocardial fibrosis, edema, and inflammation. However, it has
contraindications such as implanted devices, claustrophobia, and limited availability, which restrict
its use in certain populations.

Cardiac CT has emerged as a promising alternative for ECV quantification, particularly in
patients with contraindications to MRI or when rapid assessment is required. Advances in CT
technology, including DECT and PCD-CT, have enabled accurate ECV measurement with good
correlation to MRI-ECV values across various cardiac conditions such as CA, myocarditis, and
pulmonary hypertension [55,68,69]. CT provides practical advantages, including wider availability,
shorter examination times, and the ability to simultaneously evaluate coronary anatomy and
myocardial tissue characteristics within a single session, which is particularly valuable in ischemic
heart disease or pre-procedural planning such as transcatheter aortic valve implantation (TAVI)
[33,90]. Furthermore, CT-ECV quantification can be performed with low radiation doses using
optimized protocols and reconstruction parameters, enhancing its clinical feasibility [90,93].

CT-ECV quantification has limitations. Radiation exposure, although reduced with modern
scanners, remains a consideration, particularly in younger patients or those requiring serial imaging.
The accuracy of CT-ECV can be influenced by technical factors such as reconstruction settings,
contrast timing, and hematocrit estimation, with synthetic hematocrit models being developed to
obviate blood sampling but still requiring further validation [86,94]. CT also has lower soft tissue
contrast than MRI, which may limit the detection of subtle myocardial changes or small focal fibrosis.
The presence of arrhythmias, such as AF, can affect image quality; however, studies have
demonstrated reliable CT-ECV measurements even in patients with AF [52].

The choice between CT and MRI for ECV assessment depends on the clinical question and
patient factors in specific clinical scenarios. Both modalities provide comparable ECV quantification
for CA, with MRI offering additional tissue characterization and CT serving as a viable alternative
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when MRI is contraindicated [68,95]. In acute myocarditis, PCD-CT has shown feasibility and
accuracy comparable to MRI, with the added benefit of rapid acquisition [55]. For pulmonary
hypertension, CT-ECV strongly correlates with MRI-ECV and hemodynamic parameters, suggesting
its utility as a non-invasive surrogate marker [69]. MRI-ECV serves as an early biomarker for
cardiotoxicity in patients undergoing cancer therapy, while CT may provide an alternative in cases
where MRI is not feasible [53].

In summary, cardiac MRI remains the reference standard for myocardial ECV quantification due
to its comprehensive tissue characterization and established prognostic value. Cardiac CT,
particularly with advanced techniques such as DECT and PCD-CT, provides a practical and accurate
alternative for ECV assessment, especially in patients with MRI contraindications or when combined
coronary and myocardial evaluation is needed. Moreover, the choice of modality should be
individualized, considering clinical context, patient characteristics, and available technology, while
ongoing technical improvements and standardization efforts continue to enhance the clinical utility
of CT-ECV.

2.5. Future Development Directions
2.5.1. Application of New Technologies

The advent of PCD-CT represents a significant technological leap in cardiac imaging, providing
promising improvements in myocardial ECV measurement. PCD-CT utilizes photon-counting
detectors that directly convert X-ray photons into electrical signals, enabling superior spatial
resolution, enhanced contrast-to-noise ratio, and improved spectral imaging capabilities compared
to conventional energy-integrating detector CT systems. Recent studies have demonstrated that PCD-
CT can accurately quantify myocardial ECV with strong correlation to cardiac MRI, the current gold
standard. For example, in patients with suspected acute myocarditis, PCD-CT-ECV measurements
showed no significant difference from MRI-derived values and correlated strongly with LGE mass
and segmental MRI-ECV, highlighting its diagnostic accuracy at relatively low radiation doses [55].
Similarly, PCD-CT-ECV quantification in patients with HCM positively correlated with MRI-ECV
and showed good sensitivity and specificity in detecting significant myocardial fibrosis, with
additional correlations to functional capacity and biomarkers such as peak VO, and NT-proBNP
levels [50]. These findings underscore the clinical utility of PCD-CT as a non-invasive alternative for
myocardial tissue characterization, particularly in patients contraindicated for MRI or requiring
combined coronary and myocardial assessment.

Beyond diagnostic accuracy, PCD-CT provides technical advantages that optimize ECV
quantification. Therefore, tailoring reconstruction parameters such as quantum iterative
reconstruction levels, slice thickness, and virtual monoenergetic imaging energy can substantially
improve agreement with MRI-ECV. For instance, using thinner slices (0.4 mm) and lower
monoenergetic levels (45 keV) reduced mean bias by 63% and increased concordance by 6%
compared with standard settings, thereby enhancing image quality and measurement precision [93].
Moreover, dual-energy PCD-CT acquisitions have been shown to reduce radiation exposure by
approximately 40% relative to single-energy acquisitions while maintaining strong correlation and
reliability with MRI-ECV measurements [74]. These technological refinements highlight the potential
of PCD-CT to become a cornerstone modality for myocardial fibrosis assessment with improved
safety profiles.

In addition to PCD-CT, other emerging CT techniques such as DECT and single-source DECT
have demonstrated strong correlations with MRI for ECV quantification across various cardiac
pathologies, including CA, pulmonary hypertension, and DCM. Dual-energy iodine mapping
methods have been shown to yield more accurate ECV quantification than standard subtraction
methods, with better agreement to MRI values [84]. Single-source DECT acquisitions added to
routine pre-procedural scans, such as before TAVI, can provide ECV measurements with excellent
linear relationships to MRI, providing practical clinical integration with minimal additional radiation

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://pubmed.ncbi.nlm.nih.gov/37597032/
https://pubmed.ncbi.nlm.nih.gov/36620203/
https://pubmed.ncbi.nlm.nih.gov/40102107/
https://pubmed.ncbi.nlm.nih.gov/35661458/
https://pubmed.ncbi.nlm.nih.gov/37823922/
https://pubmed.ncbi.nlm.nih.gov/40102107/
https://pubmed.ncbi.nlm.nih.gov/40945993/
https://pubmed.ncbi.nlm.nih.gov/38890175/
https://pubmed.ncbi.nlm.nih.gov/36719292/
https://pubmed.ncbi.nlm.nih.gov/32402786/
https://doi.org/10.20944/preprints202510.0729.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2025 d0i:10.20944/preprints202510.0729.v1

12 of 21

[90]. These modalities expand the accessibility of myocardial tissue characterization, particularly in
patients with MRI contraindications.

Al and advanced computational methods are also emerging as adjuncts to enhance ECV
measurement and interpretation. Al-based assessments integrated with CT imaging can facilitate
automated quantification of myocardial mass, epicardial adipose tissue, and plaque characteristics,
thereby enriching the prognostic value of ECV measurements [96]. Furthermore, Al and big data
analytics hold promise in the early detection and monitoring of cardiotoxicity, potentially refining
the clinical applicability of ECV quantification in oncology patients receiving cardiotoxic therapies
[97]. These developments suggest a future where multimodal imaging combined with Al-driven
analytics could provide comprehensive myocardial tissue characterization and risk stratification.

In summary, emerging technologies, particularly PCD-CT, represent a transformative
advancement in myocardial ECV measurement. PCD-CT provides enhanced image quality, reduced
radiation dose, and robust correlation with MRI, positioning it as a promising non-invasive tool for
myocardial fibrosis assessment. Complemented by DECT techniques and Al integration, these
innovations are expanding the clinical utility of ECV quantification, enabling broader application in
diverse cardiac diseases and improving diagnostic and prognostic capabilities. Continued research
and standardization are needed to fully realize the potential of these innovative technologies in
routine clinical practice.

2.5.2. Standardization and Multicenter Studies

Although the clinical application of CT- and MRI-ECV quantification has advanced significantly,
the lack of standardized measurement protocols and large-scale multicenter validation remains a
critical barrier to widespread adoption. Therefore, establishing unified ECV measurement standards
is essential to ensure reproducibility, comparability, and reliability of results across different imaging
platforms, institutions, and patient populations. Recent studies have demonstrated that CT-ECV
quantification, particularly with innovations such as PCD-CT and DECT, shows strong correlation
and good agreement with the MRI gold standard, highlighting the potential for CT as a non-invasive
alternative in patients contraindicated for MRI [55,69,74,93]. However, variability in reconstruction
parameters, contrast protocols, and post-processing techniques can significantly influence ECV
values, as evidenced by the impact of slice thickness, quantum iterative reconstruction levels, and
virtual monoenergetic imaging settings on CT-ECV accuracy [93]. This underscores the necessity for
consensus on optimal imaging acquisition and analysis parameters.

Multicenter studies are crucial for validating these standardized protocols by encompassing
diverse patient cohorts and scanner technologies, thereby enhancing the generalizability of findings.
A systematic review and meta-analysis encompassing 73 studies with 15 quantitative datasets
confirmed that CT-ECV reliably differentiates pathological myocardial fibrosis from normal
myocardium, correlating with adverse clinical outcomes such as HF mortality and advanced
cardiomyopathies [34]. The meta-analytic approach also emphasized that advanced CT techniques,
including DECT and late iodine enhancement CT, yield diagnostic accuracies comparable to MRI,
reinforcing CT-ECV’s clinical utility. Nevertheless, the high heterogeneity (I = 84.6%) observed in
pooled analyses reflects the variability in methodologies and patient selection, further advocating for
standardized protocols and multicenter collaboration.

Moreover, multicenter prospective studies also facilitate the assessment of reproducibility,
interobserver variability, and longitudinal prognostic value of ECV measurements. For instance,
studies in specific cardiac conditions, such as pulmonary hypertension and spontaneous coronary
artery dissection, have demonstrated that CT-ECV correlates with disease severity and myocardial
injury, respectively, with strong agreement to MRI findings [69,98]. The development of novel
visualization tools, such as atlas maps for myocardial ECV distribution, has also been validated in
multicenter settings, enhancing interpretability and clinical decision-making [98]. Pediatric heart
transplant recipient studies using multiparametric MR, including ECV mapping, have highlighted
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the prognostic significance of elevated ECV, suggesting that similar multicenter investigations with
CT could expand clinical applications [99].

Harmonizing hematocrit estimation methods is critical in addition to standardizing imaging
protocol, as synthetic hematocrit-based ECV quantification by PCD-CT has shown systematic
overestimation and variability compared with MRI, necessitating bias correction models [86].
Therefore, such technical nuances should be addressed in multicenter frameworks to ensure
consistency.

In summary, the establishment of unified ECV measurement standards and the execution of
multicenter studies are indispensable for translating myocardial ECV quantification from research to
routine clinical practice. These efforts will enable robust validation of CT-ECV against MRI, optimize
imaging protocols, reduce inter-institutional variability, and ultimately improve diagnostic accuracy
and prognostic stratification across diverse cardiac pathologies.

3. Conclusions

The measurement of ECV has emerged as a key parameter in evaluating myocardial tissue
characteristics, providing critical insights into diffuse myocardial fibrosis and other pathologies. Both
cardiac CT and MRI have proven effective for ECV quantification, each with distinct advantages and
limitations. From an expert perspective, understanding the complementary roles of these imaging
techniques is essential for optimizing patient care and advancing cardiovascular diagnostics.

MRI remains the gold standard for ECV measurement due to its superior tissue characterization
capabilities, high spatial resolution, and lack of ionizing radiation. Its ability to provide
comprehensive myocardial assessment, including functional and structural information, makes it
indispensable in many clinical scenarios. However, MRI is not without limitations. Contraindications
such as implanted metallic devices, claustrophobia, and renal insufficiency restrict MRI's
applicability in certain patient populations. Moreover, MRI's longer acquisition times and higher
costs can limit accessibility and throughput in busy clinical settings.

In this context, cardiac CT has emerged as a promising alternative for ECV measurement. CT
provides rapid image acquisition, widespread availability, and fewer contraindications, making it
particularly advantageous for patients who cannot undergo MRI. The recent advancements in CT
technology, including dual-energy and spectral imaging, have enhanced its ability to differentiate
myocardial tissue components and improve ECV quantification accuracy. The high spatial resolution
of CT facilitates detailed anatomical assessment, which can be integrated with ECV data to provide
a more comprehensive evaluation of myocardial pathology.

Balancing the research perspectives on CT and MRI for ECV measurement requires
acknowledging the strengths and limitations of each modality while striving for methodological
standardization. Current literature reveals variability in CT protocols, contrast administration, and
post-processing techniques, which can affect measurement reproducibility and comparability across
studies. Therefore, future research should prioritize the optimization and harmonization of CT
imaging protocols to ensure consistency and reliability. Similarly, ongoing efforts to refine MRI
sequences and contrast agents aim to further enhance their diagnostic performance.

Expanding the clinical applications of CT-ECV measurement represents another critical frontier.
While MRI has been extensively validated in various cardiomyopathies and infiltrative diseases, the
role of CT is still evolving. Prospective studies comparing CT-ECV with histopathological findings
and long-term clinical outcomes will be instrumental in establishing its diagnostic and prognostic
value. Furthermore, integrating CT-ECV measurement into routine clinical workflows could facilitate
earlier detection of myocardial disease, guide therapeutic decisions, and monitor treatment response,
especially in patient cohorts unsuitable for MRI.

In conclusion, the development of cardiac CT as a viable alternative to MRI for ECV
measurement marks a significant advancement in cardiovascular imaging. By leveraging the unique
advantages of CT and addressing current methodological challenges, the medical community can
broaden the scope of myocardial tissue characterization. Furthermore, achieving a balanced and
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evidence-based integration of CT and MRI modalities will ultimately enhance diagnostic accuracy,
personalize patient management, and improve clinical outcomes in cardiovascular disease.
Continued multidisciplinary collaboration and rigorous research are essential to realize the full
potential of ECV measurement in clinical practice.

Abbreviations

The following abbreviations are used in this manuscript:

AF Atrial Fibrillation

AUC Area Under the Curve

AS Aortic Stenosis

Al Artificial Intelligence

CA Cardiac Amyloidosis

CT Computed Tomography

CT-ECV Computed Tomography-Derived Extracellular Volume

DCM Dilated Cardiomyopathy

DECT Dual-Energy Computed Tomography
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ECM Extracellular Matrix

ECV Extracellular Volume
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MRI Magnetic Resonance Imaging

MRI-ECV Magnetic Resonance Imaging-Extracellular Volume
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PCD-CT Photon-Counting Detector Computed Tomography
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TAVI Transcatheter Aortic Valve Implantation

TAVR Transcatheter Aortic Valve Replacement
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