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Cardiometabolic disease refers to the spectrum of chronic conditions that include diabetes, hypertension, atheromatosis, non-alcoholic fatty liver disease, and their long-term impact on cardiovascular health. Histological studies have confirmed several modifications at the tissue level in cardiometabolic disease. Recently, quantitative MR methods have enabled non-invasive myocardial and liver tissue characterization. MR relaxation mapping techniques such as T1, T1ρ, T2 and T2* provide a pixel-by-pixel representation of the corresponding tissue specific relaxation times, which have been shown to correlate with fibrosis, altered tissue perfusion, oedema and iron levels. Proton density fat fraction mapping approaches allow measurement of lipid tissue in the organ of interest. Several studies have demonstrated their utility as early diagnostic biomarkers and their potential to bear prognostic implications. Conventionally, the quantification of these parameters by MRI relies on the acquisition of sequential scans, encoding and mapping only one parameter per scan. However, this methodology is time inefficient and suffers from the confounding effects of the relaxation parameters in each single map, limiting wider clinical and research applications. To address these limitations, several novel approaches have been proposed that encode multiple tissue parameters simultaneously, providing co-registered multiparametric information of the tissues of interest. This review aims to describe the multi-faceted myocardial and hepatic tissue alterations in cardiometabolic disease and to motivate the application of relaxometry and proton-density cardiac and liver tissue mapping techniques. Current approaches in myocardial and liver tissue characterization as well as latest technical developments in multiparametric quantitative MRI are included. Limitations and challenges of these novel approaches, and recommendations to facilitate clinical validation are also discussed.
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1. Introduction

Quantitative MRI (QMRI) measures physical tissue values, related to the nuclear spin of protons in water. It includes the T1-, T2-, T2*-, T1ρ -relaxation times and the proton density. The respective parameter maps provide quantitative parameter values for each voxel, which carry information about the corresponding structural environment of the protons. QMRI can be used to assess microstructural alterations related to tissue remodeling and has emerged as valuable imaging modality for myocardial and hepatic tissue characterization (1, 2). QMRI has been incorporated in standardized diagnostic clinical protocols in various pathologies, including inflammatory cardiomyopathies (3), amyloidosis (4), Anderson-Fabry disease (5) and iron overload (1, 2, 6). It has also been proposed by both the European Association for the Study of the Liver and the American Association for the Study of Liver Disease as a non-invasive diagnostic tool for tissue characterization in Non-alcoholic Fatty Liver Disease (NAFLD) (7, 8). QMRI facilitates direct quantitative comparison of tissue maps in the same individual with chronic disease over time and allows more accurate longitudinal monitoring of the disease, thereby enabling an individualized characterization and more objective patient assessment.

Cardiometabolic disease, which describes a clustering of disorders that touch upon the interface between cardiovascular disease (hypertension, atherosclerosis) and metabolic disease states (insulin resistance, diabetes, adiposity, NAFLD) (9), is a chronic disease state and a major cause of morbidity worldwide. The reported prevalence is 33–35% in adults and is associated with an increased risk of adverse cardiovascular events and all-cause mortality (10, 11). Cardiometabolic disease is challenging for physicians to manage because it can be present for years before becoming clinically apparent. Histological and functional alterations have been observed in the heart and liver, in addition to the skeletal muscle, liver, pancreas, adipose tissue and microcirculation (12). Numerous studies suggest that QMRI may add valuable information by identifying microstructural tissue damage early in the disease process, allowing for instituting and maintaining optimum health behaviors and treatment strategies, at a time when it is likely to be most effective.

The objective of this review is to provide an overview of parametric QMRI in cardiac and hepatic tissue characterization in cardiometabolic disease. First, we describe cardiac and hepatic tissue structural changes that occur in the primary manifestations of cardiometabolic disease, namely in diabetes, hypertension and atherosclerosis, as a framework for understanding how QMRI can be utilized to assess these changes. Then, we describe single-parameter mapping techniques and their clinical applications in the corresponding disease states. Lastly, we describe emerging multiparametric approaches in heart and liver, which are promising for comprehensive understanding of this multi-faceted disease.



2. Microscopic tissue alterations in cardiometabolic disease


2.1. Diabetic cardiomyopathy

Type 2 diabetes mellitus (T2DM) is estimated to affect 6% of the world’s population (13) and is considered a coronary heart disease risk equivalent (14–17). The pathogenesis of the cardiac morbidity is multifactorial (18, 19). It has been proposed that metabolic modifications induced by hyperglycaemia, insulin resistance and hyperlipidaemia cause an aberrant use of fatty acids for energy generation (20). Fatty acid may saturate ß-oxidation and accumulate in the cytosol, leading to lipotoxic effects. Furthermore, hyperglycemia elicits reactive oxygen species and advanced glycation product formation, which lead to cardiac glucotoxicity. Both, the lack of fuel and lipo/gluco-toxicity as well as disturbances in mitochondrial energetics are triggering cardiac low-grade chronic inflammation, fibrosis and contractile dysfunction (21). Histological studies have confirmed corresponding changes in the myocardium of diabetic patients and animals, including the presence of diffuse myocardial and perivascular fibrosis (22–24; Figure 1), increased quantities of matrix collagen, inflammation, myocyte hypertrophy, myocardial steatosis and increased apoptosis (25–29). These pathophysiological changes often evolve quiescently to heart failure; and the prevalence of heart failure in T2DM is ranging from 19 to 26% (30, 31). It is therefore of clinical relevance to comprehend early alterations of cardiac tissue composition in T2DM and the progress from subclinical disease to more advanced disease stage manifesting clinically.
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FIGURE 1
Fibrosis plays a crucial role in the development of diabetic cardiomyopathy. Representative images of Masson’s trichrome staining of a longitudinal section of the heart of control and diabetic mice (scale bar 1 mm). Magnified views show extracellular collagen deposition in the interstitial (scale bar 50 μm) and perivascular (scale bar 50 μm) space. Compared to the control group, diabetic cardiomyopathy mouse hearts displayed markedly increased collagen content both in the interstitial and perivascular space. Adapted from Li et al. with permission (24).




2.2. Hypertensive cardiomyopathy

Arterial hypertension is part of the constellation of disorders that constitute the cardiometabolic disease and is associated with an estimated 54% of strokes and 47% of ischemic heart disease worldwide (32, 33). The pathogenesis of hypertensive heart disease involves primarily cardiomyocyte hypertrophy, providing adaptive response to pressure overload (involving effects of growth factors, cytokines and neurohormones, and genetic predisposition) (34, 35). The alterations in the cellular and non-cellular (extracellular matrix) level induce structural remodeling of the myocardium with fibrosis of the muscle and perivascular space, medial hypertrophy of intramyocardial coronary vasculature, microangiopathy with decreased coronary reserve and development of epicardial coronary stenoses (36, 37). Myocardial fibrosis has been documented histologically in hypertensive hearts in subjects with hypertension (HTN) and left ventricular hypertrophy (LVH) (38). Myocardial fibrosis can be focal, referred to as replacement fibrosis, or diffuse, also known as interstitial fibrosis and is the most typical pattern in hypertensive heart disease (36) (Figure 2). Myocardial fibrosis predisposes patients to diastolic and systolic dysfunction, myocardial ischemia, and arrhythmias (39). It has been also demonstrated that treatment with inhibitors of angiotensin converting enzyme reduces collagen content and left ventricular stiffness with potential improvement in diastolic and systolic function, and perhaps outcomes (40). Thus, monitoring myocardial tissue alterations in hypertensive patients could enable risk stratification, inform treatment strategies, and monitor response.
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FIGURE 2
Focal myocardial fibrosis in a hypertensive patient. Late gadolinium enhancement in a 63-year-old female patient with longstanding hypertension. The arrows show an area of intramyocardial late gadolinium enhancement in the basal and mid inferoseptal and inferolateral segments. This is not the most typical fibrosis pattern in hypertension, which is usually diffuse. Adapted from Maceira et al. with permission (36).




2.3. Atherosclerotic cardiovascular disease

Atherosclerotic Cardiovascular Disease constitutes an important aspect of cardiometabolic syndrome and remains a leading cause of morbidity and mortality worldwide (41). The atherogenic process is primarily an inflammatory process and consists of several cellular and molecular interactions, including fatty tissue accumulation, platelet aggregation, abnormal vasomotor function, and can potentially culminate in atherosclerotic plaque formation, erosion, rupture or concomitant thrombus formation (42, 43), impeding blood flow and leading to tissue ischemia. In an acute ischemic event, the infarcted myocardial regions undergo a complex process of invasion, transformation and apoptosis of various cell types, including inflammatory cells and myofibrolasts, before remodeling to fibrotic scar tissue. Occasionally lipomatous metaplasia of the scar tissue ensues (44, 45). Fibrosis has also been histologically observed in non-infarcted regions of the heart as a result of left ventricular remodeling in patients with severe coronary atherosclerosis (46, 47). It is hypothesized that coronary artery stenosis, induced by atherosclerosis, impairs perfusion and causes chronic hypoxia with myocyte loss with consequent “reparative” collagen synthesis, contributing to interstitial collagen accumulation (48). Furthermore, there is ample evidence supporting the association of inflammation with the initiation and progression of atherosclerosis (43, 49). Atherectomy specimens have demonstrated the migration of the inflammatory cells in the arterial endothelium and that the inflammatory burden contributes to atherogenesis and adverse events (43).



2.4. Non-alcoholic fatty liver disease

NAFLD is considered the hepatic manifestation of the metabolic syndrome and constitutes one of the most common causes of chronic liver disease, with an estimated worldwide prevalence of around 25% (50). It is characterized by excessive fat accumulation in the hepatic tissue that is not attributable to consumption of alcohol (8). This condition may range histologically from simple non-alcoholic fatty liver, which is considered a benign condition, to non-alcoholic steatohepatitis (NASH), which additionally involves various stages of inflammation to tissue necrosis (8). Evidence from several studies suggests that all-cause mortality and more specifically cardiovascular-related mortality is higher in patients with NASH, and this is independent of the risk conferred by traditional risk factors and components of the metabolic syndrome (51–53). There is therefore a clinical need for reliable non−invasive biomarkers at the tissue level for the assessment of NAFLD and NASH (54).




3. Single-parameter mapping techniques in cardiometabolic disease

Parametric mapping requires the acquisition of a series of weighted images with different contrasts. These contrasts are generated by varying timing parameters such as echo times or inversion times. Fitting the series of weighted images to the corresponding signal model, in a pixel-wise manner, enables the generation of a quantitative map of the tissue relaxation, expressed in units of time (e.g., milliseconds). Single-parameter mapping techniques include T1 mapping, T2 mapping, T2* mapping and T1rho mapping. Extracellular volume can be generated from native (pre-contrast) and post contrast T1 mapping. Proton density fat fraction (PDFF) is a ratio, expressed as a percentage, of the fraction of the MRI-visible protons attributable to fat divided by all MRI-visible protons in that region of the liver attributable to fat and water. A brief introduction to each of these maps and their application in cardiometabolic disease is given below. The latter is also summarized in Table 1. The reader is referred to (55, 56) for further reading about the specific mapping techniques.


TABLE 1    In vivo CMR studies with conventional single-parameter mapping techniques in patients with cardiometabolic disease.
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3.1. T1 mapping

T1 (spin-lattice) relaxation time is the characteristic tissue relaxation constant governing the recovery of longitudinal magnetization (Mz) back to its thermal equilibrium following a radiofrequency pulse. T1 parametric mapping is conventionally achieved by applying magnetization preparation pulses (e.g., Inversion Recovery (IR) or Saturation Recovery (SR) pulses to encode T1 as in MOLLI (1) or in SASHA (57) respectively) preceding the readout to generate the desired T1 contrast. The same preparation pulse type is typically applied several times with varying parameter settings, (e.g., inversion delay or saturation delay) to obtain different T1 contrast weighted images, which are then used for pixel-wise parametric fitting to the expected signal behavior. The need for several weighted images for parametric fitting (e.g., ∼10 for T1 mapping) and the time required to allow for magnetization recovery reduce the efficiency of the sequence, usually limiting it to one or few 2D slices, especially in the case of cardiac imaging, where the readout is synchronized with the ECG and usually performed at the diastolic cardiac phase.

Native T1 values are prolonged by tissue free water content and are typically shortened by fat and iron. Increased native T1 values are seen in oedema and during inflammation (3). Increased T1 values are also seen in areas of fibrosis, due to associated expansion of the extracellular space as seen for example in myocardial infarction (MI) and hepatic fibrosis (58). Controversial results about myocardial T1 values in diabetic cardiomyopathy have been reported, some studies have concluded significantly increased native T1 values in the myocardium of diabetic patients in comparison to controls (59–62) (Figure 3), while other studies have not found a significant difference (20, 63). Meta-analysis of the relevant studies did not show an association of diabetes with native T1 time (64). With regards to arterial hypertension, several groups have shown that elevated T1 values are found in hypertensive subjects with left ventricular hypertrophy (LVH) compared with those with normal left ventricular myocardial mass and controls (38, 65–67). These results suggest that hypertensive patients have increased myocardial fibrosis, but that this is triggered with the onset of LVH rather than earlier. This could also suggest that interstitial changes in early hypertension (pre-LVH) are non-existent or perhaps are small and not detectable with current applications of T1 mapping technique. These findings have been confirmed by a meta-analysis (68). Additionally, in a cohort of patients with NAFLD versus healthy subjects, native liver T1 values could differentiate steatotic from non-steatotic livers and showed a strong correlation with history of cardiovascular disease (69).
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FIGURE 3
Maps of native-T1 relaxation times in (A) a healthy control and (B) a diabetic adult with normal left ventricular structural parameters demonstrate similar global mean T1 relaxation times (A: 1014 ms, B: 1023 ms). (C) In contrast, elevated native-T1 relaxation times within the septum, anterior wall, and inferior right ventricular insertion area of a diabetic adult with increased septal wall thickness (1.4 cm) and elevated mass-to-volume ratio (1.4 mg/ml) result in a longer mean left ventricular native-T1 time (C: 1,095 ms) compared to either A or B. Adapted from Lam et al. with permission (60).




3.2. T2 mapping

T2 (spin-spin) relaxation time is the MR constant governing the decay of transverse magnetization (Mx,y) and is dependent on spin-spin interactions. T2 parametric mapping is conventionally achieved by applying T2-preparation pulses, with different time durations, before the readout to encode T2 (70) and generate the desired T2 weighted images. T2 mapping requires the acquisition of ∼3–4 T2 weighted images including pause heartbeats to allow for magnetization recovery, which collectively reduces the efficiency of the sequence, usually limiting spatial resolution and coverage resulting in the acquisition of only one or a few 2D slices per CMR examination.

T2 mapping detects tissue free water content and has been shown very useful for detection of myocardial inflammation and oedema in chronic and acute disease settings (71–76). T2 mapping is also used for the differential diagnosis of acute myocardial infarction as it allows detection of the associated oedema and inflammation caused by the acute immune response (77). Jiang et al., demonstrated that diabetes status is related to increased T2 values even in asymptomatic individuals, and this is associated with both left ventricular systolic and diastolic function (78). Furthermore, a recent study has demonstrated that there is good correlation between liver T2 values and histology determined steatosis (r = 0.780, p < 0.001) and grade of steatosis (r = 0.779, p < 0.001). Interestingly, a higher correlation between the liver T2 value and percentage of histological steatosis was observed (r = 0.838, p < 0.001), after adjusting for the fibrosis stage. A T2 cut-off value of 65 ms [area under the curve (AUC) ± SE: 0.88 ± 0.07, 95% confidence interval (CI): 0.73–1.00, p = 0.005] could discriminate moderate/severe steatosis from none/mild steatosis with a sensitivity of 81%, specificity of 86%, positive predictive value of 85%, and negative predictive value of 82% (79).



3.3. T2* mapping

T2* time captures the dephasing in transverse magnetization (perpendicular to the strong magnetic field) due to the combined effect of field inhomogeneities and susceptibility induced distortions from the magnetised tissue (e.g., high content of paramagnetic materials such as iron) and the spin-spin relaxation related dephasing. The T2* relaxation time values are always shorter than or equal to T2. Routine evaluation of liver and heart iron content using T2* mapping is indicated in patients with suspected iron overload, for instance due to frequent transfusions in thalassaemia and sickle cell patients (80, 81). Increased iron can be co-existing in NAFLD and other chronic liver diseases (82) and emerging evidence suggests that liver iron deposition is associated with worse histopathological features of NASH and disease progression. T2* based imaging thus could be used clinically if integrated into clinical guidelines to identify such patients (83, 84). Additionally, iron may interfere with liver T1 estimation and thus might contribute to lower accuracy in tissue characterization, if not corrected for.



3.4. Extracellular volume

The estimation of the extracellular volume (ECV) is based on the intravenous injection of extracellular gadolinium-based contrast agent (GBCA) with non-protein-bound volume distribution and can be measured using pre- and post-contrast T1 mapping (85). The underlying principle is that the T1 shortening effect of an extracellular GBCA is directly related to its tissue concentration. The relationship between ECV in the myocardium and blood is approximated by Equation 1, where the change in 1/T1 in the tissue and blood pool is used to determine contrast agent concentrations, the ratio of which yields an estimation of ECV, following a correction for red blood cell density in the blood pool (haematocrit, Hct).
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CMR studies have demonstrated, that ECV was significantly higher in HTN LVH subjects versus controls (0.29 ± 0.03 vs. 0.26 ± 0.02, p < 0.01) and HTN non-LVH subjects (0.29 ± 0.03 vs. 0.27 ± 0.02, p = 0.05) (38, 66). CMR studies showed controversial results with regards to the association of diabetes with increased ECV. Several studies demonstrated that increased ECV is present in diabetic subjects in comparison to controls (20, 59, 61, 63, 78, 87–92). This was found to weakly correlate with hemoglobin A1c levels (59, 89) and the duration of diabetes (63). It was also associated with mortality and/or incident of heart failure admission (87), and constituted an independent risk factor for adverse cardiovascular outcomes (88, 92). It was also associated with late gadolinium enhancement (LGE) lesions that could not be explained by previous infarcts (non-ischemic LGE lesions) and prevalent complications of diabetes (retinopathy, autonomic neuropathy) (93; Figures 4, 5). On the contrary, dissimilar results with regards to the association of diabetes with increased ECV have been suggested by other groups (20, 60, 88, 91, 94, 95). A recently published meta-analysis concluded that diabetes was associated with increased ECV but not with native T1 increase and increased ECV was also associated with poor glycaemic control (64).
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FIGURE 4
Four type 2 diabetes mellitus patients (A–D) with typical non-ischemic late gadolinium enhancement (LGE) lesions with left ventricular short-axis and long-axis images. Non-ischemic lesions are located mid-myocardial, basal and lateral or inferolateral. In segments with non-ischemic LGE lesions, the myocardium remains thick. Adapted from Bojer et al. with permission (93).
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FIGURE 5
Late gadolinium enhancement images and extracellular volume fraction (ECV) maps by diabetic status. Example of two patients, with prediabetes and diabetes mellitus. Both patients had no late gadolinium enhancement (indicative of replacement fibrosis). The patient with diabetes mellitus had significantly higher amount of ECV (indicative of interstitial fibrosis) compared to the patient without diabetes mellitus. CMR indicates cardiac magnetic resonance. Adapted from Khan et al. with permission (88).




3.5. T1ρ mapping

T1ρ (T1rho) measures the spin-lattice relaxation in the rotating frame, and is a sensitive marker for probing macromolecular water interaction (96). T1ρ has been demonstrated to be sensitive to oedema and fibrotic scar in chronic myocardial infarction. Application of non-contrast T1ρ -mapping in CMR has been reported to discriminate between infarcted and healthy myocardium in animal models (97). Oedema also induces enhancement in T1ρ values, as demonstrated in the area-at-risk in acutely ischemic myocardium, in acute myocarditis and Takotsubo cardiomyopathy (98, 99). This mapping technique sequence is yet to be routinely used in clinical practice. Nevertheless, both oedema and fibrosis are present in the myocardium and liver in NAFLD and future clinical validation in this patient group is warranted to assess its clinical utility as a potential biomarker.



3.6. Proton density fat fraction

Proton density fat fraction (PDFF) is a ratio, expressed as a percentage, of the fraction of the MRI-visible protons attributable to fat divided by all MRI-visible protons in that region of the liver attributable to fat and water. Taking advantage of the chemical shift between fat and water, pulse sequences can be used to acquire images at multiple echo times at which fat and water signals have different phases relative to each other (2). MRI-determined PDFF correlates with histologically determined steatosis grade in patients with NAFLD and has been utilized for the assessment of NAFLD in T2DM patients (100, 101) (102). The diagnostic accuracy of MRI-PDFF was further validated by Idilman et al. (103) and Tang et al. (104), both of which demonstrated that MRI-based PDFF assessments correlated closely with histology as assessed by liver biopsy (r = 0.82) and explant ex vivo histology assessment (r = 0.85). Idilman et al. noted that the presence of hepatic fibrosis reduced the correlation between biopsy results and PDFF (103).




4. Multiparametric approaches in quantitative MR

Cardiac and liver QMRI, including T1, T2 and ECV mapping, have emerged as an approach to quantify tissue properties in cardiometabolic disease. Furthermore, in the past years, there has been a growing interest in alternative parameters that may add complementary information. For instance, several studies have shown that T1ρ could be an alternative for the detection of liver (105–107) and myocardium fibrosis (98, 108, 109) without the need of an external contrast agent injection. Nevertheless, at the moment, in clinical practice each quantitative parameter is investigated individually. As a result, sequential, lengthy scans are required to capture multiple parameters in order to accurately describe the various disease phenotypes of cardiometabolic disease (1, 110–112).

Simultaneous multiparametric QMRI, in which the parameters of interest are obtained from a single scan have recently gained attention. An important aspect of this approach is that the parameters should no longer be confounded by each other, promising reliable quantification of the individual parameters in shorter scan time. For instance, liver T1 values have been shown to depend strongly on iron content necessitating an additional measurement for liver iron, such as T2*mapping, for interpretation of T1 values (113). Recent studies in adult and pediatric patients with NAFLD also suggest that hepatic PDFF and T2* are strongly correlated with each other in vivo. This relationship was observed using different MRI techniques and therefore PDFF and T2* value should be considered together when interpreting each of those in human liver (114, 115). Finally, it has been observed that liver fat declines in patients with advanced fibrosis (burnt-out NASH), hence disease progress can be misinterpreted if NAFLD is screened with PDFF for steatosis only (102).

Several models of simultaneous multiparametric QMRI have been investigated in research studies, including methods like joint multiparametric mapping or transient-state imaging approaches (116, 117), magnetic resonance fingerprinting (MRF) (118) and magnetic resonance multitasking (119). Each of them follows a different technical approach, but with the shared goal of providing as many different parametric maps as possible within a single scan. A brief description of each of these and their potential to improve the clinical assessment of cardiometabolic disease is discussed hereafter.


4.1. Joint multiparametric mapping

In cardiac MRI, several 2D joint parametric mapping approaches have been proposed. With these approaches the acquisition sequence is generally designed to encode T1 and T2 simultaneously. Blume et al. (120) (steady-state) and Kvernby et al. (121) (transient state) employed interleaved T2-preparation and Inversion Recovery (IR) preparation pulses for T2 and T1 encoding, respectively. Akçakaya et al. (122) and Guo et al. (123) also used T2-preparation for T2 encoding but replaced the IR by SR for T1 encoding to make the sequence less dependent to heart rate variation. Another approach was proposed by Santini et al. (124); in this case, an IR pulse provides T1 encoding, and the subsequent continuous balanced-Steady-State-Free-Precession readout provides the T2 encoding.

The multiparametric maps from the aforementioned approaches are obtained after pixel-wise fitting to a sequence-dependent model. However, the need of resting periods for magnetization recovery and the use of breath-holds results in low spatial resolution, limited coverage, and motion artifacts if patients are unable to hold their breath. Applications for cardiac imaging, that sought to address these issues and to enable the acquisition in a clinically-feasible scan time have also been proposed (125) (126; Figure 6A, B1, B2). Those rely on “dictionary matching.” Using this approach, a dictionary is generated which is a compendium of possible signal evolutions for a set of combinations of parameters of interest (such as T1 or T2), which can be calculated, for example with Bloch simulations (118) or the Extended Phase Graph (127) formalism. The “multi-parametric MR signal” of every pixel is then compared against all entries included in the dictionary by pattern matching (e.g., dot product or least square), to estimate the parameter combination that best represents the measured signal evolution. Dictionaries can also be employed to predict the signal evolution of the transient state; as proposed in MRF. There exist also several examples of multiparametric approaches which were proposed for liver imaging, including water/fat-separated T1 mapping (MP-Dixon-GRASP) (128) along with PDFF imaging and water-specific T1 mapping [T1(Water)] (PROFIT1) (113). An alternative approach has been proposed by Pavlides et al. This includes T1 mapping for fibrosis/inflammation imaging and T2* mapping for liver iron quantification. The T1 measurements of this method are adjusted for the iron level, as high iron levels in the presence of fibrosis can lead to “pseudo-normal” T1 values. This was achieved by integrating the results from shortened-MOLLI T1 maps and T2^* maps in an algorithm that allows to correct for the bias introduced by elevated iron in the T1 measurements, yielding iron−corrected T1 maps (110, 129). In total, seventy−one patients with suspected NAFLD were recruited within 1 month of liver biopsy and the performance of multiparametric magnetic resonance for the assessment of NASH and fibrosis was evaluated using histology as reference standard (130; Figure 7). Fibrosis stage as analysed on biopsy correlated with MRI-estimated inflammation and fibrosis (rs = 0.51, P < 0.0001). The AUC using this multi-parametric approach for the diagnosis of cirrhosis was 0.85 (95% CI: 0.76–0.95; P = 0.0002) and for the diagnosis of mild vs significant NAFLD was 0.89 (95% CI: 0.80–0.98%; P < 0.0001). This prospective pilot study demonstrated the potential of multiparametric QMRI to assess the overall disease severity in patients with NAFLD.
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FIGURE 6
Simplified sequence diagram and corresponding images for three multi-parametric acquisition frameworks. (A) Short-axis T1 and T2 maps, and CINE images at apical, mid-ventricular, and basal levels obtained from a single joint T1/T2 + CINE free-running whole-heart scan. Figure adapted with permission from Qi et al. (128). (B1) Short-axis T1 and T2 map slices and a representative slice of water and fat CMRA images, obtained from a single joint whole-heart T1/T2 mapping + Water/FAT CMRA whole heart free-breathing isotropic scan. (B2) Representative coronal and transverse slices of joint T1, T2 maps and Fat images from a 3D isotropic free-breathing liver acquisition.
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FIGURE 7
Representative magnetic resonance data with the corresponding transient elastography (TE) and histology data from patients with known or suspected non-alcoholic fatty liver disease NAFLD. T1, T2* mapping values were used to derive the calculated corrected T1 maps (cT1) maps and Liver Inflammation and Fibrosis (LIF) scores. Patients were classified based on biopsy findings, using the Fatty Liver Inhibition of Progression (FLIP) algorithm (92), as having: mild disease (A), significant disease/mild fibrosis (B) and significant disease/advanced fibrosis (C). Red circles indicate typical regions of interest. There was a significant association between histological fibrosis and MRI LIF scores. Adapted from Pavlides et al. with permission (130).




4.2. Magnetic resonance fingerprinting

Most of joint multiparametric approaches presented above are based on steady state imaging and/or discrete sampling of few timepoints along the exponential signal decay, followed by magnetization recovery of the signal and then fit to a certain signal model. There are, however, alternatives like MRF (118) that rely on transient state imaging to generate co-registered multiparametric maps in a single highly efficient scan. In MRF, acquisition parameters such as flip angle and/or repetition time vary pseudo-randomly (Figure 8A1) throughout the scan to generate a unique signal evolution for every tissue, the so-called “fingerprint,” defined by different combination of T1, T2 and other parameters of interest, when encoded. Parametric encoding can also be increased by interleaving magnetization preparation (e.g., IR or T2-preparation) blocks at certain timepoints, similarly to the joint steady-state multiparametric approaches described above (Figure 8A2). In order to obtain a high temporal resolution (i.e., a large number or timepoints in the signal evolution) in an efficient manner, high acceleration factors and thus, highly undersampled images are obtained (Figure 8B). In parallel, a dictionary containing a sufficiently large and representative number of combinations of parameters of interest (e.g., T1 or T2) is generated using the specific acquisition parameters (Figure 8C).
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FIGURE 8
Schematic overview of a cardiac/liver MRF framework. (A1) Acquisition parameters such as repetition time (TR) and variable flip angles (FA) may be pseudo-randomly varied throughout acquisition and (A2) magnetization preparation pulses are introduced to increment contrast weighing on the desired parameters. (B) Highly undersampled images are obtained, and (C) a dictionary of different signal evolutions for a range of T1/T2 (and other parameters of interest) combinations are calculated in parallel. (D) Matching the temporal evolution of the signal measured with the dictionary will provide (E) inherently co-registered parametric maps of the scanned region.


The “fingerprint” of every voxel is then compared against all the possibilities or entries included in the dictionary by pattern matching to estimate the parameter combination that best explains the measured signal evolution (Figure 8D). In this way, multiparametric co-registered quantitative maps are generated within a single scan (Figure 8E). This dictionary can be reutilized in the subsequent scans provided that the acquisition parameter patterns remain unchanged, which is, however, not the case for cardiac imaging due to subject-specific heart rate variations.

Hamilton et al. (131) proposed for the first time the application of the MRF framework for an ECG-trigged scan for simultaneous T1, T2 and M0 characterization of myocardial tissue. However, given the high flexibility that MRF provides for the extension of the sequence to encode additional parameters, several works have been proposed to extend cardiac MRF to multiparametric assessment, including simultaneous cardiac T1/T2 maps and PDFF, simultaneous T1, T2 and T1ρ cardiac MRF and simultaneous T1, T2, PDFF and T2* acquisition (132) (133, 134).

Some of these approaches have been evaluated in healthy subjects (135, 136) and small patient cohorts (137) (138) (139).

For liver imaging, Chen et al. (140) proposed a robust MRF framework where T1 and T2 2D maps are obtained on a 3T scanner. This framework has been further extended to include 2D T1, T2, T2* and PDFF mapping in a 14s breath-hold acquisition (141) and initial clinical validation against histological grading from liver biopsies in a cohort of 56 patients with diffuse liver disease has been performed (142). Further advances include evaluating T1, T2, T2*, PDFF and T1ρ mapping (143).

Future clinical validation studies of the aforementioned methods for comprehensive cardiac and liver tissue characterization in cardiometabolic disease are anticipated.



4.3. Magnetic resonance multitasking

Magnetic resonance multitasking is an alternative approach that enables multiparametric assessment along with the visualization of cardiac and respiratory motion from a single scan. This technique is based, by definition, on a continuous acquisition in which all the possible signal evolutions that are taking place due to different image dynamics (i.e., how the signal would evolve throughout the acquisition due to magnetization relaxation, cardiac or respiratory motion, contrast agent pharmacokinetics or any other cause) are stacked as extra temporal dimension or “tasks” in a high dimensional low rank tensor. In the original work, Christodoulou et al. proposed (119) a cardiac MR multitasking approach where a T2-IR prepared free-breathing acquisition leads to simultaneous and motion-resolved T1, T2 and functional assessment within a single ∼60 s ECG-free scan. At Nyquist sampling rate, the high number of time dimensions considered for this matter would require prohibitive scan times. Christodoulou et al. exploited the low-rank property of the generated tensor, thus the redundant and highly spatio-temporally correlated information is leveraged during the image reconstruction step (Figure 9). Feasibility of the proposed technique has been shown in myocardial T1 and ECV mapping (144) and of multi-slice motion-resolved joint T1/T2 cardiac mapping in a single 3-min free-breathing scan (145). Furthermore, in a recent work, Wang et al. (146) proposed the feasibility of simultaneous 3D quantification of water specific T1, PDFF and T2^* in a single 5-min scan. Future studies with larger patient cohorts for both heart and liver are warranted for robust clinical validation.


[image: image]

FIGURE 9
(A) A generic sequence diagram for Multitasking technique. The continuous acquisition cycles through different preparation modules (e.g., IR, T2-IR, and SR), with FLASH excitations filling the entire recovery period. The training and imaging data are collected in an interleaved way, for resolving temporal and spatial information, respectively. (B) An illustration of multi-dimensional image. In this example, the image tensor contains one spatial dimension r and three temporal dimensions (can be T1/T2/T2* relaxation, resp motion, cardiac motion, etc.) and its low–rank tensor structure can be explicitly expressed through tensor factorization between 4 sets of basic functions (U, V, W, Q) and a core tensor 𝒢. (C) Representative reference and Multitasking cardiac T1, T2, FF, and T2* maps from a healthy volunteer. (D) Representative reference and Multitasking liver T1, T1w (water T1), FF, and R2* maps from a patient with non-alcoholic steatohepatitis. Adapted from Cao et al. (59) and Wang et al. (146).




4.4. Technical challenges of quantitative MR

Parametric mapping has been widely adopted in clinical practice and constitutes a complementary imaging biomarker in several pathologies. In the theoretical realm, parameters maps depend on the interaction of physics (MRI signal) and the underlying tissue biology. Nevertheless, in clinical practice, several limitations need to be acknowledged, as most mapping techniques depend on several confounding factors. Relaxation time is the result of the combination of the subject, hardware, acquisition, reconstruction algorithm, and map analysis that were used; consequently, all steps in obtaining a relaxation time can add bias or uncertainty to its measurement. A comprehensive review on this scope can be found in Ogier et al. (147). In brief, patients’ heart rate, breathing pattern along with scanner characteristics, such as magnetic field and coils array affect the derived map. With regards to the acquisition and reconstruction techniques, well-established confounding factors include the pulse sequence choice, which is known to affect the quantification of the parameter to be mapped, due to the particular technical and physical limitations of chosen sequence (148). For instance, for T1 mapping, different sequences such as MOLLI, shMOLLI, SASHA or SAPPHIRE show different accuracy and precision, as shown by Roujol et al. (149), and dedicated comparative studies have been done to determine which offers better diagnostic power (150). This is also the case for T2 mapping, where the use of dedicated T2-prep pulses is known to provide significantly underestimated T2 values compared to spoiled gradient echo and multi-echo spin echo sequences (151). Prior work has also suggested steady-state preparation schemes to reduce the oscillations that occur in the transient state of steady state free precession due to off-resonance, and the linear flip angle approach was shown to have a superior performance in the presence of large off-resonance frequencies (152). Furthermore, k-space readout, be it linear or centric, has been shown to affect accuracy and precision in T2 mapping (148). Similarly, T1rho relaxation is dependent on the applied spin-locking frequency. Additionally, the widely used MOLLI T1-mapping sequence is recognized to be confounded by alterations in T2, and linear T2prepared balanced steady state free precession values are confounded by T1. On some occasions, parameter estimation errors arise when estimating a single parameter without taking into account the effect of other parameters that are inherently coupled; T2-prepared sequences will be more prone to T2^* susceptibility artifact due to imperfect refocusing of the signal during the preparation whereas T1 quantification in the presence of iron will be biased and a corrected T1 (cT1) is required (130). Other sources of quantification variability such as magnetization transfer (153) or partial volume (154) may affect accuracy and precision. Promisingly, some of these effects can be eliminated or diminished with multi-parametric sequences such as MRF or CMR Multitasking, where several parameters of interest are estimated at the same time for each voxel, removing mis-registration inaccuracies and reducing estimation biases, furthermore multiple corrections can be included on the framework (119, 155–158). Unfortunately, the reproducibility of the aforementioned techniques is still impacted by confounding factors. In particular, multitasking and fingerprinting techniques, where modeling of the signal evolution is utilized to calculate the parameters, error liability is possible where not all influences on signal evolution are included in the model (148) (e.g., the cumulative effect of magnetisation transfer in MOLLI sequence, partial volume, off-resonance effects, magnetisation transfer) (158). Considering those effects on dictionary generation can minimize imperfections. Additionally, the increase of the number of parameters to be estimated for a given number of data points also leads to an increase in the complexity of the acquisition/reconstruction and may affect accuracy and precision as well as increasing computational demands.



4.5. Future perspectives for clinical integration of QMRI in cardiometabolic disease

Significant progress has been made to-date to better understand the histological alterations of cardiac and hepatic tissue in cardiometabolic disease and their potential correlation to QMRI techniques. The quantification of cardiac fibrosis in T2DM has been extensively studied with T1 mapping and ECV methods and this has been associated with adverse cardiovascular events. Several pilot studies have also demonstrated myocardial fibrosis in hypertension. Parametric tissue characterization has demonstrated hepatic fibrosis, steatosis and inflammation in proof-of-principle studies in NAFLD. Nevertheless, the scope of QMRI in cardiometabolic disease has not been fully investigated. This is attributed primarily to two factors. Firstly, the standardization of the existing clinical single-parametric mapping techniques has been suboptimal and current guidelines suggest the generation of site-specific normal ranges. Validation and subsequent standardization of the new methods has not been performed either and is a crucial step to enhance clinical uptake. Furthermore, the reproducibility and robustness of the proposed methods needs to be ensured in multi-center and multi-vendor studies. The design of prospective, longitudinal studies tailored to the relevant clinical questions, incorporating the novel technologies available, is also mandatory to expedite clinical adoption (159). Efforts toward reproducibility and standardization can often be accelerated through an overarching international organization that many parties trust, such as the Quantitative Image Biomarker Alliance of the Radiological Society of North America and the Quantitative MR Study of the International Society for Magnetic Resonance in Medicine (ISMRM).

Additionally, advanced acquisition schemes often come at the cost of lengthy acquisition and post-processing times. Further applications of multi-parametric QMRI that incorporate deep-learning based approaches demonstrate promising results at no extra time-cost either at acquisition or image processing level and would augment the diagnostic information (160–162). This could also allow the exploration of additional contrast weightings, including for example tissue diffusion. Furthermore, in view of the multi-organ manifestations of cardiometabolic disease, studies investigating simultaneously the liver and cardiac tissue are anticipated, to gain insight into the pathophysiology of cardiac-liver axis (140).




5. Limitations

Ongoing research in cardiometabolic disease has discovered novel mechanistic pathways across various organ systems, including cardiac and skeletal muscle, pancreas, liver, adipose tissue and microcirculation. An elaborate review on inter-organ pathogenetic interrogation and multimodality imaging perspective is out of scope of this article and has been covered elsewhere (4). Additional MRI techniques that have been applied in cardiometabolic disease include magnetic resonance elastography and magnetic resonance spectroscopy. Magnetic resonance elastography has been primarily utilized for the evaluation of liver stiffness. It relies on the demonstration of propagating shear waves within the liver employing a phase-contrast type sequence (163). Magnetic Resonance spectroscopy investigates cardiac and hepatic metabolism in vivo by measuring proton signals as a function of their resonance frequency. By using the gyromagnetic properties of 1H, 31P, 13C, and 23Na, Magnetic Resonance Spectroscopy relates energy metabolism to (dys)function of the heart (164, 165). This article, which focuses on relaxation and proton-density fat fraction mapping techniques, cannot elaborate on the aforementioned methods due to space constraints. The reader is directed to (163–165) for deeper insights into the physics and applications of the respective methodology.



6. Conclusion

Cardiometabolic disease is a cluster of complex diseases that involve changes in the physiology of myocardial and hepatic tissue. Quantitative MR imaging is a valuable tool to characterize this disease, although a single quantitative parameter may not provide sufficient information. Simultaneous multiparametric MRI has demonstrated the feasibility of obtaining fast, co-registered multiple parametric maps within a single short MR scan and is promising for comprehensive understanding of the disease. QMRI frameworks are currently at a transition point between development and clinical adoption. Inclusion of standardization agreements, quality control protocols, and reproducibility assessment are essential for the clinical validation and uptake of these new promising techniques to gain further insight into cardiometabolic disease.



Author contributions

AF, CV, and CP devised and wrote the manuscript. CP and RB reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors acknowledge financial support from the BHF PG/18/59/33955 and RG/20/1/34802, EPSRC EP/P001009, EP/P032311/1, EP/P007619/1, and EP/V044087/1, Wellcome EPSRC Centre for Medical Engineering (NS/A000049/1), ICN2021_004, Fondecyt 1210637, Fondecyt 1210638, ANID Basal FB210024, and Millennium Nucleus NCN19_161.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

CMR, cardiovascular magnetic resonance; T2DM, type 2 diabetes mellitus; ECV, extracellular volume; HTN, hypertension; IR, inversion recovery; LGE, late-gadolinium enhancement; LVH, left ventricular hypertrophy; MOLLI, modifier look-locker imaging; MRF, magnetic resonance fingerprinting; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; QMRI, quantitative magnetic resonance imaging; SR, saturation recovery.



References

1. Messroghli D, Moon J, Ferreira V, Grosse-Wortmann L, He T, Kellman P, et al. Clinical recommendations for cardiovascular magnetic resonance mapping of T1, T2, T2* and extracellular volume: a consensus statement by the society for cardiovascular magnetic resonance (SCMR) endorsed by the European association for cardiovascular imaging (EACVI). J Cardiovasc Magn Reson. (2017) 19:75.

2. Thomaides-Brears H, Lepe R, Banerjee R, Duncker C. Multiparametric MR mapping in clinical decision-making for diffuse liver disease. Abdom Radiol. (2020) 45:3507–22. doi: 10.1007/s00261-020-02684-3

3. Ferreira V, Schulz-Menger J, Holmvang G, Kramer C, Carbone I, Sechtem U, et al. Cardiovascular magnetic resonance in nonischemic myocardial inflammation: expert recommendations. J Am Coll Cardiol. (2018) 72:3158–76. doi: 10.1016/j.jacc.2018.09.072

4. Dorbala S, Ando Y, Bokhari S, Dispenzieri A, Falk R, Ferrari V, et al. ASNC/AHA/ASE/EANM/HFSA/ISA/SCMR/SNMMI expert consensus recommendations for multimodality imaging in cardiac amyloidosis: part 1 of 2—evidence base and standardized methods of imaging. Circ Cardiovasc Imaging. (2021) 14:e000029.

5. Deva D, Hanneman K, Li Q, Ng M, Wasim S, Morel C, et al. Cardiovascular magnetic resonance demonstration of the spectrum of morphological phenotypes and patterns of myocardial scarring in Anderson-Fabry disease. J Cardiovasc Magn Reson. (2016) 18:14. doi: 10.1186/s12968-016-0233-6

6. Pennell D, Udelson J, Arai A, Bozkurt B, Cohen A, Galanello R, et al. Cardiovascular function and treatment in β-thalassemia major: a consensus statement from the American heart association. Circulation. (2013) 128:281–308. doi: 10.1161/CIR.0b013e31829b2be6

7. European Association for the Study of the Liver (EASL), European Association for the Study of Diabetes (EASD), European Association for the Study of Obesity (EASO). EASL–EASD–EASO clinical practice guidelines for the management of non-alcoholic fatty liver disease. J Hepatol. (2016) 64:1388–402.

8. Chalasani N, Younossi Z, Lavine J, Diehl A, Brunt E, Cusi K, et al. The diagnosis and management of non-alcoholic fatty liver disease: practice guideline by the American gastroenterological association, American association for the study of liver diseases, and American college of gastroenterology. Gastroenterology. (2012) 142:1592–609.

9. McCarthy C, Chang L, Vaduganathan M. Training the next generation of cardiometabolic specialists. J Am Coll Cardiol. (2020) 75:1233–7.

10. Mechanick J, Farkouh M, Newman J, Garvey W. Cardiometabolic-based chronic disease, adiposity and dysglycemia drivers. J Am Coll Cardiol. (2020) 75:525–38.

11. Hirode G, Wong R. Trends in the prevalence of metabolic syndrome in the United States, 2011–2016. JAMA. (2020) 323:2526–8. doi: 10.1001/jama.2020.4501

12. Kumar V, Hsueh W, Raman S. Multiorgan, multimodality imaging in cardiometabolic disease. Circ Cardiovasc Imaging. (2017) 10:e005447. doi: 10.1161/CIRCIMAGING.117.005447

13. James W. The epidemiology of obesity: the size of the problem. J Intern Med. (2008) 263:336–52.

14. Tancredi M, Rosengren A, Svensson A, Kosiborod M, Pivodic A, Gudbjörnsdottir S, et al. Excess mortality among persons with type 2 diabetes. N Engl J Med. (2015) 373:1720–32.

15. Cavender M, Steg P, Smith S, Eagle K, Ohman E, Goto S, et al. Impact of diabetes mellitus on hospitalization for heart failure, cardiovascular events, and death: outcomes at 4 years from the reduction of atherothrombosis for continued health (REACH) registry. Circulation. (2015) 132:923–31. doi: 10.1161/CIRCULATIONAHA.114.014796

16. Boudina S, Abel ED. Diabetic cardiomyopathy revisited. Circulation. (2007) 115:3213–23.

17. Heydari B, Juan Y, Liu H, Abbasi S, Shah R, Blankstein R, et al. Stress perfusion cardiac magnetic resonance imaging effectively risk stratifies diabetic patients with suspected myocardial ischemia. Circ Cardiovasc Imaging. (2016) 9:e004136. doi: 10.1161/CIRCIMAGING.115.004136

18. Fisher B, Gillen G, Lindop G, Dargie H, Frier B. Cardiac function and coronary arteriography in asymptomatic type 1 (insulin-dependent) diabetic patients: evidence for a specific diabetic heart disease. Diabetologia. (1986) 29:706–12. doi: 10.1007/BF00870280

19. Rubler S, Dlugash J, Yuceoglu Y, Kumral T, Branwood A, Grishman A. New type of cardiomyopathy associated with diabetic glomerulosclerosis. Am J Cardiol. (1972) 30:595–602.

20. Levelt E, Mahmod M, Piechnik S, Ariga R, Francis J, Rodgers C, et al. Relationship between left ventricular structural and metabolic remodeling in type 2 diabetes. Diabetes. (2016) 65:44–52.

21. Lorenzo-Almorós A, Tuñón J, Orejas M, Cortés M, Egido J., Lorenzo Ó. Diagnostic approaches for diabetic cardiomyopathy. Cardiovasc Diabetol. (2017) 16:28.

22. Zeng M, Zhang N, He Y, Wen Z, Wang Z, Zhao Y, et al. Histological validation of cardiac magnetic resonance T1 mapping for detecting diffuse myocardial fibrosis in diabetic rabbits. J Magn Reson Imaging. (2016) 44:1179–85. doi: 10.1002/jmri.25268

23. Konduracka E, Gackowski A, Rostoff P, Galicka-Latala D, Frasik W, Piwowarska W. Diabetes-specific cardiomyopathy in type 1 diabetes mellitus: no evidence for its occurrence in the era of intensive insulin therapy. Eur Heart J. (2007) 28:2465–71. doi: 10.1093/eurheartj/ehm361

24. Li K, Zhai M, Jiang L, Song F, Zhang B, Li J, et al. Tetrahydrocurcumin ameliorates diabetic cardiomyopathy by attenuating high glucose-induced oxidative stress and fibrosis via activating the SIRT1 pathway. Oxid Med Cell Longev. (2019) 2019:6746907. doi: 10.1155/2019/6746907

25. Heerebeek LV, Hamdani N, Handoko ML, Falcao-Pires I, Musters RJ, Kupreishvili K, et al. Diastolic stiffness of the failing diabetic heart. Circulation. (2008) 117:43–51.

26. Jellis C, Wright J, Kennedy D, Sacre J, Jenkins C, Haluska B, et al. Association of imaging markers of myocardial fibrosis with metabolic and functional disturbances in early diabetic cardiomyopathy. Circ Cardiovasc Imaging. (2011) 4:693–702. doi: 10.1161/CIRCIMAGING.111.963587

27. Rijzewijk L, van der Meer RW, Smit JW, Diamant M, Bax JJ, Hammer S, et al. Myocardial steatosis is an independent predictor of diastolic dysfunction in type 2 diabetes mellitus. J Am Coll Cardiol. (2008) 52:1793–9.

28. Taegtmeyer H, McNulty P, Young M. Adaptation and maladaptation of the heart in diabetes: part I. Circulation. (2002) 105:1727–33.

29. Anderson E, Rodriguez E, Anderson C, Thayne K, Chitwood W, Kypson A. Increased propensity for cell death in diabetic human heart is mediated by mitochondrial-dependent pathways. Am J Physiol Heart Circ Physiol. (2011) 300:H118–24. doi: 10.1152/ajpheart.00932.2010

30. Ng A, Auger D, Delgado V, van Elderen S, Bertini M, Siebelink H, et al. Association between diffuse myocardial fibrosis by cardiac magnetic resonance contrast-enhanced T(1) mapping and subclinical myocardial dysfunction in diabetic patients: a pilot study. Circ Cardiovasc Imaging. (2012) 5:51–9. doi: 10.1161/CIRCIMAGING.111.965608

31. Jia G, Hill M, Sowers J. Diabetic cardiomyopathy. Circ Res. (2018) 122:624–38.

32. Lawes C, Vander Hoorn S, Rodgers A. Global burden of blood-pressure-related disease, 2001. Lancet. (2008) 371:1513–8. doi: 10.1016/S0140-6736(08)60655-8

33. Zhou D, Xi B, Zhao M, Wang L, Veeranki S. Uncontrolled hypertension increases risk of all-cause and cardiovascular disease mortality in US adults: the NHANES III linked mortality study. Sci Rep. (2018) 8:9418. doi: 10.1038/s41598-018-27377-2

34. Díez J, González A, López B, Querejeta R. Mechanisms of disease: pathologic structural remodeling is more than adaptive hypertrophy in hypertensive heart disease. Nat Clin Pract Cardiovasc Med. (2005) 2:209–16. doi: 10.1038/ncpcardio0158

35. Coelho-Filho O, Mongeon F, Mitchell R, Moreno H Jr, Nadruz W Jr, Kwong R, et al. Role of transcytolemmal water-exchange in magnetic resonance measurements of diffuse myocardial fibrosis in hypertensive heart disease. Circ Cardiovasc Imaging. (2013) 6:134–41. doi: 10.1161/CIRCIMAGING.112.979815

36. Maceira A, Mohiaddin R. Cardiovascular magnetic resonance in systemic hypertension. J Cardiovasc Magn Reson. (2012) 14:28.

37. Berk B, Fujiwara K, Lehoux S. ECM remodeling in hypertensive heart disease. J Clin Invest. (2007) 117:568–75.

38. Kuruvilla S, Janardhanan R, Antkowiak P, Keeley E, Adenaw N, Brooks J, et al. Increased extracellular volume and altered mechanics are associated with LVH in hypertensive heart disease, not hypertension alone. JACC Cardiovasc Imaging. (2015) 8:172–80.

39. McLenachan J, Dargie H. Ventricular arrhythmias in hypertensive left ventricular hypertrophy. Relationship to coronary artery disease, left ventricular dysfunction, and myocardial fibrosis. Am J Hypertens. (1990) 3:735–40. doi: 10.1093/ajh/3.10.735

40. Díez J, Querejeta R, López B, González A, Larman M, Martínez Ubago J. Losartan-dependent regression of myocardial fibrosis is associated with reduction of left ventricular chamber stiffness in hypertensive patients. Circulation. (2002) 105:2512–7. doi: 10.1161/01.cir.0000017264.66561.3d

41. Saam T, Ferguson M, Yarnykh V, Takaya N, Xu D, Polissar N, et al. Quantitative evaluation of carotid plaque composition by in vivo MRI. Arterioscler Thromb Vasc Biol. (2005) 25:234–9.

42. Pant S, Deshmukh A, Gurumurthy G, Pothineni N, Watts T, Romeo F, et al. Inflammation and atherosclerosis–revisited. J Cardiovasc Pharmacol Ther. (2014) 19:170–8. doi: 10.1177/1074248413504994

43. Paoletti R, Gotto A, Hajjar D. Inflammation in atherosclerosis and implications for therapy. Circulation. (2004) 109(Suppl. 1):III20–6.

44. Ertl G, Frantz S. Healing after myocardial infarction. Cardiovasc Res. (2005) 66:22–32.

45. Lücke C, Schindler K, Lehmkuhl L, Grothoff M, Eitel I, Schuler G, et al. Prevalence and functional impact of lipomatous metaplasia in scar tissue following myocardial infarction evaluated by MRI. Eur Radiol. (2010) 20:2074–83. doi: 10.1007/s00330-010-1791-x

46. Volders P, Willems I, Cleutjens J, Aren J, Havenith M, Daemen M. Interstitial collagen is increased in the non-infarcted human myocardium after myocardial infarction. J Mol Cell Cardiol. (1993) 25:1317–23. doi: 10.1006/jmcc.1993.1144

47. Orlandi A, Francesconi A, Marcellini M, Ferlosio A, Spagnoli L. Role of ageing and coronary atherosclerosis in the development of cardiac fibrosis in the rabbit. Cardiovasc Res. (2004) 64:544–52. doi: 10.1016/j.cardiores.2004.07.024

48. Silver M, Pick R, Brilla C, Jalil J, Janicki J, Weber K. Reactive and reparative fibrillar collagen remodelling in the hypertrophied rat left ventricle: two experimental models of myocardial fibrosis. Cardiovasc Res. (1990) 24:741–7. doi: 10.1093/cvr/24.9.741

49. Ehara S, Ueda M, Naruko T, Haze K, Itoh A, Otsuka M, et al. Elevated levels of oxidized low density lipoprotein show a positive relationship with the severity of acute coronary syndromes. Circulation. (2001) 103:1955–60.

50. Estes C, Razavi H, Loomba R, Younossi Z, Sanyal A. Modeling the epidemic of nonalcoholic fatty liver disease demonstrates an exponential increase in burden of disease. Hepatology. (2018) 67:123–33. doi: 10.1002/hep.29466

51. Ekstedt M, Franzén L, Mathiesen U, Thorelius L, Holmqvist M, Bodemar G, et al. Long-term follow-up of patients with NAFLD and elevated liver enzymes. Hepatology. (2006) 44:865–73.

52. Rafiq N, Bai C, Fang Y, Srishord M, McCullough A, Gramlich T, et al. Long-term follow-up of patients with nonalcoholic fatty liver. Clin Gastroenterol Hepatol. (2009) 7:234–8.

53. Söderberg C, Stål P, Askling J, Glaumann H, Lindberg G, Marmur J, et al. Decreased survival of subjects with elevated liver function tests during a 28-year follow-up. Hepatology. (2010) 51:595–602. doi: 10.1002/hep.23314

54. Kim D, Kim W, Kim H, Therneau T. Association between noninvasive fibrosis markers and mortality among adults with nonalcoholic fatty liver disease in the United States. Hepatology. (2013) 57:1357–65. doi: 10.1002/hep.26156

55. Balaban R, Peters D. Basic principles of cardiovascular magnetic resonance. 3rd ed. In: W Manning, D Pennell editors. Cardiovascular magnetic resonance. Philadelphia, PA: Elsevier (2019). p. 1–14.

56. Manning W, Pennell D. Cardiovascular magnetic resonance. Amsterdam: Elsevier (2010).

57. Chow K, Flewitt J, Green J, Pagano J, Friedrich M, Thompson R. Saturation recovery single-shot acquisition (SASHA) for myocardial T(1) mapping. Magn Reson Med. (2014) 71:2082–95. doi: 10.1002/mrm.24878

58. Diao K, Yang Z, Xu H, Liu X, Zhang Q, Shi K, et al. Histologic validation of myocardial fibrosis measured by T1 mapping: a systematic review and meta-analysis. J Cardiovasc Magn Reson. (2016) 18:92–92. doi: 10.1186/s12968-016-0313-7

59. Cao Y, Zeng W, Cui Y, Kong X, Wang M, Yu J, et al. Increased myocardial extracellular volume assessed by cardiovascular magnetic resonance T1 mapping and its determinants in type 2 diabetes mellitus patients with normal myocardial systolic strain. Cardiovasc Diabetol. (2018) 17:7. doi: 10.1186/s12933-017-0651-2

60. Lam B, Stromp T, Hui Z, Vandsburger M. Myocardial native-T1 times are elevated as a function of hypertrophy, HbA1c, and heart rate in diabetic adults without diffuse fibrosis. Magn Reson Imaging. (2019) 61:83–9. doi: 10.1016/j.mri.2019.05.029

61. Swoboda P, McDiarmid A, Erhayiem B, Ripley D, Dobson L, Garg P, et al. Diabetes mellitus, microalbuminuria, and subclinical cardiac disease: identification and monitoring of individuals at risk of heart failure. J Am Heart Assoc. (2017) 6:e005539. doi: 10.1161/JAHA.117.005539

62. Kucukseymen S, Neisius U, Rodriguez J, Tsao C, Nezafat R. Negative synergism of diabetes mellitus and obesity in patients with heart failure with preserved ejection fraction: a cardiovascular magnetic resonance study. Int J Cardiovasc Imaging. (2020) 36:2027–38. doi: 10.1007/s10554-020-01915-4

63. Shang Y, Zhang X, Leng W, Chen L, Lei X, Zhang T, et al. Assessment of diabetic cardiomyopathy by cardiovascular magnetic resonance T1 mapping: correlation with left-ventricular diastolic dysfunction and diabetic duration. J Diabetes Res. (2017) 2017:9584278. doi: 10.1155/2017/9584278

64. Salvador D, Gamba M, Gonzalez-Jaramillo N, Gonzalez-Jaramillo V, Raguindin P, Minder B, et al. Diabetes and myocardial fibrosis: a systematic review and meta-analysis. JACC Cardiovasc Imaging. (2023) 15:796–808.

65. Arcari L, Hinojar R, Engel J, Freiwald T, Platschek S, Zainal H, et al. Native T1 and T2 provide distinctive signatures in hypertrophic cardiac conditions—comparison of uremic, hypertensive and hypertrophic cardiomyopathy. Int J Cardiol. (2020) 306:102–8. doi: 10.1016/j.ijcard.2020.03.002

66. Rodrigues J, Amadu A, Dastidar A, Szantho G, Lyen S, Godsave C, et al. Comprehensive characterisation of hypertensive heart disease left ventricular phenotypes. Heart. (2016) 102:1671–9.

67. Treibel T, Zemrak F, Sado D, Banypersad S, White S, Maestrini V, et al. Extracellular volume quantification in isolated hypertension - changes at the detectable limits? J Cardiovasc Magn Reson. (2015) 17:74. doi: 10.1186/s12968-015-0176-3

68. van den Boomen M, Slart R, Hulleman E, Dierckx R, Velthuis B, van der Harst P, et al. Native T1 reference values for nonischemic cardiomyopathies and populations with increased cardiovascular risk: a systematic review and meta-analysis. J Magn Reson Imaging. (2018) 47:891–912. doi: 10.1002/jmri.25885

69. Erden A, Kuru OZD, Peker E, Kul M, Ozalp Ates FS, Erden I, et al. MRI quantification techniques in fatty liver: the diagnostic performance of hepatic T1, T2, and stiffness measurements in relation to the proton density fat fraction. Diagn Interv Radiol. (2021) 27:7–14. doi: 10.5152/dir.2020.19654

70. Brittain J, Hu B, Wright G, Meyer C, Macovski A, Nishimura D. Coronary angiography with magnetization-prepared T2 contrast. Magn Reson Med. (1995) 33:689–96.

71. Greulich S, Mayr A, Kitterer D, Latus J, Henes J, Steubing H, et al. T1 and T2 mapping for evaluation of myocardial involvement in patients with ANCA-associated vasculitides. J Cardiovasc Magn Reson. (2017) 19:6. doi: 10.1186/s12968-016-0315-5

72. Mayr A, Kitterer D, Latus J, Steubing H, Henes J, Vecchio F, et al. Evaluation of myocardial involvement in patients with connective tissue disorders: a multi-parametric cardiovascular magnetic resonance study. J Cardiovasc Magn Reson. (2016) 18:67. doi: 10.1186/s12968-016-0288-4

73. Puntmann V, D’Cruz D, Smith Z, Pastor A, Choong P, Voigt T, et al. Native myocardial T1 mapping by cardiovascular magnetic resonance imaging in subclinical cardiomyopathy in patients with systemic lupus erythematosus. Circ Cardiovasc Imaging. (2013) 6:295–301.

74. Puntmann V, Isted A, Hinojar R, Foote L, Carr-White G, Nagel E. T1 and T2 mapping in recognition of early cardiac involvement in systemic sarcoidosis. Radiology. (2017) 285:63–72.

75. Guo Q, Wu L, Wang Z, Shen J, Su X, Wang C, et al. Early detection of silent myocardial impairment in drug-naive patients with new-onset systemic lupus erythematosus: a three-center prospective study. Arthritis Rheumatol. (2018) 70:2014–24. doi: 10.1002/art.40671

76. Zhang Y, Corona-Villalobos C, Kiani A, Eng J, Kamel I, Zimmerman S, et al. Myocardial T2 mapping by cardiovascular magnetic resonance reveals subclinical myocardial inflammation in patients with systemic lupus erythematosus. Int J Cardiovasc Imaging. (2015) 31:389–97.

77. Giri S, Chung Y, Merchant A, Mihai G, Rajagopalan S, Raman S, et al. T2 quantification for improved detection of myocardial edema. J Cardiovasc Magn Reson. (2009) 11:56.

78. Jiang L, Wang J, Liu X, Li Z, Xia C, Xie L, et al. The combined effects of cardiac geometry, microcirculation, and tissue characteristics on cardiac systolic and diastolic function in subclinical diabetes mellitus-related cardiomyopathy. Int J Cardiol. (2020) 320:112–8. doi: 10.1016/j.ijcard.2020.07.013

79. Idilman I, Celik A, Savas B, Idilman R, Karcaaltincaba M. The feasibility of T2 mapping in the assessment of hepatic steatosis, inflammation, and fibrosis in patients with non-alcoholic fatty liver disease: a preliminary study. Clin Radiol. (2021) 76:709.e13–8. doi: 10.1016/j.crad.2021.06.014

80. Kirk P, Roughton M, Porter J, Walker J, Tanner M, Patel J, et al. Cardiac T2* magnetic resonance for prediction of cardiac complications in thalassemia major. Circulation. (2009) 120:1961–8.

81. Wood J, Enriquez C, Ghugre N, Tyzka J, Carson S, Nelson M, et al. MRI R2 and R2* mapping accurately estimates hepatic iron concentration in transfusion-dependent thalassemia and sickle cell disease patients. Blood. (2005) 106:1460–5. doi: 10.1182/blood-2004-10-3982

82. Pilling L, Tamosauskaite J, Jones G, Wood A, Jones L, Kuo C, et al. Common conditions associated with hereditary haemochromatosis genetic variants: cohort study in UK biobank. BMJ. (2019) 364:L6157.

83. Middleton M, Heba E, Hooker C, Bashir M, Fowler K, Sandrasegaran K, et al. Agreement between magnetic resonance imaging proton density fat fraction measurements and pathologist-assigned steatosis grades of liver biopsies from adults with nonalcoholic steatohepatitis. Gastroenterology. (2017) 153:753–61. doi: 10.1053/j.gastro.2017.06.005

84. Nelson J, Wilson L, Brunt E, Yeh M, Kleiner D, Unalp-Arida A, et al. Relationship between the pattern of hepatic iron deposition and histological severity in nonalcoholic fatty liver disease. Hepatology. (2011) 53:448–57. doi: 10.1002/hep.24038

85. Moon J, Messroghli D, Kellman P, Piechnik S, Robson M, Ugander M, et al. Myocardial T1 mapping and extracellular volume quantification: a society for cardiovascular magnetic resonance (SCMR) and CMR working group of the European society of cardiology consensus statement. J Cardiovasc Magn Reson. (2013) 15:92. doi: 10.1186/1532-429X-15-92

86. Flett A, Hayward M, Ashworth M, Hansen M, Taylor A, Elliott P, et al. Equilibrium contrast cardiovascular magnetic resonance for the measurement of diffuse myocardial fibrosis. Circulation. (2010) 122:138–44.

87. Wong T, Piehler K, Kang I, Kadakkal A, Kellman P, Schwartzman D, et al. Myocardial extracellular volume fraction quantified by cardiovascular magnetic resonance is increased in diabetes and associated with mortality and incident heart failure admission. Eur Heart J. (2014) 35:657–64. doi: 10.1093/eurheartj/eht193

88. Khan M, Yang E, Nguyen D, Nabi F, Hinojosa J, Jabel M, et al. Examining the relationship and prognostic implication of diabetic status and extracellular matrix expansion by cardiac magnetic resonance. Circ Cardiovasc Imaging. (2020) 13:e011000. doi: 10.1161/CIRCIMAGING.120.011000

89. Shah R, Abbasi S, Neilan T, Hulten E, Coelho-Filho O, Hoppin A, et al. Myocardial tissue remodeling in adolescent obesity. J Am Heart Assoc. (2013) 2:e000279.

90. Chirinos J, Bhattacharya P, Kumar A, Proto E, Konda P, Segers P, et al. Impact of diabetes mellitus on ventricular structure, arterial stiffness, and pulsatile hemodynamics in heart failure with preserved ejection fraction. J Am Heart Assoc. (2019) 8:e011457. doi: 10.1161/JAHA.118.011457

91. Gulsin G, Kanagala P, Chan D, Cheng A, Athithan L, Graham-Brown M, et al. Differential left ventricular and left atrial remodelling in heart failure with preserved ejection fraction patients with and without diabetes. Ther Adv Endocrinol Metab. (2019) 10:2042018819861593.

92. Laohabut I, Songsangjinda T, Kaolawanich Y, Yindeengam A, Krittayaphong R. Myocardial extracellular volume fraction and T1 mapping by cardiac magnetic resonance compared between patients with and without type 2 diabetes, and the effect of ECV and T2D on cardiovascular outcomes. Front Cardiovasc Med. (2021) 8:771363. doi: 10.3389/fcvm.2021.771363

93. Bojer A, Sørensen M, Vejlstrup N, Goetze J, Gæde P, Madsen P. Distinct non-ischemic myocardial late gadolinium enhancement lesions in patients with type 2 diabetes. Cardiovasc Diabetol. (2020) 19:184. doi: 10.1186/s12933-020-01160-y

94. Vasanji Z, Sigal R, Eves N, Isaac D, Friedrich M, Chow K, et al. Increased left ventricular extracellular volume and enhanced twist function in type 1 diabetic individuals. J Appl Physiol. (2017) 123:394–401. doi: 10.1152/japplphysiol.00012.2017

95. Ambale-Venkatesh B, Liu C, Liu Y, Donekal S, Ohyama Y, Sharma R, et al. Association of myocardial fibrosis and cardiovascular events: the multi-ethnic study of atherosclerosis. Eur Heart J Cardiovasc Imaging. (2019) 20:168–76.

96. Muthupillai R, Flamm S, Wilson J, Pettigrew R, Dixon W. Acute myocardial infarction: tissue characterization with T1ρ-weighted MR imaging—initial experience. Radiology. (2004) 232:606–10. doi: 10.1148/radiol.2322030334

97. Musthafa H, Dragneva G, Lottonen L, Merentie M, Petrov L, Heikura T, et al. Longitudinal rotating frame relaxation time measurements in infarcted mouse myocardium in vivo. Magn Reson Med. (2013) 69:1389–95.

98. Han Y, Liimatainen T, Gorman R, Witschey W. Assessing myocardial disease using T(1ρ) MRI. Curr Cardiovasc Imaging Rep. (2014) 7:9248.

99. Bustin A, Toupin S, Sridi S, Yerly J, Bernus O, Labrousse L, et al. Endogenous assessment of myocardial injury with single-shot model-based non-rigid motion-corrected T1 rho mapping. J Cardiovasc Magn Reson. (2021) 23:119. doi: 10.1186/s12968-021-00781-w

100. Permutt Z, Le T, Peterson M, Seki E, Brenner D, Sirlin C, et al. Correlation between liver histology and novel magnetic resonance imaging in adult patients with non-alcoholic fatty liver disease–MRI accurately quantifies hepatic steatosis in NAFLD. Aliment Pharmacol Ther. (2012) 36:22–9. doi: 10.1111/j.1365-2036.2012.05121.x

101. Bannas P, Kramer H, Hernando D, Agni R, Cunningham A, Mandal R, et al. Quantitative magnetic resonance imaging of hepatic steatosis: validation in ex vivo human livers. Hepatology. (2015) 62:1444–55.

102. Doycheva I, Cui J, Nguyen P, Costa E, Hooker J, Hofflich H, et al. Non-invasive screening of diabetics in primary care for NAFLD and advanced fibrosis by MRI and MRE. Aliment Pharmacol Ther. (2016) 43:83–95.

103. Idilman I, Keskin O, Celik A, Savas B, Elhan A, Idilman R, et al. A comparison of liver fat content as determined by magnetic resonance imaging-proton density fat fraction and MRS versus liver histology in non-alcoholic fatty liver disease. Acta Radiol. (2016) 57:271–8. doi: 10.1177/0284185115580488

104. Tang A, Tan J, Sun M, Hamilton G, Bydder M, Wolfson T, et al. Nonalcoholic fatty liver disease: MR imaging of liver proton density fat fraction to assess hepatic steatosis. Radiology. (2013) 267:422–31.

105. Allkemper T, Sagmeister F, Cicinnati V, Beckebaum S, Kooijman H, Kanthak C, et al. Evaluation of fibrotic liver disease with whole-liver T1rho MR imaging: a feasibility study at 1.5 T. Radiology. (2014) 271:408–15. doi: 10.1148/radiol.13130342

106. Chen W, Chen X, Yang L, Wang G, Li J, Wang S, et al. Quantitative assessment of liver function with whole-liver T1rho mapping at 3.0T. Magn Reson Imaging. (2018) 46:75–80. doi: 10.1016/j.mri.2017.10.009

107. Singh A, Reddy D, Haris M, Cai K, Rajender Reddy K, Hariharan H, et al. T1rho MRI of healthy and fibrotic human livers at 1.5 T. J Transl Med. (2015) 13:292.

108. van Oorschot J, El Aidi H, Jansen of Lorkeers SJ, Gho JM, Froeling M, Visser F, et al. Endogenous assessment of chronic myocardial infarction with T(1rho)-mapping in patients. J Cardiovasc Magn Reson. (2014) 16:104. doi: 10.1186/s12968-014-0104-y

109. Witschey W, Zsido G, Koomalsingh K, Kondo N, Minakawa M, Shuto T, et al. In vivo chronic myocardial infarction characterization by spin locked cardiovascular magnetic resonance. J Cardiovasc Magn Reson. (2012) 14:37. doi: 10.1186/1532-429X-14-37

110. Banerjee R, Pavlides M, Tunnicliffe E, Piechnik S, Sarania N, Philips R, et al. Multiparametric magnetic resonance for the non-invasive diagnosis of liver disease. J Hepatol. (2014) 60:69–77.

111. Hoffman D, Ayoola A, Nickel D, Han F, Chandarana H, Shanbhogue K. T1 mapping, T2 mapping and MR elastography of the liver for detection and staging of liver fibrosis. Abdom Radiol. (2020) 45:692–700. doi: 10.1007/s00261-019-02382-9

112. Schaapman J, Tushuizen M, Coenraad M, Lamb H. Multiparametric MRI in patients with nonalcoholic fatty liver disease. J Magn Reson Imaging. (2021) 53:1623–31.

113. Thompson R, Chow K, Mager D, Pagano J, Grenier J. Simultaneous proton density fat-fraction and R 2 * imaging with water-specific T1 mapping (PROFIT1): application in liver. Magn Reson Med. (2021) 85:223–38. doi: 10.1002/mrm.28434

114. Mamidipalli A, Hamilton G, Manning P, Hong C, Park C, Wolfson T, et al. Cross-sectional correlation between hepatic R2* and proton density fat fraction (PDFF) in children with hepatic steatosis. J Magn Reson Imaging. (2018) 47:418–24.

115. Bashir M, Wolfson T, Gamst A, Fowler K, Ohliger M, Shah S, et al. Hepatic R2* is more strongly associated with proton density fat fraction than histologic liver iron scores in patients with nonalcoholic fatty liver disease. J Magn Reson Imaging. (2019) 49:1456–66. doi: 10.1002/jmri.26312

116. Gomez P, Molina-Romero M, Buonincontri G, Menzel M, Menze B. Designing contrasts for rapid, simultaneous parameter quantification and flow visualization with quantitative transient-state imaging. Sci Rep. (2019) 9:8468. doi: 10.1038/s41598-019-44832-w

117. Sbrizzi A, Heide O, Cloos M, Toorn A, Hoogduin H, Luijten P, et al. Fast quantitative MRI as a nonlinear tomography problem. Magn Reson Imaging. (2018) 46:56–63.

118. Ma D, Gulani V, Seiberlich N, Liu K, Sunshine J, Duerk J, et al. Magnetic resonance fingerprinting. Nature. (2013) 495:187–92.

119. Christodoulou A, Shaw J, Nguyen C, Yang Q, Xie Y, Wang N, et al. Magnetic resonance multitasking for motion-resolved quantitative cardiovascular imaging. Nat Biomed Eng. (2018) 2:215–26.

120. Blume U, Lockie T, Stehning C, Sinclair S, Uribe S, Razavi R, et al. Interleaved T(1) and T(2) relaxation time mapping for cardiac applications. J Magn Reson Imaging. (2009) 29:480–7. doi: 10.1002/jmri.21652

121. Kvernby S, Warntjes M, Haraldsson H, Carlhall C, Engvall J, Ebbers T. Simultaneous three-dimensional myocardial T1 and T2 mapping in one breath hold with 3D-QALAS. J Cardiovasc Magn Reson. (2014) 16:102.

122. Akcakaya M, Weingartner S, Basha T, Roujol S, Bellm S, Nezafat R. Joint myocardial T1 and T2 mapping using a combination of saturation recovery and T2 -preparation. Magn Reson Med. (2016) 76:888–96. doi: 10.1002/mrm.25975

123. Guo R, Chen Z, Herzka D, Luo J, Ding H. A three-dimensional free-breathing sequence for simultaneous myocardial T1 and T2 mapping. Magn Reson Med. (2019) 81:1031–43.

124. Santini F, Kawel-Boehm N, Greiser A, Bremerich J, Bieri O. Simultaneous T1 and T2 quantification of the myocardium using cardiac balanced-SSFP inversion recovery with interleaved sampling acquisition (CABIRIA). Magn Reson Med. (2015) 74:365–71. doi: 10.1002/mrm.25402

125. Qi H, Bustin A, Cruz G, Jaubert O, Chen H, Botnar R, et al. Free-running simultaneous myocardial T1/T2 mapping and cine imaging with 3D whole-heart coverage and isotropic spatial resolution. Magn Reson Imaging. (2019) 63:159–69. doi: 10.1016/j.mri.2019.08.008

126. Milotta G, Bustin A, Jaubert O, Neji R, Prieto C, Botnar R. 3D whole-heart isotropic-resolution motion-compensated joint T1/T2 mapping and water/fat imaging. Magn Reson Med. (2020) 84:3009–26. doi: 10.1002/mrm.28330

127. Weigel M. Extended phase graphs: dephasing, RF pulses, and echoes - pure and simple. J Magn Reson Imaging. (2015) 41:266–95. doi: 10.1002/jmri.24619

128. Feng L, Liu F, Soultanidis G, Liu C, Benkert T, Block K, et al. Magnetization-prepared GRASP MRI for rapid 3D T1 mapping and fat/water-separated T1 mapping. Magn Reson Med. (2021) 86:97–114. doi: 10.1002/mrm.28679

129. Tunnicliffe E, Banerjee R, Pavlides M, Neubauer S, Robson M. A model for hepatic fibrosis: the competing effects of cell loss and iron on shortened modified Look-Locker inversion recovery T1 (shMOLLI-T1) in the liver. J Magn Reson Imaging. (2017) 45:450–62. doi: 10.1002/jmri.25392

130. Pavlides M, Banerjee R, Tunnicliffe E, Kelly C, Collier J, Wang L, et al. Multiparametric magnetic resonance imaging for the assessment of non-alcoholic fatty liver disease severity. Liver Int. (2017) 37:1065–73.

131. Hamilton J, Jiang Y, Chen Y, Ma D, Lo W, Griswold M, et al. MR fingerprinting for rapid quantification of myocardial T1, T2, and proton spin density. Magn Reson Med. (2017) 77:1446–58. doi: 10.1002/mrm.26216

132. Jaubert O, Cruz G, Bustin A, Schneider T, Lavin B, Koken P, et al. Water-fat Dixon cardiac magnetic resonance fingerprinting. Magn Reson Med. (2020) 83:2107–23.

133. Velasco C, Cruz G, Lavin B, Hua A, Fotaki A, Botnar R, et al. Simultaneous T1, T2, and T1rho cardiac magnetic resonance fingerprinting for contrast agent-free myocardial tissue characterization. Magn Reson Med. (2022) 87:1992–2002. doi: 10.1002/mrm.29091

134. Lima da Cruz GJ, Velasco C, Lavin B, Jaubert O, Botnar RM, Prieto C. Myocardial T1, T2, T2*, and fat fraction quantification via low-rank motion-corrected cardiac MR fingerprinting. Magn Reson Med. (2022) 87:2757–74. doi: 10.1002/mrm.29171

135. Hamilton J, Pahwa S, Adedigba J, Frankel S, O’Connor G, Thomas R, et al. Simultaneous mapping of T1 and T2 using cardiac magnetic resonance fingerprinting in a cohort of healthy subjects at 1.5T. J Magn Reson Imaging. (2020) 52:1044–52.

136. Liu Y, Hamilton J, Rajagopalan S, Seiberlich N. Cardiac magnetic resonance fingerprinting: technical overview and initial results. JACC Cardiovasc Imaging. (2018) 11:1837–53.

137. Jaubert O, Cruz G, Bustin A, Hajhosseiny R, Nazir S, Schneider T, et al. T1, T2, and fat fraction cardiac MR fingerprinting: preliminary clinical evaluation. J Magn Reson Imaging. (2021) 53:1253–65.

138. Cavallo A, Liu Y, Patterson A, Al-Kindi S, Hamilton J, Gilkeson R, et al. CMR fingerprinting for myocardial T1, T2, and ECV quantification in patients with nonischemic cardiomyopathy. JACC Cardiovasc Imaging. (2019) 12:1584–5. doi: 10.1016/j.jcmg.2019.01.034

139. Eck B, Seiberlich N, Flamm S, Hamilton J, Suresh A, Kumar Y, et al. Characterization of cardiac amyloidosis using cardiac magnetic resonance fingerprinting. Int J Cardiol. (2022) 351:107–10. doi: 10.1016/j.ijcard.2021.12.038

140. Chen Y, Jiang Y, Pahwa S, Ma D, Lu L, Twieg M, et al. MR fingerprinting for rapid quantitative abdominal imaging. Radiology. (2016) 279:278–86. doi: 10.1148/radiol.2016152037

141. Jaubert O, Arrieta C, Cruz G, Bustin A, Schneider T, Georgiopoulos G, et al. Multi-parametric liver tissue characterization using MR fingerprinting: simultaneous T1, T2, T2*, and fat fraction mapping. Magn Reson Med. (2020) 84:2625–35. doi: 10.1002/mrm.28311

142. Fujita S, Sano K, Cruz G, Fukumura Y, Kawasaki H, Fukunaga I, et al. MR fingerprinting for liver tissue characterization: a histopathologic correlation study. Radiology. (2022) 306:150–9. doi: 10.1148/radiol.220736

143. Velasco C, Cruz G, Jaubert O, Lavin B, Botnar R, Prieto C. Simultaneous comprehensive liver T1, T2, T2*, T1rho, and fat fraction characterization with MR fingerprinting. Magn Reson Med. (2022) 87:1980–91. doi: 10.1002/mrm.29089

144. Shaw J, Yang Q, Zhou Z, Deng Z, Nguyen C, Li D, et al. Free-breathing, non-ECG, continuous myocardial T1 mapping with cardiovascular magnetic resonance multitasking. Magn Reson Med. (2019) 81:2450–63. doi: 10.1002/mrm.27574

145. Mao X, Lee H, Hu Z, Cao T, Han F, Ma S, et al. Simultaneous multi-slice cardiac MR multitasking for motion-resolved, Non-ECG, free-breathing T1-T2 mapping. Front Cardiovasc Med. (2022) 9:833257. doi: 10.3389/fcvm.2022.833257

146. Wang N, Cao T, Han F, Xie Y, Zhong X, Ma S, et al. Free-breathing multitasking multi-echo MRI for whole-liver water-specific T1, proton density fat fraction, and R2* quantification. Magn Reson Med. (2022) 87:120–37. doi: 10.1002/mrm.28970

147. Ogier A, Bustin A, Cochet H, Schwitter J, van Heeswijk R. The road toward reproducibility of parametric mapping of the heart: a technical review. Front Cardiovasc Med. (2022) 9:876475. doi: 10.3389/fcvm.2022.876475

148. Chow K, Hayes G, Flewitt J, Feuchter P, Lydell C, Howarth A, et al. Improved accuracy and precision with three-parameter simultaneous myocardial T(1) and T(2) mapping using multiparametric SASHA. Magn Reson Med. (2022) 87:2775–91. doi: 10.1002/mrm.29170

149. Roujol S, Weingartner S, Foppa M, Chow K, Kawaji K, Ngo L, et al. Accuracy, precision, and reproducibility of four T1 mapping sequences: a head-to-head comparison of MOLLI, ShMOLLI, SASHA, and SAPPHIRE. Radiology. (2014) 272:683–9. doi: 10.1148/radiol.14140296

150. Child N, Suna G, Dabir D, Yap M, Rogers T, Kathirgamanathan M, et al. Comparison of MOLLI, shMOLLLI, and SASHA in discrimination between health and disease and relationship with histologically derived collagen volume fraction. Eur Heart J Cardiovasc Imaging. (2018) 19:768–76. doi: 10.1093/ehjci/jex309

151. Baessler B, Schaarschmidt F, Stehning C, Schnackenburg B, Maintz D, Bunck A. A systematic evaluation of three different cardiac T2-mapping sequences at 1.5 and 3T in healthy volunteers. Eur J Radiol. (2015) 84:2161–70. doi: 10.1016/j.ejrad.2015.08.002

152. Deshpande V, Chung Y, Zhang Q, Shea S, Li D. Reduction of transient signal oscillations in true-FISP using a linear flip angle series magnetization preparation. Magn Reson Med. (2003) 49:151–7. doi: 10.1002/mrm.10337

153. Schmierer K, Scaravilli F, Altmann D, Barker G, Miller D. Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain. Ann Neurol. (2004) 56:407–15.

154. Gonzalez Ballester M, Zisserman A, Brady M. Estimation of the partial volume effect in MRI. Med Image Anal. (2002) 6:389–405.

155. Ma D, Coppo S, Chen Y, McGivney D, Jiang Y, Pahwa S, et al. Slice profile and B1 corrections in 2D magnetic resonance fingerprinting. Magn Reson Med. (2017) 78:1781–9. doi: 10.1002/mrm.26580

156. Cruz G, Jaubert O, Schneider T, Botnar R, Prieto C. Rigid motion-corrected magnetic resonance fingerprinting. Magn Reson Med. (2019) 81:947–61.

157. Deshmane A, McGivney D, Ma D, Jiang Y, Badve C, Gulani V, et al. Partial volume mapping using magnetic resonance fingerprinting. NMR Biomed. (2019) 32:e4082.

158. Hilbert T, Xia D, Block K, Yu Z, Lattanzi R, Sodickson D, et al. Magnetization transfer in magnetic resonance fingerprinting. Magn Reson Med. (2020) 84:128–41.

159. Abdallah L, de Matos R, March e Souza YPD, Vieira-Soares D, Muller-Machado G, Pollo-Flores P. Non-alcoholic fatty liver disease and its links with inflammation and atherosclerosis. Curr Atheroscler Rep. (2020) 22:7.

160. Chen Y, Fang Z, Hung S, Chang W, Shen D, Lin W. High-resolution 3D MR fingerprinting using parallel imaging and deep learning. Neuroimage. (2020) 206:116329.

161. Cohen O, Zhu B, Rosen M. MR fingerprinting deep reconstruction network (DRONE). Magn Reson Med. (2018) 80:885–94.

162. Gomez P, Cencini M, Golbabaee M, Schulte R, Pirkl C, Horvath I, et al. Rapid three-dimensional multiparametric MRI with quantitative transient-state imaging. Sci Rep. (2020) 10:13769. doi: 10.1038/s41598-020-70789-2

163. Tang A, Dzyubak B, Yin M, Schlein A, Henderson W, Hooker J, et al. MR elastography in nonalcoholic fatty liver disease: inter-center and inter-analysis-method measurement reproducibility and accuracy at 3T. Eur Radiol. (2022) 32:2937–48. doi: 10.1007/s00330-021-08381-z

164. McGavock J, Lingvay I, Zib I, Tillery T, Salas N, Unger R, et al. Cardiac steatosis in diabetes mellitus. Circulation. (2007) 116:1170–5. doi: 10.1161/CIRCULATIONAHA.106.645614

165. Bizino M, Hammer S, Lamb H. Metabolic imaging of the human heart: clinical application of magnetic resonance spectroscopy. Heart. (2014) 100:881–90. doi: 10.1136/heartjnl-2012-302546

166. Idilman IS, Aniktar H, Idilman R, Kabacam G, Savas B, Elhan A, et al. Hepatic steatosis: quantification by proton density fat fraction with MR imaging versus liver biopsy. Radiology. (2013) 267:767–75. doi: 10.1148/radiol.13121360



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Quantitative MRI in cardiometabolic disease: From conventional cardiac and liver tissue mapping techniques to multi-parametric approaches



		1. Introduction



		2. Microscopic tissue alterations in cardiometabolic disease



		2.1. Diabetic cardiomyopathy



		2.2. Hypertensive cardiomyopathy



		2.3. Atherosclerotic cardiovascular disease



		2.4. Non-alcoholic fatty liver disease







		3. Single-parameter mapping techniques in cardiometabolic disease



		3.1. T1 mapping



		3.2. T2 mapping



		3.3. T2* mapping



		3.4. Extracellular volume



		3.5. T1ρ mapping



		3.6. Proton density fat fraction







		4. Multiparametric approaches in quantitative MR



		4.1. Joint multiparametric mapping



		4.2. Magnetic resonance fingerprinting



		4.3. Magnetic resonance multitasking



		4.4. Technical challenges of quantitative MR



		4.5. Future perspectives for clinical integration of QMRI in cardiometabolic disease







		5. Limitations



		6. Conclusion



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fcvm-09-991383-t001.jpg
References

design

Patient

Reference

Accuracy/Correlation

characteristics

standards

Permutt et al. (100) Prospective 51 NAFLD adults 51 corresponding PDFF PDFF correlated with histology-determined steatosis, (r2 = 0.54,
cross-sectional biopsies P < 0.0001)
Wong et al. (87) Cross-sectional 231 T2DM adults 945 non-diabetic ECV ECV: 30% (26.9, 32.7) T2DM vs 28.1% (25.0, 31) HV, P < 0.001
prospective patients referred for
CMR
Idilman et al. (166) Retrospective 70 NAFLD adults Corresponding liver PDFF PDFF correlated with biopsy-determined steatosis, (r = 0.86, P = 0.02)
observational biopsies PDFF correlated less strongly with biopsy-determined steatosis when
fibrosis was present, (r = 0.6 vs r = 0.859, respectively; P = 0.020)
PDFF correlated better in mild hepatic steatosis than that of moderate
or severe steatosis (r = 0.835 and r = 0.402, respectively; P = 0.003)
PDFF measurement of 15.03% (area under the curve, 0.95; 95%
confidence interval: 0.91, 1.00) differentiates moderate or severe
steatosis from mild or no hepatic steatosis, with a sensitivity of 93.0%
and a specificity of 85.0%, and respective positive and negative
predicted values of 91.0% and 88.0%
Tang et al. (104) Prospective 77 NAFLD adults 77 corresponding PDFF PDFF was significantly correlated with histologic steatosis grade

cross-sectional

biopsies

(p=0.69, P < 0.001).

Area under the receiver operating characteristic curves was 0.989 (95%
confidence interval: 0.968, 1.000) for distinguishing patients with
steatosis grade 0 (n = 5) from those with grade 1 or higher (n = 72);
0.825 (95% confidence interval: 0.734, 0.915) to distinguish those with
grade 1 or lower (n = 31) from those with grade 2 or higher (1 = 46);
0.893 (95% confidence interval: 0.809, 0.977) to distinguish those with
grade 2 or lower (n = 58) from those with grade 3 (n = 19).

Shah et al. (89)

Cross-sectional
prospective

11 T2DM obese
adolescents

10 non-T2DM obese
adolescents
12HV

ECV: 37.6% (33.6%, 40.7%) T2DM obese vs 32.8% (27.8%, 34.5%)
non-T2DM obese, P = 0.03
ECV: 26.4% (25.3%, 27.1%) T2DM obese vs 37.6% (33.6%, 40.7%) HV,
P=0.03
ECV was associated with hemoglobin Alc (r = 0.76, P < 0.0001)

Banerjee et al. (110)

Comparative
prospective

90 NAFLD/NASH
adults

Histological
specimens within 1
month
7HV

Native T1 and T2*
Estimated cT1

cT1 correlated with increasing liver fibrosis rs = 0.68, 95% CI
0.54-0.78, p < 0.0001

Kuruvilla et al. (38)

Cross-sectional
prospective

20 HTN LVH, 23 HTN
non-LVH

22HV

Native T1
ECV

Native T1: 996 &+ 32.5 ms HTN LVH vs 967.4 & 35 ms HV, P = 0.007
Native T1: 974.0 & 33.6 ms HTN non-LVH vs 976.4 & 35 ms HV,
P = not statistically significant
ECV:29% + 3 HTN LVH vs 26% + 2 HV, P = 0.006
ECV:27% + 2 HTN non-LVH vs 26% + 2 HV, P = 0.6

Treibel et al. (67)

Observational
prospective

40 well-controlled HTN
adults

50 HV

Native T1: 997 4= 27 ms HTN with LVH vs 948 4 31 ms HTN no LVH,
p < 0.001

Native T1: 955 £ 30 ms HTN versus 965 £ 38 ms HV, p = 0.16
ECV:27.1% £ 2.7 HTN vs 26.1 £ 2.4, P = 0.06

ECV:28.8 +2.8% HTN LVH vs. 26.2 + 2.2 HTN no LVH, p < 0.01)

Doycheva et al. (102)

Prospective
cross-sectional

100 T2DM adults

None

PDFF

2.3 (9.2) T2DM NAFLD vs 2.7 (1.9) T2DM no
NAFLD, P < 0.000

PDFE median (IQR):

Levelt et al. (20)

Cross-sectional
prospective

46 T2DM adults

20HV

Native T1
ECV

Native T1: 1,194 & 32 ms T2DM vs 1,184 + 28 ms HV, P = 0.23
ECV:29% 4+ 2 T2DM vs 29% + 3 HV, P = 0.77

Rodrigues et al. (66)

Observational
prospective

88 HTN (41 normal LV;
15 Conc-REMDL;
Conc-LVH 24; Ecc LVH
8

29HV

Native T1
ECV

Native T1: 1,031 & 35 ms HTN normal LV vs 1,024 & 41 ms HV,
p = reported as not statistically significan
Native T1: 1,029 & 45 ms HTN Conc-REMDL vs 1,024 &+ 41 ms HV,
p = reported as not statistically significan
Native T1: 1,054 = 41 ms HTN Conc-LVH vs 1,024 4= 41 ms HV,
p=0.007
Native T1: 1,062 & 41 ms HTN Ecc-LVH vs 1,024 & 41 ms HV,
p=0017
HTN Conc-LVH vs 27% = 3 HTN normal LV,
p < 0.0001
4 HTN Conc-LVH vs 26% + 3 HTN Conc-REMDL,
P =0.012,p < 0.000
ECV:30% 4 3 HTN Ecc-LVH vs 27% 4+ 3 HTN normal LV, P = 0.6
ECV:30% % 3 HTN Ecc-LVH vs 26% + 3 HTN Conc-REMDL,
P=0.021

ECV:29% +

T
IS

ECV:29% 4

Swoboda et al. (61)

Case-controlled
observational

100 T2DM adults (50
ACR+ve T2DM, 50
ACR-ve T2DM)

30HV

Native T1
ECV

Native T1: 1,232 & 36 ms T2DM vs 1,210 & 47 ms HV, P = 0.0.02
Native T1: 1,253 & 66 ms T2DM ACR +ve vs 1,232 & 36 ms T2DM
ACR-ve, P = 0.05

ECV:25.1 £ 2.9 T2DM vs 23.3 + 3 ms HV, P < 0.0.001
ECV:27.2 £ 4.1 ms T2DM ACR+ve vs 25.1 4 2.9 ms T2DM ACR-ve,
P =0.004
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Idilman et al. (79)

Salvador et al. (64)

Retrospective
observational

Systematic review

23 NAFLD adults (with
NASH and without
NASH)

5,053 T2DM

Corresponding
biopsy

Pre-contrastT2

Pre-contrast T2: 69 £ 7.37 ms NASH vs 61.73 & 5.99 ms NAFLD
without NASH, p = 0.016
Pre-contrast T2: 65.44 & 8.56 NAFLD with lobular inflammation vs
NAFLD without lobular inflammation 63.87 £ 5.1 ms, p = 0.640
Pre-contrast T2: 68.75 £ 9 NAFLD with portal inflammation vs
64.31 + 7.3 ms, NAFLD without portal inflammation, p = 0.347
Pre-contrast T2 correlated with histology-determined steatosis:
r=10.780, p < 0.001
Pre-contrast T2 correlated with grade of steatosis: r = 0.779, p < 0.001
Liver T2 did not correlate with fibrosis stage: r; = -0.299, p = 0.165
Liver T2 correlated with fibrosis stage after adjusting for steatosis:
r=-0.536,p=0.012
T2 value 65.01 ms discriminated moderate/severe from none/mid
steatosis: (area under the curve [AUC] % SE: 0.875 £ 0.073, 95%
confidence interval [CI]: 0.73-1.00, p = 0.005), with a sensitivity of
81.3%, specificity of 85.7%, positive predictive value of 85%, and
negative predictive value of 82.1%

and Meta-Analysis

Native T1
ECV

T2DM is associated with a higher degree of MF assessed by ECV% (13
studies; mean difference: 2.09; 95% CI: 0.92-3.27) but not by native T1

(21.74; 95% CI: -1.27 to 44.75).

ACR+ve, albumin: creatinine ratio (indicating persistent micro-albuminuria) positive; ACR-ve, albumin: creatinine ratio (indicating persistent micro-albuminuria) negative; [AUC] =+ SE, area under

the curve = standard error; BMI, body mass index; CMR, cardiac MRI; Conc-REMDL, concentric-remodelling; Conc-LVH, concentric left ventricular hypertrophy; ¢T1, corrected T1; Ecc LVH,

eccentric left ventricular hypertrophy; ECV, extra-cellular volume; HbAlc, hemoglobin Alc; HTN, hypertension; HV, healthy volunteers; LGE, late gadolinium enhancement; LVH, left ventricular
hypertrophy; ME, myocardial fibrosis; NAFLD, non-alcoholic fatty liver disease; PDFE, proton-density fat fraction; T2DM, type 2 diabetes mellitus.
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Van den Boomen Systematic review | 831 HTN (739 no LVH 1101 HV Native T1 HTN patients (with and without LVH) showed a significant difference
et al. (68) and Meta-Analysis HTN) between T1 values vs HV (SMD: 0.19; 95% CI 0.01-0.37; 12 = 61%;
P=0.04)
HTN patients without LVH showed no significant difference between
the T1 values of HV and HTN patients (SMD: 0.03; 95%
CI-0.07-0.13; 12 = 2%; P = 0.52)
Shang et al. (63) Cross-sectional 38 T2DM adults 32HV Native T1 Native T1: 1,213.5 & 57.5 ms T2DM vs 1,212.8 & 41.4 ms HV, P = 0.95
prospective ECV ECV: 30.4 & 2.9 T2DM vs 27.1 &= 2.4HV, P < 0.001
ECV correlated with duration of diabetes (R = 0.539, P = 0.0005)
Cao et al. (59) Cross-sectional 50 T2DM patients 50 BMI-matched HV | Native T1 and ECV ECV:27.4+ 2.5% vs. 24.6 &+ 2.2%, p < 0.001
prospective native T1: 1,026.9 & 30.0 ms T2DM vs. 1,011.8 £ 26.0 ms
HV, p =0.022
Native T1 values correlated with the hemoglobin Alc levels
(standardized B = 0.368, p = 0.008)
ECVs were associated with the HbA1c levels (standardized B = 0.389,
p =0.002)
Lam et al. (60) Cross-sectional 27 T2DM patients 10 HV Native T1 Native T1: 1,056 31 ms T2DM vs 1,016 £ 21 ms HV, P = 0.00051)
prospective Native T1 values correlated with the hemoglobin Alc levels (p = 0.43,
P =0.0088)
ECV: 25% = 0.03 T2DM vs 26% = 0.02 HV, P = 0.47
Gulsin et al. (91) Cross-sectional | 75 T2DM HFpEF adults 65 non-diabetic ECV ECV: 28 £ 5 T2DM HFpEF vs 28 & 5 non-diabetic HFpEF, P < 0.683
prospective HFpEF adults
Chirinos et al. (90) Retrospective 32 T2DM HFpEF adults 21 non-diabetic ECV: 30.4% T2DM HFpEF vs 27.1% non-diabetic HFpEF, P = 0.10
cross-sectional HFpEF adults
Kucukseymen et al. Retrospective 36 T2DM HFpEF obese 45 HV Native T1 Native T1: 1,129 & 25 ms T2DM HFpEF vs 1,071 & 27 ms HV,
(62) observational adults P < 0.001
Native T1: 1,162 + 37 ms T2DM HFpEF obese vs 1,071 & 27 ms HV,
P <0.0.01
Arcari et al. (65) Cross-sectional 163 HTN 133 HV Native T1: 1,102 &= 42 ms HTN vs 1,062 & 39 ms HV, P < 0.001
prospective Discrimination of HTN versus HV: AUC 0.98 (0.93-0.99)
Jiang et al. (78) Prospective 135 T2DM adults Age-, sex- and Native T1 Native T1: 1,242.6 &= 230.3 ms T2DM vs 1,209.2 & 181.7 ms HV,
observational BMI-matched 55 HV |  Pre-contrast T2 P=0.439
Pre-contrast T2: 41.79 + 3.41 ms T2DM vs 40.48 & 2.63 ms HV,
P =0.009
ECV: 3261 & 4.62 ms vs 27.53 &= 3.05 ms, P < 0.001
Bojer et al. (93) Prospective 264 T2DM adults (207 | 25 sex-matched HV ECV ECV: 32.2 4 3.8 T2DM with LGE (ischemic and non-ischemic lesions)
cross-sectional without LGE, 29 vs 28.8 & 2.7 T2DM without LGE, P < 0.0001
ischemic LGE, 25 ECV: 28.8 + 2.7 T2DM without LGE vs 26.1 £ 1.5 HV, P < 0.0001
non-ischemic LGE, 3 =+ 3.1 T2DM with non-ischemic LGE vs 28.8 & 2.7 T2DM without
both ischemic and LGE, P=0.01
non-ischemic LGE)
Khan et al. (88) Prospective 70 T2DM 296 HV T2DM was associated with elevated ECV after adjusting for clinical
observational 76 pre-diabetic and imaging covariates: B coefficient 1.33 (95% CI, 0.22-2.44); P = 0.02
ECV 30% Hazard Ratio for composite events, 3.31 (1.93-5.67),
P <0.001
Erden et al. (69) Observational 83 NAFLD adults 26 HV Native T1 MOLLI 3(3)3(3)5: 766.2 (561.2-2,210.2) vs 595.6
prospective Liver biopsy for 44 (457.6-644.6), P < 0.001
patients Native T1 MOLLI 5(3)3: 656.2 [502.9-1,028.1 vs 564.8 (445.4-605.4)],
P < 0.001
Native T1 MOLLI 3(2)3(2)5: 744.6 (538.5-2221.5) vs 582.2
(464.0-637.4), P < 0.001
Native T1 MOLLI 5(3)3hrc: 638.3 (465.6-931.1) vs 556.8
(442.1-465.6), P < 0.001
T2 FLASH: 42.0 (33.2-44.1) NAFLD vs 41.4 (34.0-44.8), P = 0.13
T2 TrueFISP: 49.5 (39.4-55.1) NAFLD vs 49.1 (45.1-53.1), P = 0.679
Differentiating NAFLD and control group: Native T1 MOLLI
3(3)3(3)5 AUC: 0.976, Accuracy% (95%CI): 94.5 (90.2-98.8),
Sensitivity% (95% CI): 92.8 (85.1-96.6), Specificity%: (95% CI) 100
(87.1-100), P < 0.001
Differentiating severe steatosis from mild/moderate steatosis
Native T1 3(3)3(3)5: AUC: 0.995, Accuracy% (95%CI): 98.7
(96.3-100), Sensitivity% (95% CI): 100 (74.2-100), Specificity% (95%
CI): 98.5 (92.1-99.7), P < 0.001
Laohabut et al. (92) Retrospective 188 T2DM adults 551 non-T2DM Native T1 Native T1: 1,335 4 75 T2DM vs 1,331 4 58, P = 0.516
cohort undergoing CMR for adults undergoing ECV ECV: 30.0 £ 5.9 T2DM vs 28.8 & 4.7, P = 0.004

ischemia or viability

CMR for ischemia or
viability

High ECV (HR: 2.01, 95% CI: 1.03-3.93) was identified as
independent predictors of cardiovascular events






OPS/images/fcvm-09-991383-g006.jpg
A  Joint T1/T2 + CINE whole heart

D IR pulse (TI = 9.5 ms) [:I T2 prep pulses (T2pTE = 30, 60 ms) |:|SPGR readout (22000ms)
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A Mild NAFLD

MR measures: cT,: 812ms, LIF: 1.2
TE measures: median LS: 3.4kPa, IQR: 0.3kPa, success 70%
Histology scores: steatosis 3, ballooning 0, lobulitis 1, fibrosis 1

B Significant NAFLD, mild fibrosis

MR measures: cT,: 1031ms, LIF: 3.2
TE measures- no valid shots (*note layer of adipose tissue between liver and chest wall)
Histology scores: steatosis 3, ballooning 1, lobulitis 1, fibrosis 0

MR measures: cT,: 1162ms, LIF: 3.5
TE measures: not reliable (ratio of median LS to IQR >0.3)
Histology scores: steatosis 2, ballooning 1, lobulitis 1, fibrosis 4
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