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Abstract 

 

Echocardiography is a widely accessible imaging modality that is conventionally used for 

non-invasive characterization of cardiac structure and function. Analyses of cardiac tissue may 

be performed through ultrasound assessments of grayscale signal intensity within pre-selected 

regions of interest. Prior techniques have relied predominantly on the mean backscatter signal 

intensity; however, mean values have demonstrated low specificity and sensitivity, and may be 

susceptible to variability from low frame rates and time delays. We describe an ultrasound-based 

imaging algorithm that extends from previous methods, can be applied to a single image frame 

using open-access image analysis software, and accounts for the full distribution of signal 

intensity values within a region of interest. Specifically, our algorithm is used to assess left 

ventricular myocardial microstructure based on analysis of the reflection intensity at the 

myocardial-pericardial interface on B-mode echocardiographic images. The algorithm produces 

a measurement value, termed the signal intensity coefficient (SIC), which can serve as an 

enhanced surrogate measure of myocardial microstructure. 

The transition from healthy myocardium to heart disease is characterized by a series of 

poorly understood changes in myocardial tissue microstructure. Incremental alterations in the 

orientation and deformation of myocardial fibers can be assessed using advanced ultrasonic 

image analysis. Therefore, we assessed the ability to evaluate performance of the SIC in the 

setting of two different heart disease phenotypes. 

First, we evaluated the extent to which the SIC can quantify differences between normal 

myocardium and hypertensive heart disease in humans as well as in a mouse model of afterload 

resistance. We compared the SIC to tissue histology in mice and conventional echocardiographic 

measures in both mice and humans. In mice exposed to varying degrees of afterload stress, 
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algorithm measurements (P=0.026) compared with left ventricular (LV) mass (P=0.053) more 

clearly differentiated between animal groups that underwent fixed aortic banding, temporary 

aortic banding, or sham procedure, on echocardiography at 7 weeks after surgery. The algorithm 

significantly differentiated between ambulatory adults with uncomplicated essential hypertension 

(N=30) and healthy controls (N=28) after adjusting for age and sex (P=0.025). There was a trend 

in higher LV relative wall thickness in hypertensive individuals compared to controls (P=0.08), 

but no difference between groups in left ventricular mass (P=0.98) or absolute LV wall thickness 

(P=0.37).  

Second, we evaluated performance of the SIC in the setting of hypertrophic 

cardiomyopathy (HCM), a genetically transmitted disease characterized by heterogeneous tissue 

changes including fibrosis. Thus, we also evaluated the ability of the SIC to reveal changes in 

myocardial tissue in sarcomere mutation carriers with overt and subclinical HCM compared to 

healthy controls. We compared the SIC with conventional echocardiographic measures of 

structure and function, serum biomarkers, and an MRI-based assessment of extracellular volume 

(ECV), which is considered a surrogate measure of myocardial fibrosis. 

In the HCM study sample, the SIC was significantly correlated with echocardiographic 

LV wall thickness (R=0.61, P<0.001), echocardiographic global E’ velocity, (R=-0.84, P<0.001), 

and MRI-based ECV (R=0.85, P<0.001). Conventional echocardiographic measures of LV mass 

and wall thickness, and serum biomarkers, were significantly different when comparing overt 

(N=10) with subclinical HCM (N=10), but not when comparing subclinical HCM with healthy 

controls (N=10). By contrast, global E’ velocity, SIC, and ECV significantly distinguished 

between all groups, including individuals with subclinical HCM versus healthy controls 

(P<0.01). 
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Based on sonographic signal intensity analysis, a novel imaging algorithm provides an 

accessible, non-invasive measure that appears to differentiate normal LV microstructure from 

myocardium exposed to chronic afterload stress, as demonstrated in mice and humans. The 

algorithm may also serve as a marker of subclinical HCM in sarcomere mutation carriers, 

revealing changes in cardiac tissue prior to the development of overt HCM disease.  

In summary, the SIC algorithm appears to be a particularly sensitive measure of the 

myocardial changes that occur early in the course of disease progression in both hypertensive 

heart disease and HCM. Thus, the SIC may serve as a useful tool for characterizing tissue-level 

changes involved in cardiac remodeling during pathogenesis as well as response to treatments of 

HCM and hypertensive heart disease. 
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Glossary of Abbreviations 

 

BP   Blood pressure 

CMR   Cardiac magnetic resonance imaging 

DBP   Diastolic blood pressure 

DICOM  Digital imaging and communication in medicine, an imaging file format 

ECV   Extracellular volume, an MRI-based assessment of fibrosis 

G+/LVH+  Overt HCM: genotype positive, left ventricular hypertrophy positive 

G+/LVH-  Subclinical HCM: genotype positive, LV hypertrophy negative 

G-/LVH-  Healthy controls: genotype negative, left ventricular hypertrophy negative 

HCM   Hypertrophic cardiomyopathy 

HF   Heart failure 

LGE   Late gadolinium enhancement 

LV   Left ventricle 

LVDD   Left ventricular end-diastolic diameter 

LVEF   Left ventricular ejection fraction 

LVH   Left ventricular hypertrophy 

LVFS   Left ventricular fractional shortening 

LVSD   Left ventricular end-systolic diameter 

LVWT   Left ventricular wall thickness 

MAP   Mean arterial pressure 

MRI   Magnetic resonance imaging 

NT-proBNP  N-terminal prohormone of brain natriuretic peptide 

PICP   Procollagen type I carboxy-terminal peptide 

ROI   Region of interest 

RWT   Relative wall thickness 

SBP   Systolic blood pressure 

SIC   Signal intensity coefficient 

TnI   Cardiac troponin I  
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Introduction 

 

Cardiac Remodeling: Microstructure to Macrostructure 

Cardiac remodeling describes the molecular, cellular, and interstitial changes that lead to 

altered size, shape, and function of the heart.1 In multiple forms of myocardial disease, molecular 

pathways progress to macrostructural cardiac changes in response to diverse influences including 

volume overload, pressure overload, genetic mutations, and neurohormonal processes.1-5 

Ventricular changes secondary to cardiac remodeling may ultimately result in clinical symptoms 

of heart failure (HF) and arrhythmias secondary to electro-mechanical dysfunction.1, 2 

Elevated afterload stress and genetic mutations are among the etiologies that have been 

implicated in adverse cardiac remodeling. Hypertension, which creates elevated afterload stress 

upon the heart, is the most common risk factor for changes in LV structure and function as seen 

in HF.6 However, the pathogenesis remains unclear.4 The classic paradigm of cardiac remodeling 

in hypertension involves LV wall thickening in response to increased high wall stress from 

elevated blood pressure. This initial remodeling is followed by a “transition to failure” 

characterized by eventual LV dilation and a measurable decrease in LV ejection fraction.6, 7 

Although cardiac remodeling caused by elevated afterload stress can occur independently of 

heritable traits, genetic mutations may also drive cardiac remodeling, leading to subsequent 

changes in LV structure and function. Dilated cardiomyopathy may result from 25 chromosome 

loci, and hypertrophic cardiomyopathy (HCM) may result from mutations in 11 genes that 

encode sarcomere proteins.2 Although mutations in different HCM genes have been associated 

with distinct clinical manifestations, the time course and extent of remodeling varies even for 

individuals of the same genotype.8 Genetic heterogeneity in cardiac remodeling, together with 
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the heterogeneity of macrostructural phenotypes following cardiac remodeling, supports the 

presence of multiple pathways contributing to myocardial disease. 

A growing body of evidence suggests that changes at the tissue level, or 

“microstructure,” may occur at pre-clinical stages of disease and may precede overt clinical 

disease caused by macrostructural cardiac remodeling.6, 9 Recent studies have demonstrated that 

“subclinical” HCM sarcomere mutation carriers may develop tissue changes prior to overt LV 

hypertrophy.8, 10-13 Investigators have hypothesized that genetic mutations involved in HCM 

cause dysregulation of energy handling and calcium homeostasis within the myocardium, 

resulting in myocyte hypertrophy, disarray, and fibrosis.11, 13-15 Similarly, chronic exposure to 

afterload stress has been shown to create heterogeneous changes in the cardiac microstructure 

prior to clinical stages of HF.1, 16, 17 Observed microstructural changes include myocyte 

lengthening, myocyte widening, collagen accumulation, fibrosis, and remodeling of the 

extracellular matrix.1, 5 

Many pre-clinical cardiac remodeling changes may be reversible, and may occur at a time 

when medical interventions can alter the course of disease. Existing medications such as ACE 

inhibitors and beta blockers oppose adverse remodeling, and additional therapies are under 

development to target fibroblasts and emerging molecular pathways of disease.18, 19 

Interventional therapies, including valvular repair and implantable devices, may also reverse 

advanced stages of cardiac remodeling.1, 20 However, medications and interventional therapies 

may provide only partial reversal of cardiac remodeling, and may not sufficiently reverse adverse 

effects of disease. For example, a study of patients with mitral regurgitation demonstrated that 

abnormal preoperative atrial and ventricular dimensions were predictive of decreased reverse 

remodeling following mitral valve repair.3 In a trial of valsartan in patients with LV dysfunction, 

although valsartan demonstrated the greatest anti-remodeling effect and clinical benefit in 
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individuals with higher baseline severity of remodeling, these individuals were also at highest 

risk for a major cardiac event.21 Evidence suggests that, despite the advent of therapies that 

reverse cardiac remodeling, the majority of treatments are most effective when applied to early 

stages of cardiac remodeling, prior to the development of more advanced structural alterations. 

Therefore, a key goal is to develop tools to identify at-risk individuals most likely to benefit from 

early intervention. Conventional methods for assessment of cardiac remodeling include 

conventional cardiac imaging, histology, and serum biomarkers. Serum biomarkers (including N-

terminal prohormone of brain natriuretic peptide, procollagen type I carboxy-terminal peptide, 

and cardiac troponin I) have demonstrated limited specificity in describing disease 

progression.22-24 Tissue-level characterization of the myocardial microstructure could be as 

sensitive or even more sensitive than detectable biomarker elevations and changes in left 

ventricular gross morphology,16, 25, 26 because microstructural changes could reflect cellular and 

extracellular alterations occurring very early in response to cardiac stress (Figure 1). Histologic 

studies have been used to evaluate increases in myocyte size, accumulation of interstitial fibrosis, 

and extracellular matrix deposition in the myocardium as well as around the myocardial 

vasculature.27, 28 Although histologic assessment is the gold standard for tissue analysis, it 

requires invasive procedures to obtain tissue, limiting its use in both clinical and experimental 

studies. 

Non-invasive imaging provides the opportunity to investigate changes in left ventricular 

morphology in both experimental models and clinical studies. Conventional cardiac ultrasound 

(i.e. echocardiography) has long been used to identify the presence of LV hypertrophy, defined 

by macroscopic measures of LV mass. However, changes in LV function are known to occur in 

the setting of LV structure that appears normal by conventional echocardiography.25-27 This 

discrepancy is due to the fact that conventional diagnostic techniques have limited sensitivity to 
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microstructural changes, which precede changes in gross morphology. The ability to non-

invasively identify abnormalities in LV microstructure that accompany and even precede 

changes in LV function would facilitate efforts to better characterize the earliest changes that 

occur in cardiac remodeling, and would have potential to identify at-risk individuals most likely 

to benefit from early intervention.  

 

Methods of Microstructural Imaging 

Ultrasonic indices may be able to distinguish pathological tissue properties including 

myocardial disarray, size heterogeneity, increased myocyte density, and interstitial fibrosis.29, 30 

Investigators have hypothesized that these properties alter tissue impedances, thereby changing 

sonographic signal reflections, and altering echocardiographic grayscale images uniquely for 

each individual’s myocardial characteristics.29, 31-33 Upon isolating a specific region of interest 

within the image, and then assigning a grayscale intensity value to each pixel within the ROI,34, 

35 data may be represented as frequency histograms of grayscale values, also known as signal 

intensity distributions (Figure 2). Pathological changes within the myocardial microstructure 

may influence signal intensity distributions, forming specific analyzable trends that are unique to 

the scattering properties of the imaged LV wall. In turn, patterns within the signal intensity 

distributions may be used to understand disease-specific myocardial microstructural changes. 

Microstructural imaging methods using MRI and ultrasound have previously been 

applied in numerous clinical settings. CMR-based measures of late gadolinium enhancement 

(LGE) and extracellular volume (ECV) provide a method for quantification of tissue-level 

changes including cardiac interstitial fibrosis.8, 11, 14 Diffusional kurtosis imaging, also an MRI-

based technique, has been used to characterize brain neoplasms36 and neurological degenerative 

disease.37 Sonographic techniques have been used to assess liver cirrhosis,38, 39fetal and uterine 
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tissue,40, 41 and myocardial tissue alterations. Previously developed cardiac ultrasound image 

analysis techniques, such as integrated backscatter, have been used in clinical contexts (Table 1) 

including hypertension,31 early myocardial infarction,32 chronic coronary artery disease,42 and 

hypothyroidism.43, 44 However, previously established methods have been limited by low 

sensitivity and specificity, particularly in the setting of poorer quality images.45 Integrated 

backscatter and cyclic variation techniques, for example, depend predominantly on mean signal 

values.46-48 Limitations to prior ultrasound-based techniques include increased variability from 

random noise,49 susceptibility to time delays arising from the application of complex 

algorithms,50, 51 and limited correlation with the extent of myocardial fibrosis present.45 Despite 

the limitations of previous methods, advanced echocardiographic microstructural methods could 

provide an ultrasound-based assessment of tissue changes in cardiac remodeling, and could 

complement and extend existing imaging techniques. 

 

Purpose of Inquiry 

We developed a modified ultrasound-based image analysis algorithm using distributions 

of sonographic signal intensity values, and assessed the ability of our algorithm to quantify LV 

wall microstructural alterations.52 We hypothesized that cardiac remodeling changes that result in 

cellular and extracellular alterations of the LV myocardium can be quantified using sonographic 

signal intensity distributions. Unlike previous techniques, which have focused on mean 

backscatter values, our method was developed upon analyzing techniques to capture variation 

across distributions of grayscale intensity values. Analyses of the complete distribution of 

grayscale values provide more informative and robust assessments of signal changes compared 

to the use of a mean value alone. 
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Following initial algorithm development, we evaluated the ability of the algorithm to 

assess early cardiac remodeling in hypertensive heart disease34 and in HCM. In the assessment of 

hypertensive heart disease, the algorithm was applied to a mouse model of chronic afterload 

stress and a human cohort with variable exposure to elevated blood pressure. In the assessment 

of HCM, the algorithm was applied to three groups of patients: sarcomere mutation carriers with 

overt HCM (G+/LVH+), sarcomere mutation carriers with subclinical HCM (G+/LVH-), and 

healthy controls (G-/LVH-). Additionally, we compared our algorithm with conventional 

echocardiographic measurements in all analyses. Overall, we sought to (1) demonstrate a 

relationship between sonographic signal intensity and myocardial microstructural alterations, (2) 

expand the algorithm’s ability to distinguish the presence and extent of cardiac changes in 

response to elevated afterload stress in both mice and humans, and (3) investigate the algorithm’s 

ability to distinguish between healthy individuals and sarcomere mutation carriers with overt and 

subclinical HCM. 
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Methods 

 

Development and Standardization of Image Analysis Algorithm 

Development of the Image Analysis Algorithm 

A computational method of analysis was developed using the ImageJ software platform 

v1.46 (NIH, Bethesda, MD) to perform measurements of signal intensity distributions within 2D 

ultrasound images. An ImageJ macro was specifically designed to analyze a user-selected 

region-of-interest (ROI) within an 8-bit DICOM echocardiographic image or an 8-bit .jpg image, 

with individual pixels ranging from 0 to 255 intensity.52  

Signal distribution analysis involves four steps (Figure 2): 1) image selection and 

formatting, 2) ROI sampling, 3) algorithm application, and 4) processing final values to yield a 

representative marker of myocardial microstructure. The algorithm functions to hierarchically re-

order grayscale values of pixels within the region of interest, and then provide characteristics of 

the signal intensity distribution (Figure 3). Processing of raw data collected using the ImageJ 

software program was performed using MATLAB v8.0 (MathWorks, Natick, MA).  

During development of the algorithm, the size of the region of interest values was 

incrementally adjusted, and the results of these adjustments were analyzed and compared. 

Development of the protocol included testing normalization of ROI values to internal reference 

parameters including pericardial intensity, signal distribution of the heart region, and signal 

distribution of the captured screen. Development of the protocol also included analysis of 

consecutive frames of echocardiographic image over the cardiac cycle. 

Standardization of the Image Analysis Algorithm 

The user protocol was standardized and included anatomical markers to define location 

and placement of the ROI. Each ROI had a standardized position with respect to each subject’s 
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anatomical structures. The general region of interest was defined as the inferolateral basal 

segment of the LV in the parasternal long-axis view; the specific region of interest was defined 

as the pericardium adjacent and parallel to the mid-section of the inferolateral basal segment of 

the myocardium. A marker of myocardial microstructure selected from the signal distribution, 

termed the Signal Intensity Coefficient (SIC), was calculated as (1-p/256), where p is the 25th 

percentile of pericardial signal intensity distribution. User inter-and intra-reader variability was 

determined for multiple iterations of the protocol.   

 

Conventional Echocardiographic Measures 

In addition to the advanced image analyses described above, in all studies we also 

obtained conventional echocardiographic measures of structure and function including: LV wall 

thickness (LVWT) calculated as interventricular septum width plus posterior wall width, LV 

end-diastolic diameter (LVDD), LV end-systolic diameter (LVSD), LV mass, LV fractional 

shortening (FS), LV ejection fraction (calculated from the aforementioned linear measurements 

using the Teichholz method),53 peak E prime velocity (lateral annulus), peak transmitral E 

velocity to A velocity ratio, and peak transmitral E velocity to peak E prime velocity ratio. The 

mean values across three cardiac cycles was used to determine the above measurements of 

cardiac dimensions and function. The average of tissue Doppler myocardial velocities at the 

inferior, septal, lateral, and anterior aspects of the mitral annulus was used to calculate global E 

prime velocity values. The relative wall thickness (RWT) was calculated as LVWT divided by 

LVDD. 
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Distinguishing Hypertensive Heart Disease in Mouse Echocardiograms 

Experimental Model and Imaging Acquisition 

We studied a cohort of 12 adult mice (C57/BL6, Jackson Laboratory) that were housed in 

a climate controlled facility with 12-hour alternating light cycles and access to food and water ad 

libitum. All animals were studied over a period of 7 weeks, after being randomized into one of 

the following 3 groups: vehicle control with sham operation at baseline (N=3), ascending aortic 

constriction applied surgically at baseline (N=4), and ascending aortic constriction applied 

surgically at baseline with subsequent removal of the aortic band at 3 weeks (N=3). Details 

regarding the experimental protocol, including the surgical aortic banding procedures, have been 

described previously.54 At 7 weeks, all mice underwent echocardiographic image acquisition 

using a 28 MHz transducer with digital image capture (Vevo2100 Visualsonics, Toronto, ON) 

according to a standardized protocol.55 All images underwent quality review then advanced 

image analysis, including calculation of the SIC, in a blinded fashion.  

Histological Assessment 

At 7 weeks, following echocardiography, mice were euthanized for pathological 

assessment of myocardial fibrosis. Histologic quantification of myocardial fibrosis was 

performed using a previously described automated image-analysis method (ImageJ, v1.46, 

Bethesda, MD).56 Subject-based variability in echocardiographic images was determined by 

measuring the differences between multiple genetically identical mice at baseline. All animal 

procedures were approved by the Harvard Medical Area standing Institutional Animal Care and 

Use Committee. 

Statistical Analyses 

For the experimental study, we assessed differences in LV mass, RWT, and SIC at 7 

weeks across all animal groups using the Kruskal-Wallis test, and between pairs of groups using 
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the two-sided Student’s t-test. All analyses were performed using Stata SE (v12.1, StataCorp, 

College Station, TX), and a 2-sided P value <0.05 was considered statistically significant. 

 

Distinguishing Human Hearts Exposed to Afterload Stress in Hypertensive Heart Disease 

Study Sample and Clinical Data Acquisition 

From a database of routine echocardiographic studies performed on patients referred to 

our institution’s clinical laboratory, we selected echocardiograms from normotensive healthy 

controls (N=28) and individuals with hypertension (N=30) without diabetes or prevalent 

cardiovascular disease (i.e. free of coronary disease, heart failure, or prior cerebrovascular 

event). Data on clinical characteristics were extracted from electronic medical record, including 

blood pressure measurement performed on the day of or closest to the date of echocardiographic 

image acquisition (within 45 days). The following blood pressure measurements were recorded: 

systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) 

calculated as DBP plus (SBP-DBP)/3. All patient records and information were anonymized and 

de-identified prior to analyses. All clinical research protocols and procedures were approved by 

the institutional review board of the Brigham and Women’s Hospital. 

Imaging Acquisition and Echocardiographic Measurements 

All images underwent review, while blinded to clinical data, for image quality and 

appropriateness for image analysis (based on visualization of the endocardial border in relation 

to the LV cavity and adjacent structures). In addition to conventional echocardiographic 

measures as described,57 the advanced image analysis algorithm (including calculation of the 

SIC) was performed on all images in a blinded fashion. 
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Statistical Analyses 

We compared clinical and echocardiographic characteristics of normotensive versus 

hypertensive individuals using the two-sided Student’s T-test for continuous variables and the 

chi-square test for categorical variables. We then used regression analyses to examine the 

association of both conventional and advanced echocardiographic parameters (including the SIC) 

with hypertension status (present versus absent). In addition to unadjusted models, we performed 

regression analyses adjusting for age and sex. We also examined the association of conventional 

and advanced echocardiographic measures with increasing tertiles of each BP measure (SBP, 

DBP, and MAP). Additionally, in the total sample of individuals studied, we used regression 

analyses to examine the association of variation in SBP, DBP, and MAP with both conventional 

and advanced echocardiographic measures of LV structure (including the SIC). All analyses 

were performed using Stata SE (v12.1, StataCorp, College Station, TX), and a 2-sided P value 

<0.05 was considered statistically significant. 

 

Distinguishing Human Hearts Exposed to Afterload Stress in HCM 

Study Sample and Clinical Data Acquisition 

Genotyped individuals with HCM were identified, and study participants were classified 

into three status groups. Overt HCM patients (G+/LVH+, N=10) included sarcomere mutation 

carriers with maximal LV wall thickness above 12mm. Subclinical genotype positive patients 

(G+/LVH, N=10) including sarcomere mutation carriers with maximal LV wall thickness less 

than or equal to 12mm. Healthy controls (G-/LVH-, N=10) included genotype negative 

individuals without myocardial hypertrophy or comorbidities. The following exclusion criteria 

were applied to all members of the cohort: systemic hypertension, coronary heart disease, 

presence of a permanent pacemaker, contraindication to gadolinium administration, infiltrative or 
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storage disease, and atrial fibrillation. The study design was created in the context of 

collaboration with authors of a previously published study.11 

Imaging Acquisition 

Cardiac magnetic resonance imaging acquisition was performed, as described 

previously,11 using a 3.0 Tesla system (Tim Trio, Siemens, Erlangen, Germany). LV mass and 

LV function characteristics were calculated upon tracing the LV myocardial, epicardial, and 

endocardial borders on short-axis consecutive cine images at end-diastole and end-systole. 

Summation-of-discs method was used for LV mass calculation. LV wall thickness was measured 

in lateral, inferior, posterior, and anterior septal segments in all participants. 

Late gadolinium enhancement (LGE) imaging was performed for detection of focal 

myocardial fibrosis. The LGE imaging protocol employed a segmental inversion-recovery pulse 

sequence, and the LGE quantification method utilized a semi-automated grayscale threshold 

technique. LGE was expressed in grams and as a percentage of total myocardial mass. LGE 

analyses were performed using commercially available software (QMassMR, version 7.4, Medis, 

Leiden, The Netherlands). Myocardial ECV was calculated through a previously established 

algorithm.11 For participants with regional fibrosis detected by LGE, a second ECV value was 

calculated after excluding regions that contained LGE. 

Echocardiographic image acquisition was performed within average 41±94 days of CMR 

imaging. The Vivid-7 ultrasound system was used to obtain standard echocardiograms and tissue 

Doppler interrogation (GE Medical System, Milwaukee, WI). Conventional echocardiographic 

imaging characteristics and the microstructural echocardiographic assessment of SIC were 

obtained as described in methods above. All echocardiographic measurements were performed 

while blinded to genotype and clinical information. 
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Biomarker Assessments 

Serum biomarker measurements were performed through collection of peripheral blood at 

the time of cardiac MRI imaging.11 Biomarkers included amino terminal pro-peptide of B-type 

natriuretic peptide (NT-proBNP, Roche, Indianapolis, IN), supersensitive cardiac troponin (TnI, 

Singulex, Atlanta, GA), and carboxy-terminal propeptide of procollagen type I (PICP, Quidel 

Corporation, San Diego, CA). All assays were performed using commercially available reagents, 

in a blinded fashion. 

Statistical Analyses 

Clinical, echocardiographic, and MRI characteristics were assessed across the three HCM 

status groups. Logistic regression with clustering was used to account for familial relationships, 

and analyses were adjusted for family relationship as well as age and sex. Pearson correlation 

was used to obtain associations between continuous measures. Kruskall-Wallis test was used to 

evaluate differences between pairs of groups. Based on comparisons made across three groups, a 

two-tailed P-value of 0.05/3=0.017 was considered to be statistically significant. All analyses 

were performed using STATA v12.1 (StataCorp, College Station, TX).  
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Results 

 

Development and Standardization of Image Analysis Algorithm 

Analyses of pericardial, myocardial, and full-region signal distributions in mice and 

humans revealed patterns in the data (Figure 4). More echogenic (i.e. brighter) areas such as the 

pericardium demonstrated a right-shifted distribution. Smaller and/or more homogeneous areas 

demonstrated a narrower distribution. Parallel analyses in mice and humans revealed similar 

results, suggesting that patterns in the data are species-independent, and that trends are strongly 

dependent upon grayscale patterns formed by tissue microstructure.  

Signal analyses were expected to reveal changes in grayscale signal distribution 

throughout the cardiac cycle, corresponding to the anticipated decrease in myocytes per area 

during myocardial wall relaxation in diastole compared to systole. Cyclic variability, as 

demonstrated in Figure 5, shows signal intensity variation in mice with 7 weeks ascending aortic 

constriction and mice that underwent sham surgery. As expected, the myocardial grayscale signal 

intensity is lowest in the end-diastolic frame. Furthermore, it is observed that higher percentiles 

of the signal (80th percentile) demonstrate greater relative variability compared to lower 

percentiles of the signal (20th percentile). 

Analyses of reproducibility accounted for the influence of anatomical structures, ROI 

size, and imaging references upon baseline variability, cyclical variability, and intra-user 

reproducibility (Table 2). It was observed that use of a regional ROI was associated with high 

cyclical variability and high baseline variability, compared to use of the full myocardial region. 

Use of a large ROI was associated with lower baseline variability, high cyclical variability, and 

higher intra-user reproducibility (R = 0.87-0.97) compared to use of a small ROI. Use of a 

reference region, such as a myocardial-to-pericardial ratio, resulted in higher baseline variability 
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compared to use of grayscale intensity values without a reference. The algorithm selected to 

produce SIC values utilized a pericardial reference area that maximized intra-user reproducibility 

and inter-user reproducibility (R = 0.90 and 0.89, respectively), minimized baseline variability 

(24-29%), and demonstrated moderate cyclical variability. 

 

Distinguishing Myocardium Exposed to Afterload Stress in Mice 

After 7 weeks of the experimental protocol, echocardiographic images were acquired and 

analyzed for all 3 animal groups: mice that underwent the sham surgery (control), mice that 

underwent ascending aortic constriction at baseline and then debanding at 3 weeks (debanded), 

and mice that underwent ascending aortic constriction at baseline without further intervention 

(banded). With respect to conventional echocardiographic parameters (Figure 6), measures of 

LV mass differentiated between debanded and banded mice (P=0.008), but not between control 

and debanded mice (P=0.60) or across the 3 groups overall (P=0.053). There was no significant 

difference between animal groups with respect to RWT (P≥0.73). By contrast, the SIC was 

significantly different across all 3 groups of mice (P=0.026) and also differentiated between 

control and debanded (P=0.015) as well as between banded and debanded mice (P=0.031). At the 

end of the protocol, mice from the control, debanded, and banded groups were sacrificed and 

histologic examination showed evidence of greater fibrosis in debanded compared with control 

mice, and greater fibrosis in banded compared to debanded mice (Figure 7). Image analysis-

based automated quantification of myocardial fibrosis from representative Masson’s trichrome 

stained sections demonstrated fibrosis scores of 3.2%, 8.1%, and 23.3% for control, debanded, 

and banded mice, respectively. All echocardiographic measures were highly correlated with 

quantitation of fibrosis: r=0.95 for LV mass, r=0.72 for RWT, and r=0.92 for SIC. 
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Distinguishing Myocardium Exposed to Afterload Stress in Humans 

Clinical and echocardiographic characteristics for individuals in the healthy control group 

(N=28) compared with individuals in the hypertensive group (N=30) are shown in Table 3. 

There was no significant difference in age or sex when individuals in the healthy control group 

were compared to those in the hypertensive group (P≥0.24). As expected, all BP measures were 

significantly higher in the hypertensive group. With respect to echocardiographic traits, there 

was no significant difference between groups in conventional measures of LV structure and 

systolic function; the conventional measures of diastolic function, E prime and E/e’ ratio, were 

worse in hypertensive individuals than controls, as expected (Table 3). The novel measure of 

myocardial microstructure, SIC, was also significantly higher in hypertensive individuals 

compared with normotensive individuals (P=0.029). Accordingly, in regression analyses (Table 

4), conventional echocardiographic parameters were not significantly associated with 

hypertensive status in models with and without adjustment for age and sex, with the exception of 

E prime and E/e’ ratio. Notably, higher values of SIC (P=0.029) was also associated with 

hypertension in unadjusted models; these associations remained significant in models adjusting 

for age and sex.  

In analyses of variation in BP across all the individuals studied, there was no significant 

association of SBP, DBP, or MAP with LV mass (Figure 8). Although higher MAP was 

associated with higher RWT (P=0.043), there was a borderline significant association of DBP 

with RWT (P=0.052) and there was no significant association of SBP with RWT (P=0.42). 

Notably, higher levels of SBP were also not significantly associated with the SIC in these 

unadjusted analyses. However, increasing DBP was associated with higher measures of the SIC 

(P=0.020). Similarly, increasing levels of MAP was also associated with higher values of the SIC 

(P=0.017). 
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In regression analyses examining the relation of BP indices with echocardiographic traits, 

there were no significant associations of BP with the following conventional measures of 

structure: LV size, wall thickness, or mass (Table 5). The only associations observed between 

BP and any conventional measures included RWT with MAP (P=0.02), and E prime with SBP 

(P=0.03). By contrast, increasing values of SBP, DBP, and MAP were all significantly 

associated with the SIC measure (Table 5). These associations all remained significant in 

analyses adjusting for age and sex (P<0.05 for all), with the exception of a borderline significant 

relation of SBP with SIC (P=0.053).  

 

Characterizing Myocardial Disease in Subclinical and Clinical HCM 

Clinical characteristics within the study sample included age and sex (Table 6). 

Individuals with overt HCM were more likely to be male (P=0.003). Furthermore, individuals 

with overt HCM (G+/LVH+) were older than individuals with subclinical HCM (G+/LVH-; 

P=0.09)) and were significantly older than healthy controls (P=0.006). 

Analyses of conventional imaging parameters and biomarkers were adjusted for age, sex, 

and familial relations (Table 6). Serum biomarkers (PCIP, TnI, NT-proBNP) did not 

demonstrate significant differences in biomarker levels between mutation carriers and healthy 

controls. However, biomarkers PICP and Singulex TnI demonstrated significant differences 

between overt HCM and subclinical HCM subgroups (P=0.006 for PICP and P=0.008 for 

Singulex TnI). The SIC was moderately correlated with serum biomarkers in a cohort of 

individuals with overt, subclinical, and HCM (r=0.50 for Singulex TnI, r=0.50 for NT-proBNP) 

(Table 7). Conventional echocardiographic measures of LV mass and maximum LV wall 

thickness were significantly different between the overt and subclinical HCM subgroups, but 

were not significantly different between the subclinical and control HCM subgroups. Left 
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ventricular ejection fraction did not demonstrate significant differences between any 

comparisons. Of the conventional imaging measures, only global E’ velocity showed significant 

differences between overt and subclinical subgroups, as well as between the subclinical subgroup 

and healthy controls (Figure 9). 

With respect to microstructural measurement methods, LGE was present and measurable 

only in the overt HCM subgroup. By contrast, SIC and ECV were measurable in all subgroups. 

In analyses adjusted for age, sex, and familial relationship (Table 6), ECV was on average 35 

percent higher in individuals with overt HCM compared to healthy controls (P<0.0001), and 

ECV was on average 14.5 percent higher in individuals with overt HCM compared to individuals 

with subclinical HCM (P=0.005). In parallel, SIC was on average 62 percent higher in 

individuals with overt HCM compared to healthy controls, and SIC was on average 32 percent 

higher in individuals with overt HCM compared to subclinical HCM (P<0.0001 for both). Both 

ECV and SIC distinguished between different pairs of subgroups in a statistically significant 

manner (Figure 9). 

In analyses of correlations in the total study sample (Table 7), SIC demonstrated 

significant correlations with echocardiographic maximum LV wall thickness, LV mass, 

echocardiographic global E’ velocity, and ECV. In comparison, ECV demonstrated significant 

correlations with SIC, LGE, and global E’ velocity; of these, ECV had the highest correlation 

with SIC (R=0.84, P<0.001). For patients with measurable LGE, the correlation of LGE with 

ECV (R=0.75, P=0.03) was strong and statistically significant, whereas the correlation of LGE 

with SIC was weak and was not statistically significant (R=0.38, P=0.36). Global E’ velocity 

correlation with SIC (R=-0.84, P<0.001) was stronger than global E’ velocity correlation with 

ECV (R=-0.70, P<0.001). Maximum LV wall thickness also demonstrated stronger correlation 

with SIC (R=0.61, P<0.001) compared to ECV (R=0.39, P=0.04).   
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Discussion 

 

We developed an ultrasound-based image analysis algorithm to assess microstructural 

characteristics of LV myocardium. We evaluated our algorithm in two disease states that 

typically involve progressive cardiac remodeling from microstructural to macrostructural 

changes: (1) hypertensive heart disease, and (2) HCM. The novel algorithm was first applied to 

cohorts exposed to varying degrees of afterload stress: a mice cohort with aortic banding to 

simulate afterload stress, as well as a human cohort with varying degrees of blood pressure. 

Next, the algorithm was applied to a cohort of sarcomere mutation carriers with overt and 

subclinical HCM as well as healthy controls. The signal intensity coefficient (SIC) marker 

produced by our algorithm was compared with conventional echocardiographic parameters of 

adverse LV remodeling, tissue histology, and an MRI-based microstructural measure of fibrosis 

(ECV). 

First, we observed that the SIC, an indirect measure of LV microstructure, was 

significantly higher in hypertensive compared to non-hypertensive myocardium in both our 

clinical study and experimental model. Second, the SIC was positively related to increasing 

levels of blood pressure exposure in humans as well as to increasing levels of afterload stress in 

mice. Third, we also observed in humans that the SIC demonstrated stronger associations with 

hypertension status and degree of blood pressure elevation compared to established 

echocardiographic measures of adverse LV remodeling. Fourth, in a cohort of sarcomere 

mutation carriers and healthy controls, the SIC demonstrated strong associations with the MRI-

based ECV measure, as well as with LV mass and myocardial relaxation velocity. Finally, both 

the ECV and SIC were able to distinguish between individuals with overt HCM, subclinical 

HCM, and healthy controls. 
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Overall, our results demonstrate the potential of an imaging algorithm to identify the 

presence and extent of microstructural changes that can arise early in the development of adverse 

LV remodeling in response to chronic exposure to afterload stress as well as genetic mutations. 

 

Role of SIC in Assessment of Early Cardiac Remodeling 

The SIC appears to demonstrate ability to distinguish microstructural changes in early 

stages of cardiac remodeling, as seen in hypertensive myocardium of mice and humans and in 

sarcomere mutation carriers with different phenotypes of HCM. 

When applied to mouse echocardiograms, the SIC measurement was able to differentiate 

between control and debanded, as well as between debanded and continuously banded, animals. 

In effect, the SIC was able to identify differences between animals exposed to mild versus 

moderate, as well as moderate versus high, levels of chronic afterload resistance. Conversely, 

conventional echocardiographic measures of gross morphology (i.e. ‘macrostructure’), such as 

LV mass, only distinguished between controls and animals exposed to the highest levels of 

chronic afterload resistance.  

Consistent with our findings in mice, the individuals with hypertension in our clinical 

study were otherwise healthy and were similar to normotensive controls with respect to age and 

sex. Thus, the clinical cohort included younger to middle-aged individuals, in whom elevations 

in DBP are known to be more common than elevations in SBP.23, 58 Accordingly, we observed 

that the SIC was more prominently associated with DBP and MAP rather than with SBP. Similar 

findings were seen for RWT, although these associations were not statistically significant. Thus, 

the SIC appears more sensitive to myocardial changes that are likely to occur during the earliest 

stages of variation in blood pressure. Taken together, our findings suggest that the SIC measure 

could serve as a sensitive marker of LV microstructure that complements conventional 
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echocardiographic techniques for assessing the presence and severity of cardiac remodeling 

changes that arise along the spectrum of hypertensive heart disease. 

In genotype-positive individuals with overt and subclinical HCM, our study findings 

suggest that the SIC may act as a non-invasive measure of tissue-level changes prior to 

macrostructural changes. Neither LV mass nor wall thickness differed between phenotype-

negative sarcomere mutation carriers and healthy controls, by definition. However, the SIC was 

seen to be significantly higher in the G+/LVH- group, further supporting the finding that 

sarcomere mutation carriers may have tissue-level pathology in the absence of overt structural 

alterations in the myocardium.  

Results in both hypertensive heart disease and HCM support the potential for SIC to 

serve as a sensitive marker of early microstructural changes, prior to development of global 

changes. Cardiac remodeling pathways in both HCM and hypertensive heart disease involve a 

combination of multiple microstructural changes, which may yield mixed influences upon the 

signal distribution. For instance, fibrosis and cellular elongation may be present within both 

HCM and hypertensive heart disease, but these features may manifest heterogeneously at 

different time points, to varying degrees, or in distinct spatial patterns within the tissue.5 In order 

for the SIC to provide more disease-specific information, further studies are needed to 

characterize the nature of microstructural changes involved in cardiac remodeling pathways of 

HCM and hypertensive heart disease.  

 

Comparison with Tissue Histology 

The SIC is a non-invasive measurement, inherently providing an advantage over invasive 

approaches toward tissue analyses. Histology, the gold standard for tissue characterization, 

requires sacrifice of mice in experimental studies and costly invasive procedures in humans. 
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Study findings demonstrate that the SIC may provide complementary tissue assessment through 

non-invasive methods. In our experimental model of mice exposed to varying levels of afterload 

stress, Masson trichrome stains demonstrated a strong positive correlation between fibrosis and 

SIC. Although non-invasive imaging may not offer the degree of specificity that is available in 

histological assessment, the SIC has the advantage of providing quantitative non-invasive 

microstructural information. Thus, the SIC demonstrates potential for use as an adjunctive tool in 

tissue analyses. 

 

Comparison with Cardiac Biomarkers 

Conventional serum biomarkers, which require serum measurements as opposed to tissue 

samples, have limited sensitivity and specificity in characterization of HCM.20 The SIC was 

moderately correlated with serum biomarkers in a cohort of individuals with overt, subclinical, 

and HCM. Although serum biomarkers did not demonstrate significant differences between 

phenotype-negative sarcomere mutation carriers and healthy controls, the SIC was able to 

distinguish between all three subgroups. These results suggest that the SIC may be more 

sensitive to early disease changes compared to serum biomarkers. 

 

Comparison with Conventional Echocardiographic Parameters of Cardiac Remodeling 

The present studies extend prior work by comparing and integrating established measures 

of structural heart disease with ultrasonic measures of LV myocardial microstructure. Although 

conventional structural echocardiographic measures, such as LV mass and wall thickness, are 

known to reflect worsening degrees of cardiac remodeling, the associations of these gross 

morphologic parameters with blood pressure exposure and sarcomere mutations are non-linear 

and complex.20, 59 Because microstructural changes are likely to precede macrostructural changes 
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within the myocardium, a microstructural marker has the potential to identify adverse myocardial 

remodeling, at early stages of disease and with increased sensitivity.  

Accordingly, in our studies of afterload stress and sarcomere mutations, we observed 

particularly significant associations of the SIC with early cardiac changes compared to 

conventional echocardiographic measures of cardiac structure. LV mass did not distinguish 

between groups of mice exposed to increasing levels of afterload stress, nor between increasing 

tertiles of blood pressure within the human cohort. By contrast, the SIC demonstrated a 

significant difference between all subgroups. Although RWT demonstrated a positive trend with 

increasing levels of afterload stress in both humans and mice, the SIC provided stronger 

statistical significance when differentiating between these groups. Parallel results in the HCM 

study demonstrated that conventional structural echocardiographic measures of LV mass and 

absolute wall thickness were unable to differentiate between the subclinical HCM subgroup 

versus healthy controls. By contrast, the SIC was significantly different between all three 

subgroups. Nevertheless, conventional structural parameters were positively associated with the 

SIC, as seen in the HCM study. The SIC was particularly strongly correlated with maximum LV 

wall thickness. This may be explained by the mechanism of the algorithm, which utilizes a 

measurement through the length of the LV myocardium in the parasternal axis, and effectively 

captures an indirect measurement of LV wall thickness.  

Unlike conventional structural measures, conventional functional parameters of adverse 

remodeling were successful in distinguishing between select subgroups in the clinical study of 

afterload stress and in the HCM study. Global E’ velocity, a measurement of diastolic function, 

demonstrated a significant difference between hypertensive and non-hypertensive individuals 

(P=0.0002). However, unlike the SIC, global E’ velocity was found to be significantly different 

between tertiles of SBP but not between tertiles of DBP and MAP. In the HCM study, global E’ 
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velocity performed similarly to the SIC by demonstrating a statistically significant difference 

between sarcomere mutation carriers versus healthy controls. The relationship between 

myocardial microstructure and diastolic function in the pathogenesis of HCM8, 12, 15 is 

additionally supported by the finding of a strong inverse correlation between SIC and global E’ 

velocity (R=-0.84, P<0.01). Previous echocardiographic techniques have attempted to use strain 

imaging to characterize functional changes in HCM, as opposed to characterization of structural 

tissue changes.10, 60 However, in the setting of early heterogeneous tissue changes, the 

relationship between structure and function in early remodeling is unclear. If microstructural 

techniques such as the SIC were to be combined with functional measures such as global E’ 

velocity, an aggregate measure might have the potential to characterize a wider spectrum of 

cardiac remodeling changes. 

 

Comparison with CMR-based Microstructural Measures 

CMR-based ECV measurements have previously been established as non-invasive 

markers of myocardial fibrosis in HCM pathogenesis.8, 11, 13 The ability of both ECV and SIC to 

differentiate between all three phenotypic subgroups is evident in our results. Furthermore, the 

SIC was strongly correlated with ECV. Although grayscale sonographic signal distributions may 

be influenced by an array of tissue changes, our findings suggest that the SIC may also act as a 

marker of interstitial myocardial fibrosis in HCM. However, ECV and SIC differed in the 

strength of associations with other HCM assessment parameters. Most notably, LGE 

demonstrated stronger correlation with ECV compared to SIC, whereas LV wall thickness was 

more strongly associated with SIC compared to ECV. These differences may arise from the 

position-dependence of the SIC measure. For a given image, the ROI used to calculate the SIC 

may be situated in an anatomical location distinct from the anatomical location of the LGE, 
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thereby limiting the influence of the LGE upon the SIC. Moreover, myocardial tissue properties 

may variably influence ECV and SIC, since ECV measures extracellular volume11 whereas SIC 

measures aggregate microstructural features.52 

Despite differences between the SIC and ECV, our data suggest that SIC and ECV 

provide complementary results and may be used together to quantify severity of adverse 

remodeling in HCM. The SIC may also provide an inherent advantage over CMR-based ECV 

due to reduced image acquisition time, absence of required intravenous contrast, and reduced 

costs. Of note, investigators have previously attempted to use echocardiography to calculate 

fibrosis in HCM, but these methods utilized strain echocardiography as opposed to 

microstructural tissue analysis.10, 15 The role of SIC and/or ECV in predicting adverse outcomes 

in HCM has yet to be determined. 

 

Comparison to Previously Developed Sonographic Microstructural Measures 

The image analysis algorithm used to produce the SIC measure differs in several ways 

from similar algorithms employed in prior studies.  

First, the SIC is based on the 25th percentile of the signal distribution in the region of 

interest. Many published techniques for assessing myocardial microstructure have relied on mean 

grayscale values, obtained through integrated backscatter or comparable signal analysis methods. 

However, other studies have suggested that using the complete distribution of signal intensity 

values allows for a more sensitive and specific assessment of signal changes compared with use 

of only the mean signal intensity value.40, 48, 61-64 Ciulla et al. demonstrated that kurtosis and other 

measures of signal distribution were positively correlated with collagen content in hypertensive 

patients.65 In a similar fashion, a percentile value of signal intensity offers information regarding 
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the widening or shift of a signal distribution, in addition to allowing for quantitative comparisons 

between measures. 

Second, the SIC measure represents signal intensities within a pericardial region of 

interest. Prior studies have traditionally assessed the myocardium, alone or standardized to the 

pericardium.46, 63, 66-71 Cyclical variation of the myocardial signal (i.e. standardization of a 

myocardial measure in one frame compared with another) has also been assessed.42, 51, 66, 72, 73 

Use of a pericardial region of interest extends from these prior methods given the fact that 

ultrasound signal reaching and reflected by the pericardium is dependent upon its transmission 

through the adjacent myocardium. Thus, in the standard orientation of sonographic transduction 

in the long axis view, the pericardial signal is a function of the post-myocardial signal. 

Third, the SIC provides greater accessibility compared to previous techniques. Unlike 

prior methods requiring proprietary equipment,74-77 novel acquisition modalities,77-80 or complex 

time-intensive data processing,38-40, 81 the SIC uses open-source software, and utilizes protocols 

that can be applied retrospectively and prospectively using multiple file formats. 

 

Possible Mechanisms Underlying the Measurement of SIC 

The exact mechanism by which the SIC measure is able to differentiate between states of 

afterload resistance, as well as different HCM genotypes and phenotypes, is not entirely clear. 

Studies of microstructural image analysis have long sought to understand how pathologic 

changes of the myocardium manifest as sonographic signal intensity variation. Prior investigators 

using echocardiographic analyses of tissue have suggested that pathologic compared with non-

pathologic changes within the LV wall can effectively change tissue impedances, thereby 

altering sonographic signals. Several studies have noted that cyclic variation in mean gray levels 

of integrated backscatter signals, which normally increase at end-diastole and decrease at end-
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systole, show less variation in the setting of hypertension and coronary disease.31, 32, 82, 83 Tissue-

level characteristics that influence ultrasonic backscatter are thought to include collagen content 

and fibrosis, tissue heterogeneity, fiber orientation, wall thickness, cell size, and sarcomere 

length.31, 65, 82, 84 The features that influence ultrasonic backscatter are also features involved in 

cardiac remodeling changes. Interestingly, histologic changes have been associated with both 

increases and decreases in signal intensity. Increased signal intensity has been attributed 

specifically to wall thickness and increase myocyte size and density.30 Leftward shifts in (i.e. 

decreased) signal intensity have been attributed to heterogeneously increased collagen content 

and fiber disorientation that can cause constructive and destructive signal interactions with 

diffuse signal scattering.65  

In the present study, the positive correlation observed between SIC and increasing stages 

of myocardial disease indicate that a pre-specified percentile value of pericardial signal intensity 

decreases with increasing levels of adverse remodeling. Signal that is more diffusely scattered 

due to increased tissue heterogeneity and fiber disarray may demonstrate lower signal intensity 

upon reaching the interface of the myocardium and pericardium. Alternatively, signal that is 

reflected in the myocardium more proximally, due to collagen or calcium deposits, may also 

result in reduced pericardial intensities. This kind of “acoustic speckle” effect has been described 

previously29 and may be similar to the acoustic shadowing effects seen in ultrasound imaging 

studies of vascular atherosclerosis.75, 81 Additionally, it is possible that certain microstructural 

features influence the signal intensity more than others. Distinct microstructural changes may 

appear at different stages during the progression of hypertensive heart disease, potentially 

contributing to the inconsistent findings reported by prior studies of myocardial signal intensity 

in the setting of hypertension. Thus, analysis of the myocardium may be affected by both 

scattering effects that reduce the signal and increased echogenicity of structures that increase the 
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signal. By contrast, the pericardial signal is likely to reflect only the changes due to scattering, 

yielding a uniformly lower signal. Further studies are needed to elucidate the exact mechanisms 

by which the pericardial value appears to consistently decrease and, in turn, the SIC is observed 

to consistently increase in relation to progressive cardiac remodeling. 

 

Potential Applications 

The SIC has the potential to serve as a quantitative marker of myocardial disease severity 

in the assessment of hypertensive heart disease and HCM in humans, including changes in 

myocardial structure over time and responses to treatment. Advantages of the SIC include wide 

accessibility and ease of use through open access software that can be applied to routinely 

acquired echocardiographic images. Although further evaluation in more diverse clinical cohorts 

is needed, our initial results in human cohorts and an animal model suggest that the SIC may be 

particularly robust to variation in image acquisition settings and physiology. As a measure of 

cardiac microstructure, the SIC may also be used to differentiate severity of myocardial 

pathology in non-hypertensive and non-HCM disease states. Further studies are needed to assess 

the extent to which the SIC correlates with histologic changes in myocardial microstructure 

during the course of adverse remodeling. Further studies are also needed to assess the potential 

utility of the SIC in broader clinical contexts. In addition to potential clinical applications, 

validated microstructural image analysis techniques may be used as adjunctive tools for 

investigating the pathophysiology of hypertensive heart disease and HCM. Hypertensive heart 

disease and HCM are both recognized as complex diseases having multiple subclinical and 

clinical disease manifestations.59 Thus, microstructural imaging techniques could be used to 

further study the time course and nature of cardiac remodeling in more diverse clinical cohorts. 

Future studies may include additional algorithm development to elucidate disease-specific 
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patterns within the signal distribution. Algorithm development may include assessing grayscale 

intensity gradients and textural features within the myocardium and pericardium, establishing a 

consistent baseline reference and/or ROI selection process, and machine learning algorithms in 

the setting of larger sample sizes and standardized images. 

 

Limitations 

The imaging algorithm has a number of technical limitations that merit consideration. 

The algorithm is limited to images without artifacts, as these might interfere with ROI selection. 

Images must have adequate visualization of the endocardial border and sufficient overall quality 

in order to facilitate ROI selection. When insufficient dynamic range is employed, the algorithm 

may be unable to create an appropriate signal distribution. Although such instances are rare, 

studies of new phenotypes and/or images using unconventional acquisition techniques would 

benefit from preliminary assessment of backscatter linearity and dynamic range. Other notable 

technical limitations include lack of automation of the ROI, and possibly limited capacity for 

cross-comparison of markedly different echocardiographic acquisition parameters. Further 

studies are required to determine the need for revised protocols when addressing images acquired 

using different echocardiographic equipment. 

Several limitations of the clinical and experimental studies merit consideration. Our study 

designs were retrospective, although all analyses were performed while blinded to clinical 

characteristics. Since blood pressure is known to be difficult to measure in mice,85 banded versus 

debanded status was used as a surrogate measure of variation in chronic afterload resistance in 

the experimental model. The clinical studies were limited by inability to obtain tissue samples 

for comparison with fibrosis and other tissue changes. Furthermore, generalizability to 

populations of varying age group, race, and comorbidities remains unknown and may be the 
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subject of future investigations. Additionally, our human study sample sizes were small, 

particularly in the HCM cohort. Although findings in these small-sized cohorts did demonstrate 

significant associations, further studies in larger samples are warranted.  
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Summary 

 

We developed and evaluated a novel ultrasound-based image analysis algorithm designed 

to differentiate microstructural characteristics of LV myocardium. The algorithm analyzes 

sonographic post-myocardial signal distributions arising from grayscale intensities within a 

pericardial region of interest, and produces a marker termed the signal intensity coefficient 

(SIC), which can serve as an enhanced surrogate measure of myocardial microstructure. 

We evaluated our algorithm in two disease processes that are characterized by 

progressive LV remodeling from microstructural to global myocardial changes: (1) hypertensive 

heart disease, and (2) hypertrophic cardiomyopathy. We first evaluated our algorithm in cohorts 

exposed to varying degrees of afterload stress: a mice cohort with ascending aortic banding to 

simulate afterload stress, as well as a human cohort with varying degrees of blood pressure. 

Next, we evaluated our algorithm in sarcomere mutation carriers with overt and subclinical 

HCM. The SIC marker was compared with conventional echocardiographic parameters of 

adverse LV remodeling, mice tissue histology, and an MRI-based microstructural measure of 

fibrosis termed the ECV.  

Results demonstrate that the SIC was significantly higher in hypertensive compared to 

non-hypertensive myocardium in both mice and humans, and was positively associated with 

increasing levels of exposure to afterload stress in humans and in mice. Furthermore, in a cohort 

of sarcomere mutation carriers with different phenotypes of HCM, the SIC was able to 

distinguish between individuals with overt HCM, subclinical HCM, and healthy controls. The 

SIC demonstrated stronger associations with both degree of blood pressure and MRI-based ECV 

compared to established echocardiographic measures of adverse LV remodeling. 
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Overall, our results demonstrate the potential of an imaging algorithm to identify the 

presence and extent of microstructural changes that can arise early in the development of cardiac 

remodeling, in response to chronic exposure to afterload stress as well as genetic mutations. The 

SIC appears to be more sensitive to early myocardial changes compared to conventional imaging 

methods and serum biomarkers, and may provide complementary information to other 

microstructural measures such as the ECV. Unlike prior echocardiographic tissue imaging 

methods, the SIC uses a pericardial region of interest, analyzes complete sonographic signal 

distributions, and is more accessible through open access software. Further studies are needed to 

assess the clinical utility of the SIC as a marker of adverse remodeling, and to understand the 

association of the SIC with disease-specific microstructural changes.  
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Table 1. Prior Studies of Ultrasound Methods for Cardiac Microstructure Assessment 

 

Method No. Studies  
Subjects per 

Study 
Disease Phenotypes 

Histologic 

Correlation 

Outcomes 

Data 

Animal Studies 

Integrated 

backscatter 

4 7 to 25 Normal contractility,86 coronary ligation,87, 88 

doxorubicin89 

2 studies87, 88 -- 

Cyclic variation of 

integ. backscatter 

5 1 to 11 Normal physiology,84, 90, 91 coronary ischemia 

and reperfusion87, 92 

1 study87 -- 

Human Studies 

Integrated 

backscatter  

and similar methods 

17 1 to 159 Normal,29, 93  AF,94 aortic stenosis,95 cardiac 

allografts,96  cardiomyop.,76, 97 CAD,98 CKD,99 

IDDM,100 DM2,101 dyssynchrony,42, 102 HTN,65, 

103 hypothyroid44, 104 

4 studies 
65, 76, 94, 96 

None 

Cyclic variation of 

integrated 

backscatter 

 

15 14 to 62 Normal,105, 106 amyloidosis,107 CAD,108-110 

cardiomyopathy,111, 112 congenital heart dz,113 

cardiac allografts,114  HTN,31  dobutamine,72 

hyperaldosteronism,115 hypothyroid43, 116 

2 studies112112, 

114 

None 
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Table 2. Validation of Reproducibility Characteristics 

 

 

 

Variable Treatment Baseline 

variability (%) 

Intra-user 

reproducibility (R2) 

Cyclical 

variability 

ROI Structures Regional ROI  41.6-48.8 ------ High 

 Full Myocardium 19.4-24.5 ------ Low 

ROI Size Small 41.6-48.8 0.71-0.80 Unreliable 

 Large 22.5-29.8 0.87-0.97 High 

Use of Reference Raw density 22.5-29.8 ------ Unreliable 

 Density ratio 27.8-33.9 ------ Moderate 
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Table 3. Characteristics of the Clinical Study Sample 

 

 

 

Characteristics 
Healthy Controls 

(N=28) 

Hypertensives 

(N=30) 
P value 

Clinical     

Age 52±9 54±3 0.24 

Women, % 56 47 0.34 

Systolic blood pressure, mmHg 121±9 142±19 <0.001 

Diastolic blood pressure, mmHg 72±9 85±12 <0.001 

Mean arterial pressure, mmHg 112±10 132±16 <0.001 

Echocardiographic     

LV wall thickness, cm 1.8±0.2 1.9±0.3 0.33 

LV end-diastolic diameter, cm 4.0±0.5 4.0±0.5 0.87 

LV mass, g 146±56 149±44 0.84 

Relative wall thickness 0.45±0.01 0.47±0.07 0.079 

Fractional shortening 0.28±0.08 0.27±0.15 0.86 

Ejection fraction, % 62±4 63±3 0.35 

E prime, cm/s 13.2±3.1 10.1±2.8 0.0002 

E/a ratio  1.2±4.2 1.1±4.0 0.36 

E/e’ ratio 6.2±1.6 7.5±2.1 0.014 

Signal intensity coefficient 0.23±0.11 0.31±0.15 0.029 

Values are shown as means±standard deviations or percent frequencies. 
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Table 4. Associations of Echocardiographic Parameters with Hypertension Status 

 

 

 

 
Hypertension Status 

 Est. Coeff (SE)* P value 

Unadjusted   

Left ventricular wall thickness, cm 0.066 (0.067) 0.33 

Left ventricular end-diastolic diameter, cm -0.011 (0.067) 0.87 

Left ventricular mass, g 0.013 (0.067) 0.84 

Relative wall thickness 0.117 (0.066) 0.079 

E prime, cm/s -0.236 (0.059)  0.0002  

E/a ratio  -0.062 (0.067) 0.36 

E/e’ ratio 0.161 (0.064) 0.014 

Signal intensity coefficient 0.144 (0.065) 0.029 

Adjusted for age and sex   

Left ventricular wall thickness, cm 0.071 (0.078) 0.37 

Left ventricular end-diastolic diameter, cm -0.035 (0.079) 0.66 

Left ventricular mass, g -0.002 (0.081) 0.98 

Relative wall thickness 0.118 (0.065) 0.076 

E prime, cm/s -0.272 (0.070) 0.0003 

E/a ratio  -0.050 (0.068) 0.47 

E/e’ ratio 0.153 (0.071) 0.036 

Signal intensity coefficient 0.153 (0.066) 0.025 

*Estimated regression coefficients represent the change in blood pressure measure per 1-SD 

change in the echocardiographic parameter. 
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Table 5. Associations of Echocardiographic Parameters with Blood Pressure Indices 

 

 

 

 Systolic Blood Pressure Diastolic Blood Pressure Mean Arterial Pressure 

 Est. Coeff 

(SE)* 
P value Est. Coeff (SE)* P value Est. Coeff (SE)* P value 

Unadjusted       

LVWT 2.73 (2.57) 0.29 3.83 (1.67) 0.025 4.74 (2.26) 0.041 

LVDD -0.23 (2.62) 0.93 0.90 (1.76) 0.61 0.83 (2.37) 0.73 

LV mass 1.12 (2.63) 0.67 2.61 (1.74) 0.14 2.98 (2.36) 0.21 

RWT 3.61 (2.44) 0.14 3.92 (1.59) 0.017 5.12 (2.14) 0.020 

E prime -5.75 (2.58) 0.030 0.56 (1.82) 0.76 -1.36 (2.44) 0.58 

E/a ratio  -1.88 (2.54) 0.46 0.92 (1.72) 0.59 0.30 (2.32) 0.90 

E/e’ ratio 4.40 (2.43) 0.08 -0.54 (1.68) 0.75 0.93 (2.26) 0.68 

SIC 5.45 (2.40) 0.027 4.05 (1.60) 0.014 5.87 (2.14) 0.008 

Adjusted for age and sex       

LVWT 2.30 (2.80) 0.41 2.34 (1.85) 0.21 3.11 (2.52) 0.22 

LVDD -1.48 (2.87) 0.61 -1.49 (1.90) 0.44 -1.98 (2.59) 0.45 

LV mass 0.03 (2.95) 0.99 0.55 (1.96) 0.78 0.55 (2.67) 0.84 

RWT 3.69 (2.36) 0.12 3.85 (1.51) 0.014 3.80 (1.59) 0.021 

E prime -6.05 (2.89) 0.041 -1.44 (2.00) 0.48 -2.98 (2.06) 0.16 

E/a ratio  -1.75 (2.53) 0.49 0.11 (1.69) 0.95 -0.51 (1.77) 0.78 

E/e’ ratio 3.94 (2.60) 0.14 0.72 (1.77) 0.69 1.79 (1.84) 0.33 

SIC 4.79 (2.41) 0.053 3.34 (1.60) 0.042 3.83 (1.66) 0.026 

LVWT, left ventricular wall thickness; LVDD, left ventricular end-diastolic diameter; RWT, relative wall thickness; SIC, signal intensity coefficient.   

*Estimated regression coefficients represent the change in blood pressure measure per 1-SD change in the echocardiographic parameter.
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Table 6. Clinical and Imaging Characteristics By Genotype-Phenotype Groups 

 

Characteristic 
Overt HCM 

(G+/LVH+) 
P value* 

Subclinical HCM 

(G+/LVH-) 
P value† 

Control 

(G-/LVH-)  
P value‡ 

N 10  10  10  

Age, y 47.9 (17.7) 0.0006 37.0 (10.9) 0.09 25.9 (6.1) 0.007 

Female, % 20 (42) 0.11 80 (42) 0.003 50 (53) 0.15 

Conventional Echocardiographic Measures 

LV mass, g 179 (78) 0.003 83.7 (18.4) 0.0006 97.3 (28.6) 0.19 

Maximum LV wall thickness 17.6 (6.1) <0.0001 7.3 (1.3) <0.0001 7.8 (1.8) 0.45 

LV ejection fraction, % 58.1 (14.6) 0.72 64 (6) 0.19 60 (4) 0.04 

Global E’ velocity, cm/s 9.3 (1.9) <0.0001 12.7 (1.7) 0.008 16.0 (2.1) 0.001 

Microstructural Measures 

LGE, g 26.7 (34.6) ---- 0 (0) ---- 0 (0) ---- 

LGE, % LV mass 12.9 (12.6) ---- 0 (0) ---- 0 (0) ---- 

ECV (average) 0.393 (0.044) <0.0001 0.336 (0.042) 0.005 0.254 (0.023) <0.0001 

ECV excluding LGE 0.390 (0.042) <0.0001 0.336 (0.042) 0.006 0.254 (0.023) <0.0001 

Signal intensity coefficient 0.429 (0.046) <0.0001 0.290 (0.055) <0.0001 0.162 (0.053) <0.0001 

Serum Biomarker Levels       

PICP, ug/L 111 (22.6) 0.06 76.5 (17.1) 0.006 78.9 (32.3) 0.85 

Singulex TnI, pg/mL 11.9 (7.64) 0.05 2.89 (1.74) 0.008 4.86 (4.77) 0.31 

NT-proBNP, pg/mL 654 (1050) 0.11 41.5 (34.3) 0.12 28.5 (28.2) 0.44 

 

Values are shown as mean ± standard error adjusted for age, sex, and family relation. 

LV, left ventricular; LGE, late gadolinium enhancement; ECV, extracellular volume; PICP, carboxy-terminal propeptide of procollagen type I; TnI, cardiac 

troponin I; NT-proBNP, N-terminal of B-type natriuretic peptide. 

*Comparison between overt HCM and control groups. 

†Comparison between overt HCM and subclinical HCM groups. 
‡Comparison between subclinical HCM and control groups  
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Table 7. Correlations of Clinical, Echocardiographic, MRI, and Biomarker measures in the HCM cohort 

 

 
 Age Female 

(fraction) 

PICP Singulex 

TnI 

NT-

proBNP 

LV 

mass 

Maximum 

LV wall 

thickness 

LVEF Global 

E' 

LGE ECV 

Age             

Female 

(fraction) 

0.49            

PICP -0.17 -0.63           

Singulex 

TnI 

-0.10 -0.54 0.63          

NT-

proBNP 

-0.21 -0.27 0.43 0.72         

LV mass 0.26 -0.64 0.52 0.85 0.65        

Max LV 

wall 

thickness 

0.43 -0.46 0.42 0.22 -0.12 0.61       

LVEF -0.14 0.27 0.12 -0.14 0.01 -0.24 -0.24      

Global E' 

velocity 

-0.61 0.09 -0.83 -0.19 -0.74 -0.49 -0.72 0.10     

LGE -0.79 -0.39 * * * 0.43 -0.69 0.19 0.44    

ECV 

(average) 

0.57 -0.09 0.19 0.44 0.64 0.41 0.38 0.18 -0.71 0.75   

SIC 0.57 -0.20 0.34 0.50 0.50 0.56 0.61 0.05 -0.84 0.38 0.85 

 
Values are shown as Pearson correlation coefficients. 

LV, left ventricular; LGE, late gadolinium enhancement; ECV, extracellular volume; PICP, carboxy-terminal propeptide of procollagen type I; TnI, cardiac 

troponin I; NT-proBNP, N-terminal of B-type natriuretic peptide. SIC, signal intensity coefficient. 

*Analyses omitted due to insufficient sample size
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Figure 1. Roles of conventional ultrasound and microstructural ultrasound-based imaging in assessment of cardiac remodeling. 

Conventional ultrasound is used to assess different macrostructural phenotypes of hypertrophy (Panel A). Changes in relative wall 

thickness (RWT) and left ventricular mass (LV mass) may be quantified and may be measured using an image such as this parasternal 

long axis B-mode echocardiographic image (Panel B). Histologic analyses can be performed to identify cardiac remodeling changes in 

the microstructure, or tissue, including fibrosis and cellular dysfunction. On ultrasound, a region of interest shows grayscale pixels that 

are influenced by microstructural changes including fibrosis and cellular dysfunction. Therefore, ultrasound may serve to identify 

microstructural changes in parallel with histology. 
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Figure 2. Workflow process for algorithm application. Four main steps may be repeated in any 

analysis, including subject comparison and quantification of cyclical variability. 
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Figure 3. Creation of a signal distribution. Within the grayscale image, a region of interest may be selected, such as the orange box 

within the myocardium (panel A). The ImageJ algorithm assigns each pixel a grayscale intensity value between 0 and 255, as is seen 

in the representative grid (panel B). A frequency histogram can be created after hierarchically re-arranging the grayscale intensities, 

and this curve is termed the signal distribution (panel C). 

 

B C A 
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Figure 4. Signal distribution analysis and algorithm development. Standardized myocardial and pericardial selections for 

representative mouse (row A) and human end-diastolic images (row B) are shown. Signal intensity distributions are shown from 

single-frame analyses of representative mouse and human images, for region of interest (ROI) including full-screen (column 1), 

pericardial (column 2), and myocardial areas (column 3). The distributions of signal intensity are right-shifted for brighter areas such 

as the pericardium, and are larger in range for more heterogeneous areas. 
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Figure 5. Variation of sonographic signal intensity during the cardiac cycle. Signal distributions were generated via the ImageJ 

algorithm for a myocardial ROI, over consecutive frames of an echocardiographic image. The analyses were performed for an aortic 

banded mouse (Panel A) and a representative control mouse (Panel B). Frame rate was 212 for both images. Three markers were used 

to assess cyclical variability: 20th percentile (diamond), 50th percentile (square), and 80th percentile (triangle). Relative cyclical 

variability was higher for the 80th percentile values than for the 20th and 50th percentile values. The myocardial grayscale signal 

intensity is lowest in end-diastolic frame, represented by the asterisk and vertical line. 

 

 

 

 

* * 

* End diastolic frame 
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Figure 6. Variable afterload stress in mice. Mean (± standard error) values of conventional and advanced echocardiographic measures 

are displayed for each group of mice: vehicle control, banded and then debanded mice, and continually banded mice. Conventional 

echocardiographic measures include left ventricular mass (Panel A) and relative wall thickness (Panel B). Advanced measure 

represented as the signal intensity coefficient (Panel C). P values are for Kruskal-Wallis tests of difference between independent 

groups.  
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Figure 7. Histologic examination. Masson’s trichrome stains of myocardial tissue are shown for representative mice from each of 

three animal groups: control (Panel A), debanded (Panel B), and banded (Panel C). The black horizontal scale bars demonstrate 50 

micrometers. 
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Figure 8. Mean (± standard error) values of conventional and advanced echocardiographic measures are displayed across increasing 

tertile of systolic (Panel A), diastolic (Panel B), and mean arterial (Panel C) pressure in the total study sample. Conventional 

echocardiographic measures include left ventricular mass and relative wall thickness; advanced measures include the signal intensity 

coefficient. P values are for non-parametric tests of trend across tertiles of each blood pressure measure. 
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Figure 9. Mean (± standard error) values of left ventricular mass (Panel A), global E’ velocity (Panel B), MRI measurement of 

extracellular volume (Panel C), and the sonographic measurement of signal intensity coefficient (Panel D) are displayed for overt 

HCM individuals (G+/LVH+), subclinical HCM individuals (G+/LVH-), and healthy controls (G-/LVH-). P values are for Kruskal-

Wallis tests of difference between independent groups. 

 

 

 
 

 


