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Abstract

Objectives: Increased myocardial stiffness (MS) is an important hallmark of cardiac amyloidosis 

(CA) caused by myocardial amyloid deposition. Standard echocardiography metrics assess MS 

indirectly via downstream effects of cardiac stiffening. The ultrasound elastography methods 

Acoustic Radiation Force Impulse (ARFI) and natural shear wave (NSW) imaging assess MS 

more directly.

Methods: This study compared MS in twelve healthy volunteers and thirteen patients with 

confirmed CA using ARFI and NSW imaging. Parasternal long-axis acquisitions of the 

interventricular septum were obtained using a modified ACUSON Sequoia scanner and a 5V1 

transducer. ARFI-induced displacements were measured through the cardiac cycle, and ratios of 

diastolic-over-systolic displacement were calculated. NSW speeds from aortic valve closure were 

extracted from echocardiographic-tracked displacement data.

Results: ARFI stiffness ratios were significantly lower in CA patients than controls (mean ± sd 

of 1.47 ± 0.27 vs. 2.10 ± 0.47; p < 0.001), and NSW speeds were significantly higher in CA 

patients than controls (5.58 ± 1.10 m/s vs. 3.79 ± 1.10 m/s; p < 0.001). A linear combination of 

the two metrics demonstrated greater diagnostic potential than either metric alone (AUC = 0.97 vs 

0.89 and 0.88).

Conclusions: MS was measured to be significantly higher in CA patients using both ARFI 

and NSW imaging. Together, these methods show potential utility to aid in clinical diagnosis of 

diastolic dysfunction and infiltrative cardiomyopathies.
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Introduction

Cardiac amyloidosis (CA) is a restrictive cardiomyopathy resulting from the deposition 

of amyloid fibrils and consequent remodeling within the myocardial interstitium. CA can 

rapidly progress to life-threatening heart failure within five years following diagnosis [1]. 

Early diagnosis of CA is required to effectively leverage attenuated heart failure morbidity 

and mortality outcomes afforded by recent advances in disease-specific pharmacologic 

treatments [2]. Non-biopsy diagnosis of transthyretin (ATTR) cardiac amyloidosis through 

cardiac magnetic resonance and nuclear scintigraphy has increased detection [3,4]; however, 

CA remains underdiagnosed with diagnostic delays and advanced stage presentations still 

common [5]. Given the recent development of highly effective, albeit expensive, therapeutic 

options for ATTR-CA, namely the approval of tafamidis as well as the ongoing trials for 

patisiran, vutrisiran, eplontersen, and NTLA-2001, there is substantial interest in finding 

cost-effective and accessible diagnostic tests to facilitate early and accurate identification of 

patients suspected to have CA [6,7]. Compared to magnetic resonance and nuclear imaging, 

ultrasound-based imaging is more accessible, less expensive, and does not require ionizing 

radiation or contrast agents. However, conventional echocardiographic parameters have 

relatively poor sensitivity and specificity for CA [8]. Thus, there remains an unmet clinical 

need for a reliable and specific ultrasound-based metric for the detection and diagnosis of 

CA.

The historical gold standard for measuring global myocardial stiffness (MS) is the pressure-

volume loop, but ultrasound-based techniques have shown potential to noninvasively 

measure MS throughout the cardiac cycle in a localized manner. Ultrasound elastography 

techniques measure soft tissue elasticity (i.e., stiffness) and have been proposed for assessing 

differences in MS associated with pathology, including CA. Proposed approaches include 

external vibration [9], tracking naturally-occurring shear waves generated by valve closure 

or the atrial kick [10–12], and calculating tissue strain over the cardiac cycle [13,14]. A 

recent study that examined natural shear wave (NSW) speeds and global longitudinal strain 

found increased MS in patients with CA compared to healthy volunteers (HVs) [15].

Acoustic radiation force impulse (ARFI) and shear wave elasticity imaging (SWEI) 

are ultrasound elastography techniques that measure transient mechanical responses to 

assess tissue stiffness. In these methods, a pulse of high-intensity ultrasound is used to 

induce micron-scale tissue displacements. In ARFI imaging, on-axis displacements are 

tracked, whereas in SWEI, the resultant mechanical shear waves are tracked laterally as 

they propagate away from the point of mechanical excitation (“push”), with the goal 

of estimating the apparent wave speed. Stiffer regions of tissue exhibit smaller on-axis 

displacements and faster wave speeds relative to more compliant regions. Feasibility studies 
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have shown positive results using ARFI and SWEI to noninvasively measure MS in human 

subjects [16–25].

Measurement of MS through a combination of ARF-based methods and NSW-based 

elastography could help better characterize myocardial mechanical properties and 

consequently better inform therapeutic decision-making, not only for CA, but also for 

other cardiac pathologies such as aortic stenosis and mitral regurgitation, hypertrophic 

cardiomyopathy [26], myocarditis [27], and infiltrative diseases like hemochromatosis [28]. 

This study was designed to determine the feasibility and potential of combining ARFI 

and NSW imaging to differentiate myocardial stiffness in CA patients from that in HVs. 

We evaluated both individual and combined diagnostic performances of these stiffness 

quantification methods and compared their relationships with existing echocardiography 

metrics in our study population.

Materials and Methods

Study Design and Population:

This prospective study was conducted at Duke University Medical Center’s Cardiac 

Diagnostic Unit (CDU) and was approved by the Duke University Medical Center 

Institutional Review Board (IRB) (Protocol Pro00032068). No patient health information 

was recorded prior to written informed consent.

Twelve HVs and thirteen patients with confirmed CA were enrolled in the study. Both 

groups were age-restricted to 50 years or older. CA was confirmed by a combination of 

typical features on cardiac imaging (magnetic resonance, echocardiography) and biopsy, 

or nuclear scintigraphy (technetium pyrophosphate scan) with negative monoclonal protein 

assessments. Twelve CA patients had the ATTR subtype and were used for subsequent 

analysis. Enrollment for the study occurred in 2019. After imaging, some of the subjects 

were involved in a placebo-controlled amyloid clinical trial at the time. Three of the amyloid 

subjects were also on patisiran, which is a treatment for neuropathy in amyloid.

The primary eligibility criteria were: patients with confirmed cardiac amyloidosis and 

healthy volunteers with no history of cardiovascular disease (e.g., hypertension, diabetes, 

and conduction/structural abnormalities), medical therapy potentially influencing cardiac 

function (e.g., chemotherapy), or surgical procedures potentially affecting transthoracic 

imaging windows. All controls had normal left ventricular (LV) ejection fraction (EF) ≥55%. 

Individuals with pacemakers or other implants and those receiving intravenous contrast were 

excluded to avoid potential risks associated with the acoustic and thermal output of the 

longer ultrasound pulse lengths employed in the ARFI imaging sequences. Subjects were 

not screened based on transthoracic echocardiographic (TTE) image quality in previous 

or current clinical exams nor on BMI. In the outpatient setting, individuals who met the 

primary eligibility criteria were introduced to the study by IRB-approved CDU personnel 

prior to their scheduled echocardiogram.
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Standard Echocardiography:

In this study, an ACUSON Sequoia ultrasound system (Siemens Medical Solutions 

USA, Inc., Issaquah WA) was used to perform both the clinical exam and study scan. 

Acoustic output measurements were performed to ensure the scanner met Food and Drug 

Administration (FDA) guidelines for patient exposure (mechanical and thermal indices, see 

Appendix A).

Following informed consent and measurement of vital signs, a standard echocardiographic 

exam was performed using standard, unmodified B-mode, color and spectral Doppler 

imaging. Parasternal long axis (PLAX), parasternal short axis (PSAX), apical four chamber, 

apical two chamber, apical long axis, and subcostal views were obtained. Evidence of 

any valvular disease or arrhythmia were noted. Measurements to assess LV volumes 

and EF (calculated by Simpson’s biplane method), right ventricular (RV) function, LV 

dimensions, LV mass and LA volume were performed according to recommendations 

for cardiac chamber quantification [29]. LV diastolic function was graded according to 

current guideline recommendations (normal grade 0 or abnormal grades 1 to 3) [29,30]. 

LV strain measurements were calculated and analyzed offline using IMAGE-ARENA 

version 4.6 (TOMTEC Imaging Systems GmbH, Unterschleissheim, Germany). Additional 

echocardiographic metrics were calculated for statistical comparisons: E/e’, the ratio of early 

mitral inflow velocity to mitral annular early diastolic velocity, LA volume index (LAVi), the 

ratio of LA volume to body surface area, and the myocardial contraction fraction (MCF), the 

ratio of LV stroke volume to myocardial volume that was recently proposed for ATTR-CA 

[31].

Custom Ultrasound Sequences - Data Acquisition:

Through a research collaboration with Siemens Ultrasound, engineering-level access to the 

ACUSON Sequoia scanner was obtained, allowing both the modification of imaging mode 

pulse sequences and the acquisition of raw echocardiographic data. A custom sequence 

was developed for the 5V1 cardiac phased array, specially adapted for acquisition of ARFI 

and NSW acquisitions, with 50 repeated measurements at 20 Hz over multiple cardiac 

cycles, along a fixed line-of-sight transmit direction. Continuous pulse-inversion harmonic 

tracking pulses were transmitted at a pulse repetition frequency of 5 kHz. After each 

acquisition sequence, a 30-second waiting time was observed before the next acquisition. 

The 30 second pause was set based on a system technical limit and not directly a result 

of transducer face heating or ISPTA limits. Subjects were imaged in the supine or oblique 

positions. Concurrent electrocardiogram (ECG) was recorded for retrospective alignment 

to the cardiac cycle. The custom ultrasound sequence imaging protocol was completed 

following the standard echocardiographic exam and aimed at assessing the stiffness of the 

interventricular septum (IVS) in the PLAX and PSAX views. In each view, three ARFI 

acquisitions were recorded at each of three pulse durations, up to 800 μs. The scanner 

delivered these ARFI pulses focused at sonographer-selected focal depths in the range 4.75 

– 8.75 cm. The entire aperture was used for all focal depths, so the F/# varied from 2.3 

to 4.2 over the supported focal positions. The focal depths did not vary within the 50-push 

acquisition, but the focal lengths were sufficiently long to ensure displacement and tracking 

was achieved throughout the septum. The pulse amplitude was not varied with focal depth. 
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None of the scanner’s built-in acoustic output calculations or limits for MI and TI were 

overridden. Following ARFI imaging, three repetitions of NSW tracking were acquired in 

each view. For all acquisitions, subjects were asked to hold breathing for ten seconds while 

each dataset was captured. The raw echocardiographic data were stored throughout the 

procedure and processed off-line using MATLAB 2019b software (MathWorks Inc., Natick, 

Massachusetts).

Processing and Analysis:

The raw echocardiographic imaging data were processed using a band-pass filter motion 

correction algorithm and correlation-based tracking methods to yield micron-level axial 

displacements (see Appendix B). Axial displacements were measured over a lateral extent of 

1.5 mm for ARFI. M-mode representations of the raw echocardiographic data were used to 

identify the axial borders of the IVS over the cardiac cycle and isolate the displacement data 

within the IVS. For ARFI acquisitions, mean displacement over a complete cardiac cycle 

and previously identified metrics of data quality (such as contrast, temporal coherence, and 

spatial similarity) were used to exclude data points that were likely to be unreliable [17]. The 

details of this processing step, threshold values used, and rationale are provided in Appendix 

B.

As in our previous work [17], a metric termed the stiffness ratio was calculated from the 

mean ARFI displacement from diastole over that of systole. These phases of cardiac cycle 

were extracted from the segmented ECG signals which were acquired synchronously with 

the ultrasound acquisitions. Because the exact magnitude of the applied radiation force is 

unknown, a single ARFI displacement measurement at any one point in the cardiac cycle 

is not a quantitative measure of stiffness. However, when one divides the displacement 

measured during diastole by the displacement measured during systole, while assuming the 

applied force was the same, a pseudo-quantitative metric to grade MS can be calculated [17].

NSW speeds were calculated from PLAX measurements of particle motion data in the IVS 

over the cardiac cycle. The tracking sequence and motion estimation were the same as 

ARFI as discussed above in Appendix B. Particle velocity data were extracted at a depth 

centered over the IVS and over a lateral extent of 17.5 mm. NSW events were identified 

algorithmically by comparing peak particle velocities and ECG waveforms. Data were 

pre-processed with a 15–100 Hz bandpass filter, and then an automated radon-transform 

method [32] was used to estimate the NSW speeds, similar to previous studies [10,33]. NSW 

propagation was assumed to be along the IVS, but because displacements were tracked over 

a purely lateral segment, calculated speeds were corrected by cos(θtilt) to compensate for the 

tilt of the IVS. This angle was measured manually on the corresponding B-mode at the time 

of NSW occurrence. Tracking quality and identification of NSWs associated with mitral 

valve closure were poor, so the NSW speeds associated with aortic valve closure (AVC) 

were used for further analysis.

Statistical Analysis:

ATTR-CA and HV groups were compared using two-tailed, two sample t-tests for 

continuous variables. Continuous data for variables are displayed as mean ± standard 
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deviation. Comparisons with a p-value of 0.05 or lower were considered statistically 

significant for all tests. Correlations between the novel metrics (ARFI stiffness ratio and 

AVC NSW speed) and echocardiography metrics associated with CA (IVSd, E/e’, GLS, 

LAVi, and MCF) were computed. For these comparisons, linear fits and R-value show the 

degree of correlation for each pair of metrics. Statistics were calculated using MATLAB 

2019b software.

Results

Study Demographics:

Twenty-five subjects were enrolled in the study (12 HV and 13 CA). Among CA patients, 

12 had transthyretin type (ATTR-CA), of which 10 were hereditary, of which eight had the 

p.V142I transthyretin gene mutation. Table 1 shows subject population characteristics. All 

healthy volunteers were in normal sinus rhythm, while seven of the 13 subjects in the CA 

group had atrial fibrillation.

Standard Echo Results:

Table 2 shows the standard echocardiographic exam parameters. There were statistically 

significant differences between the HV and ATTR-CA groups for clinical (age, BP, HR, 

BMI, etc.) and echocardiographic parameters (EF, wall thickness, strain and tissue Doppler 

imaging (TDI)).

ARFI Stiffness Ratio and NSW Speed:

Figure 1 illustrates representative B-mode, M-mode, and ARFI data comparing the HV 

and CA group. Qualitative differences can be observed in all three sets of data. In the 

B-mode and M-mode, the IVS appears thicker and demonstrates lower variability in width 

over the cardiac cycle for the CA patient relative to the HV. In the ARFI data, the HV 

shows not only higher peak diastolic displacement but also a substantially higher ratio of 

diastolic-to-systolic displacements. The trends highlighted in Figure 1 were consistently 

observed in the ARFI data across multiple heartbeats, acquisitions, and patients included in 

this analysis.

Figure 2 illustrates B-mode and NSW data comparing a representative HV and a CA patient. 

The B-mode, again, illustrates a morphological difference in myocardial structure, with a 

significantly thicker IVS in the CA patient. Yield of MVC was notably lower: from the 25 

subjects in the study, we obtained 82 MVC measurements and 125 AVC measurements. 

There were 6 subjects without any MVC data versus 3 subjects without AVC data. In the 

parasternal acoustic window used for this study, the waves from the MVC event were less 

consistent and more difficult to track. Due to the better quality and reliability of AVC events 

in our data, AVC alone was used in analyses to grade MS. Average speeds for MVC and 

AVC events in healthy volunteers were 4.4 m/s and 3.8 m/s respectively and were not 

significantly different.

Of the 24 subjects analyzed in the study, 22 had measurable ARFI stiffness ratios and 21 

had measurable NSW speeds, shown in Figure 3. The stiffness ratio was lower in ATTR-CA 
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patients than in HVs (p < 0.001), and the NSW speed was higher in ATTR-CA patients than 

in HVs (p < 0.001). Both lower ARFI stiffness ratio and faster NSW speed indicated greater 

diastolic MS.

Figure 3 also shows that ARFI stiffness ratios and NSW speeds were weakly correlated (R 

= −0.41). To increase diagnostic utility, we considered a composite metric, which we call 

the Myocardial Stiffness Index, by calculating a linear combination of the two metrics. We 

used the following formula: NSW_Speed − 2.78 * Stiffness_Ratio, where the respective 

weighting coefficient was inversely proportional to the observed standard deviation of 

observed data. This combined metric was statistically significantly higher in ATTR-CA 

patients than in HVs (p < 0.0001).

Correlations between Stiffness Ratio, NSW Speed, and Cardiac Echo Metrics:

Table 3 lists the correlation coefficients between the ARFI stiffness ratio, NSW speed, 

and cardiac echocardiographic metrics. Figure 4 shows the correlations between five CA-

associated echocardiographic metrics and the stiffness ratio and NSW speed. Moderate 

correlation was observed between the stiffness ratio and IVSd, mean GLS, LAVi, and MCF, 

and between natural wave speed and IVSd, E/e’, and MCF.

Diagnostic Utility of Stiffness Ratio and NSW Speed:

Figure 5 shows the ROC curves for using the stiffness ratio, the NSW speed, and the 

Myocardial Stiffness Index to discriminate between HVs and CA patients. Table 4 reports 

the sensitivity, specificity, and area under the ROC curve (AUC). We used bootstrapping by 

sampling with replacement to obtain 95% confidence intervals for the AUC values. Both 

stiffness ratio and NSW speed had good diagnostic utility, with an AUC of 0.89 and 0.88 

respectively. Myocardial Stiffness Index, the combined metric, had an AUC of 0.97, higher 

than either metric alone.

Discussion

In recent years, ARFI, SWEI, and NSW-based stiffness measurement techniques have been 

proposed as noninvasive and low-cost ways for measuring MS to characterize underlying 

cardiac pathology and potentially differentiate between various etiologies of heart failure 

[26,34]. In this cross-sectional study, we found that ARFI stiffness ratio was lower and 

AVC-induced NSW speed was higher in ATTR-CA patients compared to HV controls. 

Our results corroborate previously reported findings concerning septal NSW speeds in 

CA patients. This work is the first application of the ARFI stiffness ratio to amyloidosis, 

demonstrating that ARFI alone or combined with NSW imaging are potential clinical 

tools for assessment of MS to aid in the diagnosis of diastolic dysfunction and infiltrative 

cardiomyopathies.

In CA, amyloid deposition in the myocardial interstitium results in thickened ventricular 

walls, elevated atrial pressures, and atrial dilation [35]. Existing echocardiographic 

parameters have low sensitivity and specificity for CA, with the most promising metrics 

being interventricular septal thickness, the E/e’ ratio, the left atrial volume index [35], 

and the myocardial contraction fraction (MCF), which was recently explored for ATTR-
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CA [31]. No echo parameters solely diagnose cardiac amyloidosis (CA), but rather 

only raise suspicion for the diagnosis. Further diagnostic testing with other imaging 

modalities or endomyocardial biopsy is needed to make the clinical diagnosis of cardiac 

amyloidosis in current practice. Besides IVS thickness as noted in our work, other clinical 

echocardiographic metrics which may separate the normal subjects from the cardiac amyloid 

subjects include TDI, strain, myocardial contraction fraction (MCF) and mass. Longitudinal 

strain has also been explored for CA, with preservation of LV strain at the apex relative 

to mid- and basal segments shown to be characteristic of CA as compared to other causes 

of ventricular hypertrophy. Strain metrics do not directly measure myocardial elasticity, 

but rather observe the functional consequences of amyloid deposition disrupting normal 

cardiomyocyte function [15,36–39].

ARFI and NSW imaging directly evaluate MS and provide a more mechanical perspective 

of the heart tissue. ARFI provides uncalibrated stiffness measurements through the entire 

cardiac cycle, and the stiffness ratio quantifies the degree of tissue stiffening between 

diastole and systole, which reflects baseline stiffness in a fully relaxed state and the 

efficiency of contraction. NSW elastography provides an absolute measure of stiffness but 

is constrained by both the location and timing of the NSWs associated with aortic valve 

closure (AVC), mitral valve closure (MVC), and the atrial kick. In this study, we were able 

to detect and measure at least one AVC wave in each patient; however, yield for MVC was 

much lower, so we chose to use AVC measurements for further analyses. We hypothesize 

that the more posterolateral source location of MVC waves may be one factor leading to 

worse yield. One study of NSWs in three dimensions revealed that a more complex wave 

propagation resulted from MVC due to its unique bicuspid geometry [40].

In comparing ARFI M-modes (Figure 1) and NSW data (Figure 2), we observed that AVC 

and MVC measurements often occur during transitions between contracted and relaxed 

myocardium. For example, AVC propagation through the septum typically occurred near 

the beginning of isovolumic relaxation. The resulting stiffness estimates are neither at peak 

mechanical systole or diastole, likely increasing variability and degrading predictive value. 

Because NSW imaging provides a snapshot of MS at a given time, and it may be considered 

in the future to use NSW measurements as a way to calibrate ARFI M-mode data.

The ARFI-based metric is the ratio between MS at diastole and systole. In contrast, the 

NSW speed is a more absolute measure of MS at a single time within the cardiac cycle. 

Because these two approaches probed different aspects of MS, we created the Myocardial 

Stiffness Index, a combined metric incorporating ARFI and NSW measures, to synthesize 

data from both elastography methods. While the Myocardial Stiffness Index was derived 

based on empirical evidence from data collected in this study alone, herein it was found to 

show stronger separation between CA and HV compared to the stiffness ratio or NSW speed 

individually.

ARF-induced SWEI may also be used to generate transient shear waves at other times in the 

cardiac cycle and locations in the myocardium, but accurate tracking of these shear waves is 

complicated by a variety of factors associated with cardiac morphology and mechanics (i.e., 

dispersive geometric effects [41]) and transthoracic ultrasound image quality [16,42]. We 
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initially intended to interrogate the feasibility of SWEI to characterize myocardial stiffness 

over the cardiac cycle; however, this analysis was excluded from the main results due to 

poor and inconsistent data quality. A detailed report of SWEI through the cardiac cycle and 

its sensitivity to image quality are presented in Appendix C.

Clinicians may wish to review the recorded echocardiographic data to determine acquisition 

quality. For ARFI stiffness ratio, the M-mode stiffness map (Figure 1) would help verify 

that displacements are tracked in the septum and have a periodicity aligning with the cardiac 

cycle. For NSW elastography, the plot of particle velocities (Figure 2) would help verify that 

a shear wave is observed and that the automatically-estimated wave trajectory aligns with the 

apparent wave.

In the present work, we observed slightly lower displacement ratios than previously reported 

[17] even in the HV group, perhaps due to the increased age of this cohort compared to our 

previously studied population. We noted that a number of metrics including interventricular 

septal thickness and average global longitudinal strain achieved 100% separation in our 

cohort. We attributed this to our small sample size and the manner in which we recruited 

clinically-diagnosed, advanced CA patients.

The thickness of the septum was on the order of the wavelength of a NSW. Therefore, 

we expected NSWs to propagate in a wave-guided regime. Indeed, the term “natural shear 

wave” is slightly misleading, as the wave is not a pure shear wave in a homogenous bulk 

material. Recent papers have acknowledged but mostly ignored this effect [34,43], and we 

used the NSW terminology to remain consistent with literature. Under a Lamb wave model, 

the wave velocity depends on both thickness and absolute shear modulus. Preliminary 

analysis of our data’s phase velocity curves showed that observed NSW speed differences 

between patients were not explained by differences in septal thickness, suggesting that 

measured NSW speeds reflected underlying stiffness and not simply septal thickness. In the 

future, a more detailed phase velocity analysis (see [44]) should be performed.

In this study, particle velocity was used to detect NSW due to higher signal quality; 

acceleration data was not used due to increased noise (see [33]). In the future, NSW speed 

reliability could be improved with longer acquisitions and by tracking displacements over 

2-D regions.

Study Limitations:

This study was limited in the number of subjects we were able to enroll due to difficulties 

with scheduling of both the experimental equipment and personnel. Enrolled were 12 HV 

controls and 13 CA patients with advanced disease, of which 12 had ATTR-CA. These 

subjects exhibited marked ventricular thickening, severely enlarged left atria, decreased 

LVEF, and depressed longitudinal strain. The two groups had significant phenotypic 

differences which limited the clinical impact of differentiating them with the novel methods 

proposed.

Although the HV group was age limited to 50 years and up, age differences between the two 

groups remained. Age itself is a known determinant of myocardial stiffness, and this may 
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have partially confounded interpretation of differences between the two groups. A further 

study should enroll subjects in more tightly age-matched groups.

Only one sonographer and hospital were used in this feasibility study. Therefore, the relative 

diagnostic performance of the stiffness ratio, NSW speed, and echocardiographic metrics 

like IVSd may not have been representative of the larger population of interest. Future 

studies will be required to assess the relative performance of various imaging metrics for 

detecting and evaluating cardiac amyloidosis and other cardiomyopathies.

Subjects in the CA group with atrial fibrillation were not excluded from analysis and 

thus may have influenced the results. Arrhythmias complicated the analysis of beat-to-beat 

variability and R-R intervals, and they likely affected loading conditions and contractility 

in the heart. Arrhythmias also reduce our ability to detect NSWs induced by valve closure. 

As such, this cohort may differ from those of other cardiac diseases such as left ventricular 

hypertrophy due to hypertension, which may exhibit relatively fewer subjects with atrial 

fibrillation. This may also account for some discrepancies with other published studies 

which excluded subjects with arrhythmias [45].

Both cardiac ARFI and NSW imaging rely on making measurements through the available 

cardiac imaging windows. Both methods are limited in the angles and depths that can be 

used to place the tissue of interest at the right position and orientation in the imaging 

plane. The ROI for ARFI must be far enough away that clutter and ringdown does not 

obscure the tracking of the induced displacement, but not so far that the radiation force can 

generate a measurable displacement. Furthermore, each method gives only a partial view 

into the overall cardiac mechanics. ARFI only gives insight into the stiffness of the tissue 

under the push beam, while NSW tracking is only possible after a few cardiac events (atrial 

kick, aortic valve closure and mitral valve closure) and along specific directions within the 

appropriate chamber walls of the heart.

There also exists a need for a more robust evaluation of inter-acquisition and inter-session 

repeatability to identify and mitigate the impact of sources of variation that currently dilute 

diagnostic value. A more global assessment of myocardial stiffness would be helpful to 

understand the spatial trends across different walls of the heart and the temporal trends 

over the cardiac cycle. As a long-term goal, tools to aid in mapping the propagation of 

myocardial stiffness change over time could enable “cardiac elastophysiology”, an analogue 

to the way propagation of electrical changes is currently mapped over the cardiac cycle in 

cardiac electrophysiology.

Conclusions

This study demonstrated that measurements by ARFI and NSW elastography correlated 

with functional and morphological derangements due to cardiac amyloid infiltration, and 

that these metrics provided information unique from currently used echocardiographic 

measurements including speckle-tracking strain imaging. These results support the 

feasibility of further study toward integrating these noninvasive imaging methods into 

clinical practice utilizing a commercial-grade ultrasound scanner. Transthoracic ARFI 
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imaging and NSW elastography have potential utility as clinical tools to aid in the detection 

and monitoring of diastolic dysfunction and infiltrative cardiomyopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Example ARFI data from a Healthy Volunteer and Cardiac Amyloidosis Patient.
On the left are B-mode images of the parasternal long-axis view of the IVS with the ARFI 

excitation and ROI marked by the vertical midline and blue box for an example healthy 

volunteer subject and cardiac amyloidosis patient. In the middle, the M-modes from within 

the ROI box are shown with a color overlay of the ARFI displacement achieved 1.5 ms 

after each excitation. Mean ARFI displacement through the septum is shown in right plots, 

where yellow and red boxes indicate systolic and diastolic periods used for the stiffness 

ratio, the displacement measured in diastole over the displacement measured in systole. The 

electrocardiogram is shown beneath both the M-mode and mean displacement plots. ARFI = 

Acoustic Radiation Force Impulse; IVS = interventricular septum.
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Figure 2: Example Natural Shear Wave Data from a Healthy Volunteer and Cardiac Amyloidosis 
Patient.
On the left are B-Modes of the parasternal long-axis view of the interventricular septum 

with the displacement tracking region-of-interest marked by the blue box and the direction 

of wave propagation indicated by the yellow arrow for an example healthy volunteer 

subject and cardiac amyloidosis patient. Particle velocity data tracked along the septum 

containing natural shear waves associated with MVC and AVC are shown. Wave speeds 

and trajectories (dashed line) were identified using a radon-transform approach. The time 

intervals corresponding to each natural shear wave are highlighted in the electrocardiograms. 

AVC = Aortic Valve Closure; MVC = Mitral Valve Closure.
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Figure 3: Comparisons of HVs to CA Patients.
HVs are compared to CA patients using the ARFI stiffness ratio in the top left boxplot 

and the NSW speed in the top right plot. Both metrics are able to separate the groups with 

statistically significant difference. The bottom left plot shows the weak correlation between 

stiffness ratio and NSW speed. The bottom right boxplot compares HVs and CA patients 

using the proposed myocardial stiffness index that combines ARFI and NSW measurements. 

ARFI = Acoustic Radiation Force Impulse; CA = Cardiac Amyloidosis; HV = Healthy 

Volunteer; NSW = Natural Shear Wave.
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Figure 4: Correlations to Existing Metrics.
ARFI stiffness ratio (upper) and NSW speed (lower) plotted against echocardiography 

metrics associated with CA (IVSd, E/e’, GLS, LAVi, MCF). Dotted line shows linear fit and 

r2 shows degree of correlation.
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Figure 5: ROC Curves.
Receiver operating characteristic (ROC) curves for ARFI stiffness ratio, NSW speed, and 

Myocardial Stiffness Index in discriminating CA patients from healthy volunteers. Areas 

under the curve are listed in the legend.
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Table 1:

Population Characteristics

HV Group (n = 12) CA Group (n = 13) p Value

Age, years 57.6 ± 6 72.7± 6.2 <0.001

Sex, M/F 3/12 8/5 <0.001

Race W/C (8) 
B/AA (1) 
Asian (1) 

Multiracial (1) 
Other (1)

W/C (1) 
B/AA (10) 
Asian (1) 

Unknown (1)

Weight, kg 69.3 ± 11.3 82.9 ± 21.2 0.057

Height, cm 164.8 ± 7.1 172.1 ± 11.7 0.069

BSA, m2 1.76 ± 0.2 1.95 ± 0.3 0.054

BMI, kg/m2 25.4 ± 3.2 27.6 ± 5 0.027

Systolic BP, mm Hg 129.8 ± 16.6 118.2 ± 19.9 0.126

Diastolic BP, mm Hg 78.3 ± 11 71.4 ± 12.9 0.164

Heart rate, beats/min 64.8 ± 7.1 75.5 ± 12 0.013

Values are mean ± SD or n/n

W/C = White or Caucasian; B/AA = Black or African American; BMI = body mass index; BP = blood pressure; BSA = body surface area; CA = 
Cardiac Amyloidosis; HV = Healthy Volunteer.
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Table 2:

Echocardiography-derived Cardiac Metrics

HV Group (n = 12) CA Group (n = 13) p Value

IVSd, cm 0.95 ± 0.20 1.67 ± 0.23 <0.001

IVSs, cm 1.30 ± 0.15 1.80 ± 0.23 <0.001

PWd, cm 0.91 ± 0.15 1.60 ± 0.21 <0.001

PWs, cm 1.30 ± 0.19 1.80 ± 0.15 <0.001

LV Peak E-wave, cm/s 65.5 ± 10.6 73.5 ± 16.9 0.169

LV Peak A-wave, cm/s 63.1 ± 13.9 51.1 ± 24.2 0.234

Septal Wall e’, cm/s 8.4 ± 1.5 4.5 ± 1.3 <0.001

Lateral Wall e', cm/s 11.5 ± 2.9 6.5 ± 1.5 <0.001

E/e’ 6.7 ± 1.7 14.1 ± 4.9 <0.001

LV E/A 1.1 ± 0.3 1.7 ± 1.2 0.165

LV DT, ms 210.8 ± 46.0 178.2 ± 44.9 0.087

LV IVCT, ms 64.2 ± 14.7 107.2 ± 76.3 0.068

LV IVRT, ms 77.9 ± 15.3 74.9 ± 23.8 0.710

LV GLS (%) −20.0 ± 1.5 −8.3 ± 3.4 <0.001

LV EF (%) 59.4 ± 3.6 39.7 ± 14.2 <0.001

LA VI, ml/m2 29.6 ± 8.4 54.0 ± 13.2 <0.001

LA VI > 34 ml/m2 2/11 (18%) 11/13 (84%)

LV Mass, g 127.4 ± 22.9 286.6 ± 77.6 <0.001

LV Mass Index, g/m2 72.2 ± 9.4 145.8 ± 27.7 <0.001

MCF 0.47 ± 0.13 0.19 ± 0.06 <0.001

Diastolic Grade Normal (10)
Indeterminate (2)

Indeterminate (6)
Grade 1 (1)
Grade 2 (3)
Grade 3 (3)

Values are mean ± SD, n/n (%)

A = late mitral inflow velocity; CA = cardiac amyloidosis; DT = deceleration time; E = early mitral inflow velocity; e’ = early mitral annular 
velocity; EF = ejection fraction; GLS = global longitudinal strain; HV = healthy volunteer; IVCT = isovolumic contraction time; IVRT = 
isovolumic relaxation time; IVS = interventricular septum; IVSd = IVS thickness at end-diastole; IVSs = IVS thickness at end-systole; LA = left 
atrium; LV = left ventricle; MCF = myocardial 34 contraction factor; PW = posterior wall; PWd = PW thickness at end-diastole; PWs = PW 
thickness at end-systole; VI = volume index.
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Table 3:

Correlation Between Echocardiography Metrics with Stiffness Ratio, Natural Shear Wave Speed, and 

Myocardial Stiffness Index.

ARFI Stiffness Ratio Correlation 
Coefficient, (R)

Natural Wave Speed Correlation 
Coefficient, (R)

Myocardial Stiffness Index 
Correlation Coefficient, (R)

IVSd −0.73* 0.68* 0.84*

IVSs −0.77* 0.65* 0.85*

PWd −0.58* 0.51* 0.65*

PWs −0.63* 0.63* 0.75*

LVIDd −0.27 −0.03 0.14

LVIDs −0.58* 0.24 0.48*

E −0.03 0.09 0.06

A 0.19 −0.26 −0.27

E/e’ −0.53* 0.61* 0.68*

E/A −0.16 0.35 0.32

DT 0.27 0.05 −0.14

MCOT 0.10 −0.17 −0.19

LVET 0.31 −0.34 −0.39

IVCT −0.24 0.11 0.20

IVRT 0.32 −0.14 −0.27

GLS Average −0.67* 0.53* 0.71*

EFBiplane 0.59* −0.34 −0.55*

EDV −0.48* 0.08 0.32

ESV −0.54* 0.19 0.43

SV 0.14 −0.27 −0.28

LA Volume −0.70* 0.32 0.59*

LA Volume Index −0.65* 0.25 0.53*

LV Mass −0.71* 0.49* 0.71*

LV Mass Index −0.71* 0.49* 0.71*

MCOT = mitral valve closure-to-opening time; LVET = left ventricle ejection time; other abbreviations as in Table 2.

*
indicates that the correlation is statistically significant with p<0.05
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Table 4:

Diagnostic Utility of Stiffness Ratio, NSW Speed, and Myocardial Stiffness Index.

Stiffness Ratio NSW Speed Myocardial Stiffness Index

Sensitivity (%) 90.9% 90% 88.9%

Specificity (%) 72.7% 81.8% 100%

Optimal Cutoff Value 1.79 4.57 m/s 0.12

AUC [95% CI] 0.89 [0.70, 1.0] 0.88 [0.71, 1.0] 0.97 [0.87, 1.0]
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