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Short tweet:

Evaluation of myocardial structure using high frame rate echocardiography is feasible and can

discriminate patients with aortic stenosis from healthy subjects

#cvlimaging #cvEcho #Highframerate #aorticstenosis



Structured abstract
Word count: 247/250

Background:
Mechanical wave velocity (MWV) measurement is a promising method for evaluating

myocardial stiffness, as these velocities are higher in patients with myocardial disease.

Objectives:

Using high frame rate (HFR) echocardiography and a novel method for detection of myocardial
mechanical waves, this study aimed to estimate the MWVs for different left ventricular walls and
events in healthy subjects and patients with aortic stenosis (AS). Feasibility and reproducibility

were evaluated.

Methods:

We included 63 healthy subjects and 13 patients with severe AS. All participants underwent
echocardiographic examination including 2D HFR recordings using a clinical scanner. Cardiac
MRI was performed in 42 subjects. We estimated the MWV:s at atrial kick (AK) and aortic valve

closure (AVC) in different LV walls using the clutter filter wave imaging method.

Results:

Mechanical wave imaging in healthy subjects demonstrated the highest feasibility for the AK-
wave reaching >93 % for all four examined LV walls. The MWVs were higher for the infero-
and anterolateral walls (2.2 and 2.6 m/s), compared with infero- and anteroseptal walls (1.3 and
1.6 m/s) (p <0.05) among healthy subjects. The septal MWVs at AVC were significantly higher

for patients with severe AS than for healthy subjects.



Conclusions:

MWV estimation during AK is feasible and demonstrates higher velocities in the lateral walls,
compared with septal walls. We propose indicators for quality assessment of the mechanical
wave slope, as an aid for achieving consistent measurements. The discrimination between

healthy subjects and patients with AS was best for the AVC mechanical waves.

Keywords:
Left ventricle, natural mechanical waves, myocardial stiffness, myocardial fibrosis, high frame

rate imaging, echocardiography



Condensed abstract
Word count: 89/100

We examined 63 healthy subjects and 13 patients with severe aortic stenosis (AS) with
echocardiography including high frame rate imaging and cardiac MRI. In healthy subjects,
mechanical wave velocity (MWYV) estimation was feasible, but demonstrated varying velocities
depending on left ventricular (LV) wall and cardiac cycle event. We propose quality indicators
for systematic evaluation of the mechanical wave slope. Recordings of the atrial kick wave in
different LV walls demonstrated excellent feasibility and high reproducibility. In AS patients,

MWVs at aortic valve closure were higher than among healthy subjects.
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Abbreviation

Meaning

A4C

AK

AS

AVC

CMR

HFR

LV

MVC
MWV/MWVs
PLAX

Apical 4-Chamber

Atrial kick / contraction

Aortic stenosis

Aortic valve closure

Cardiac magnetic resonance imaging
High frame rate

Left ventricle / ventricular

Mitral valve closure

Mechanical wave velocity/-ies
Parasternal long axis




Text

Introduction

Various cardiac diseases cause fibrotic replacement of muscular tissue, potentially leading to
heart failure, ischemia, or arrhythmia. Both subtype and amount of fibrosis influence outcome
(1,2). Histopathology is the gold standard for evaluation of myocardial fibrosis (2). Cardiac
Magnetic Resonance imaging (CMR) is considered the non-invasive reference for such
evaluation and facilitates tissue characterization through detection of late gadolinium
enhancement, native T1-mapping, and estimation of extracellular volume (1,2). However, the

physiological implications of myocardial fibrosis are not easily evaluated by CMR.

By application of multiline reception and broad transmit beams, echocardiography can achieve
very high temporal resolution (>500-1000 frames/s) for broad sectors, enabling imaging of short-
lived cardiac events (3). Myocardial mechanical waves can be induced by an external force or by
intrinsic cardiac events during the cardiac cycle, such as atrial contraction/kick (AK) or mitral
and aortic valve closure (MVC and AVC). The valve closure waves occur during isovolumic
phases, with limited left ventricular (LV) deformation, but rapidly changing myocardial tension.
These two waves are presumably shear (transverse) waves, propagating orthogonally to the local
particle displacements, at velocities up to 10 m/s in healthy individuals (3-6). Recent insight

suggests that the AK-wave is a pressure wave (7).

Previous studies analyzing shear waves have indicated a time dependency of myocardial
stiffness, reaching its maximum in systole. Changes in geometry and load explain physiological
variation during the cardiac cycle (5,6,8-11). Shear wave velocities have previously been related

to ageing, cardiac morphology, contractility, and diastolic myocardial stiffness (3,8-10,12-16).



The method appears clinically relevant, since numerous trials have demonstrated higher
mechanical wave velocities (MWVSs) in various cardiac disorders, such as post cardiac
transplantation, hypertensive and hypertrophic cardiomyopathy, cardiac amyloidosis, valvular

heart disease, and ischemic heart disease (5-7,9-15,17,18).

We have developed a new ultrasound method, to detect myocardial mechanical waves, termed
clutter filter wave imaging, which detects mechanical wave propagation without prior motion
estimation (19). An appropriate wall filter highlights the motion induced by the mechanical
event, displaying the wave propagating as either red or blue regions across the B-mode and the
corresponding anatomic M-mode images. The method has been implemented on a high-end
clinical ultrasound scanner. Compared with tissue Doppler, the method appears more consistent
and sensitive to subtle tissue displacements, and improves AK-wave visualization in both lateral

and septal walls (19).

By applying mechanical wave imaging in healthy individuals and patients with severe aortic
stenosis (AS) we aimed to 1) evaluate the feasibility for detecting naturally occurring mechanical
waves, 2) measure the corresponding MWVs in different LV walls, and 3) evaluate the

reproducibility of these measurements in healthy subjects.



Methods
Study population

We recruited 31 healthy volunteers and 13 patients with severe AS from the clinical trial
Ultrasonic Markers for Myocardial Fibrosis and Prognosis in Aortic Stenosis
(ClinicalTrials.gov ID: NCT03422770) (Population-StOlav). The study was approved by the
Regional Committee for Medical and Health Research Ethics. All subjects provided informed
written consent. Exclusion criteria were estimated glomerular filtration rate <30 ml/min/1.73m2,
previous myocardial infarction and conditions (except aortic stenosis) known to cause significant
myocardial fibrosis, such as deposition disorders, cardiomyopathies, poorly treated hypertension
or diabetes, and former thoracic radiation. Patients with CMR contraindications, chronic atrial
fibrillation, significant frailty, or short life expectancy were not included. In addition, we
included 34 subjects defined as healthy with available HFR-recordings from the fourth wave of
the Trendelag Health (HUNT4) study (Population-HUNT) (Table 1). These subjects had no

known hypertension, diabetes, cancer, or cardiac or pulmonary disease (20).

Echocardiography

An experienced echocardiographer (TE) acquired 2D and 3D images using a Vivid E95 clinical
scanner (GE Vingmed Ultrasound, Horten, Norway) and the M5Sc, 4V and 4Vc¢ probe in
Population-StOlav. De-identified data were analyzed offline using Echopac 204.41.1 (GE
Vingmed Ultrasound) according to current recommendations (21,22). Using the same scanner,
2D-HFR images were acquired from the parasternal long axis (PLAX) and apical four chamber
(A4C) view using the 1.5D M5Sc-D cardiac probe with a 3.5 MHz central frequency. HFR was
achieved by transmitting 6 non-overlapping diverging waves with receive beamforming of a

sector of 10° per transmit, resulting in a fixed image sector of 60° and 12 cm depth. We acquired
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2-4 complete cardiac cycles per view. The echocardiographic studies in Population-HUNT were
performed by two experienced sonographers. Here, A4C 2D HFR data were acquired from 1-2
cardiac cycles with a similar set-up, but with an adjustable sector size aimed to include the

complete LV with the highest possible frame rate (Table 1).

HFR-analysis

The mechanical wave propagation was detected using clutter filter wave imaging, which
employs a specific clutter filter to attenuate background myocardial velocities and thus enhance
the motion induced by moving mechanical waves. The cut-off frequency was set to 91 Hz to
attenuate tissue velocities <2.0 cm/s (17,19). The waves were further enhanced by calculating the
temporal derivative which produces an acceleration map. This map was smoothed spatially (10 x
10 spatial samples) and temporally (35 ms). The mechanical wave propagation was analyzed
offline using an in-house-developed dedicated software (PyMW]1). Pulsed wave Doppler at the
base of the respective wall was used for timing purposes. The M-mode line was placed in the
mid-myocardium at the designated cardiac event, excluding the membranous septum. On the
created M-mode map, the slope of the mechanical wave was manually drawn in the middle of the
wave (Central Illustration). Waves originating in the basal LV at the following time points were

isolated:

1. The AVC-wave originating during early isovolumetric relaxation

2. The AK-wave arising in the early phase of atrial contraction

Initial evaluation of AK-, MVC- and AVC-waves indicated that MVVC-waves and lateral AVC-
waves were more difficult to distinguish from noise with our setup. We therefore studied the
infero- and anteroseptal AVC-waves and the AK-waves in all four walls covered by the A4C

and PLAX view. Wave quality was evaluated, and at each event, the MWV was measured
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manually, as given by the slope of the propagation along the M-mode line (Central Illustration).
To evaluate reproducibility, the analyses were repeated in 20 randomly selected healthy subjects

3 months later by the same observer (intraobserver), and by a second observer (interobserver).

Cardiac MR Imaging

CMR was performed on a Siemens 3T Prisma (Siemens, Erlangen, Germany). A short-axis stack
of balanced steady-state free precession images was acquired for analysis of LV mass and
volumes. A gadolinium-based contrast agent (Gadobutrol 0.15 mmol/kg) was administered to
evaluate late gadolinium enhancement and extracellular volume. T1-mapping pre- and 10
minutes post-contrast was achieved using the MOdified Look-Locker Inversion (MOLLI)
recovery sequence. Three short-axis slices were acquired at the basal to midventricular level
(spatial resolution 1.4 x 1.4 mm, slice thickness 8 mm and gap 1.6 mm). LV mass, volumes, late-
enhancement, and T1-mapping including extracellular volume were determined according to
current recommendations (23,24). Specifically, 2 — 3 regions of interest in the basal to
midventricular septal region were selected for T1-mapping. Image analysis was performed by
one observer (TE) blinded for clinical information using the Segment version 3.0 R7946

(Medviso, Lund, Sweden) (25).

Statistical analysis

Continuous variables are presented as mean + SD if normally distributed, otherwise as median
and interquartile range. Categorical data are expressed as numbers and percentages. Normal
distribution was evaluated by histograms, QQ-plots and the Shapiro-Wilk test. For comparisons
of mean or median values, T-test or Mann Whitney U test was performed, respectively. A 2-

sided p-value <0.05 was considered statistically significant. The associations between variables
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are expressed using the Pearson or Spearman correlation coefficients. Reproducibility was
evaluated using intraclass correlation and Bland Altman statistics. Data were processed and
analyzed in Microsoft Excel (Microsoft, Washington, USA) and SPSS 28.0 (IBM, New York,

USA).
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Results

Study population

Due to asymptomatic cardiac disease detected on CMR, 2 presumed healthy participants were
excluded from Population-StOlav. Baseline characteristics, biochemical parameters and imaging
findings are presented in Table 2 and 3. All were Caucasian and presented with sinus rhythm.
Compared with the healthy subjects, patients had significantly higher NT-proBNP, thicker LV
walls, increased LV-mass, reduced longitudinal shortening, more prevalent diastolic dysfunction
and larger and less compliant left atria. Native T1 values and extracellular volume were within
normal ranges for a 3T magnet in the healthy subjects, the former was increased in patients
(Table 3). Late gadolinium enhancement was present in 4 patients (31%). The Population-HUNT

were somewhat younger and healthier than Population-StOlav (20).

Quality of mechanical wave detection and feasibility

Each wave was rated according to specified rules, forming 8 different rating categories (Table 4).
Waves with rating >4 were included in the final analysis. In Population-StOlav, for each wall
and event, 2-4 waves were visualized per subject, depending on heart rate and timing of
acquisition. Among healthy subjects in Population-StOlav, 85% of the waves were accepted for
further analyses (Table 4) and all walls demonstrated >93% acceptance rate for the AK-wave
(Table 5A). For patients, a lower acceptance rate was observed for the AK-wave in the
anteroseptal and anterolateral walls. Additionally, compared with the PLAX view, the traced

velocity slope was systematically longer in the apical view for both examined events (Table 5A).
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MWV across walls and events
The AK-MWVs were higher in the antero- and inferolateral LV walls compared with the antero-
and inferoseptal walls (Figure 1 and Table 5B). For the inferoseptal wall, the MWVs were higher

at AVC than at AK.

Reproducibility

Reproducibility was examined in healthy subjects from Population-StOlav. Intra- and
interobserver variation values were in general good to very good and similar for all walls and
events (Figure 2 and Table 6). Despite a small sample size, it is worth noticing that intraclass
correlation was lowest for inferoseptal AVC and anteroseptal AK MWVs both for intra- and

interobserver analysis.

MWV in AS
Patients with severe AS demonstrated 62 % higher AVC-MWVs in both examined septal walls
(Table 5B and Figure 3). Furthermore, their AK-MWVs were higher in all LV walls, but not

significant. The MWVs were most homogenous for the inferoseptal AK-wave.

Comparisons to clinical and imaging parameters

In general, associations between the different MWVs and imaging parameters were weak. Peak
jet velocity across the aortic valve demonstrated clear positive correlation to MWVs in both the
antero- and inferoseptal wall (r=0.42,p=0.035; r=0.47,p=0.013). A weak positive association
between MWV at AVC in the anteroseptal wall and CMR-measures was observed (Figure 4a and
4b). Furthermore, compared with healthy subjects (Population-StOlav), the patients
demonstrated a larger delay from the start of the septal a’-wave to the initiation of the AK-wave

propagation in the same region (386 ms vs. 32+7 ms, p=0.022).
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MWV in the HUNT-study
Median frame rate was 1403 (1213-1619)/s, compared with 858+0/s in Population-StOlav

(Table 1). Population-HUNT demonstrated similar MWVs as the healthy subjects in Population-

StOlav (Table 5b).
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Discussion

This study demonstrates that LV myocardial mechanical waves originating from AVC and AK
can be recorded in healthy subjects and patients with AS using the clutter filter wave imaging
approach and a commercially available echocardiographic scanner. Among healthy subjects, the
feasibility for measuring the AK-MWYV was excellent, and better than for AVC. Furthermore,
higher MWVs were found in the two LV lateral walls. Interobserver reproducibility was good,
and similar to intraobserver assessment. Patients with severe AS demonstrated higher MWVs at

AVC compared with healthy subjects.

Study population

The healthy subjects in the present study were older and had higher systolic blood pressure and
body mass index than in similar previous studies, likely making them more comparable to
cardiac patients (11,14,16,26). An ageing healthy population might have minor changes in
myocardial properties, possible affecting the propagation of mechanical waves. In Population-
StOlav, we included healthy subjects with well-controlled hypertension and diabetes displaying
important biochemical and imaging parameters within normal ranges (Table 2) (11,16,18). We

believe this population may serve as a comparison to a population with cardiac disease.

MWV by clutter filter wave imaging

This is the first clinical study presenting 2D MWVs in healthy subjects and patients with severe
AS using the clutter filter wave imaging approach, which enhances the mechanical waves of
interest. Furthermore, we systematically evaluated and provided MWV estimates for the natural

waves originating from AVC (septum) and during AK both in the septal and lateral walls.
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Quality of mechanical wave detection and feasibility

Quality indicators for evaluating the mechanical waves have been proposed (27), but never
systematic evaluated. We believe criteria as suggested in table 4 can be applied in formulating
general recommendations for consistent and robust application of this technique. Table 7
provides an overview of MWVs in previous studies, depending on acquisition, view, and LV

wall at different events during the cardiac cycle in healthy and disease (5-7,10,11,13-18,26-31).

We obtained a frame rate of 858/s in Population-StOlav, and 1406/s in Population-HUNT, the
highest reported frame rate for similar applications on a clinical scanner (4,5,10) (Table 1 and 7).
A frame rate of 858/s yields a temporal resolution of 1.16 ms. Thus, a MWV of 5.0 m/s would
correspond to a propagation distance of 5.8 mm per frame. A slower propagating wave will
demonstrate a smoother wave front, due to more frequent registrations. The M-mode line length
is an important quality indicator, as a shorter line results in fewer observations (6). For proper
evaluation of faster waves (>4 m/s), like AVC waves in patients, higher frame rates should be

targeted.

The AK-wave was better visualized than the AVC-waves in most subjects across the examined
walls. The inferoseptal and inferolateral AK-wave had the highest proportion of accepted waves
and the highest quality ratings. Our method was specifically optimized for detecting AK-waves,
and technical optimization of the clutter filter wave imaging method may improve results for
other events. The very high feasibility for the AK-wave is concordant with previous studies
(7,10,11,17,19). The feasibility for detection of the AVC wave has previously been reported

higher than the MVC wave (5,14,26).
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In some individuals, we observed a local velocity change, notching, of the mechanical wave
(Table 4 — rating 7). This could be caused by signal noise, focal myocardial stiffness variation
(fibrosis or other causes of tissue anisotropy), changing geometry or load, or by the wave
propagating out of the image plane or entering the plane from another direction, all affecting the
estimated MWV (30). Three-dimensional imaging may clarify if notching is caused by altered
cardiac structure or out of plane wave propagation. Rating 2 with the bidirectional waves might
be explained by waves propagating in different parts of the LV with different velocities (higher
in the lateral wall) and then interfering in the more apical regions of the septum. This is
supported by observations from initial 3D-studies. M-line crossing of stitches in the 2D B-mode
image explains explain the artifacts corresponding to rating 5. Furthermore, varying thickness of
the lines and timing issues may create challenges in the automatization of the analysis process,

especially in recordings with poor PW Doppler spectrum quality.

MWV across walls and events

In Population-StOlav healthy subjects we report average AK-wave velocities ranging from 1.3—
2.5 m/s, comparable to previous reports of 1.1-2.4 m/s for similar LV walls (Tables 5b and 7)
(6,10,11,16,17,31). A research group has previously presented an average AK-MWYV recorded
from the three apical views (11,16,18). For healthy subjects, the reported MWV after AVC of
1.9-2.4 m/s in the two examined walls was lower than previously reported, mainly 3.0-4.0 m/s
(5,14,26). Prior studies have mainly used the PLAX view and Tissue Doppler Imaging for

evaluating the mechanical waves (Table 7) (6).

In the PLAX and A4C-views, recordings covered both septal and lateral walls, hereby omitting

variation caused by differences in cardiac cycle duration and beat-to-beat variation in load. For
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healthy subjects, the AK-MWVs were significantly higher in the lateral walls, compared with
septum. This might be explained by different boundary conditions from the right ventricle
compared with the pericardium, with wall thickness and radius of the myocardial wall curvature

potentially modulating this effect (13).

As atrial contraction occurs during low intraventricular pressure and wall stress, the AK-wave
may provide important information about myocardial properties and stiffness (10,11,32). AK-
MWVs are associated with increased major adverse cardiac events, including death (11,16,18).
The AK-wave is absent in atrial fibrillation and may be affected by other arrhythmias, increased

LV filling pressure and atrial dysfunction.

Conversely, the MVC- and AVC-waves might be affected by valvular heart disease. At AVC, in
contrast to AK, higher MWVs are explained by a contracted myocardium and an increased load
(5,6,14). We found low correlation between MWVs from different LV walls and events.
Specifically, in healthy subjects, the AVC MWV was higher in the inferoseptal wall, and the
correlation between the inferoseptal (A4C) and anteroseptal wall (PLAX) was not significant
(Figure 1). This lack of correlation supports a previous study indicating that a combination of
imaging views may provide supplementary information about myocardial properties, and that
different MWVs in septal regions from A4C and PLAX may be explained by the AVC force
consisting of both transversal and longitudinal components (29). Summarized, the population
characteristics, sample size and the method for mechanical wave imaging and analysis should all

be considered when comparing trials.

Reproducibility
Reproducibility for all LV walls was comparable to other studies (11,14,26,27). For the

inferoseptal wall, AK-MWVs demonstrated excellent intra- and interobserver variation (Figure 2
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and Table 6). Interestingly, lower reproducibility was detected in the two walls, inferoseptal
(A4c) and anteroseptal (PLAX), where the initial wave propagation is incompletely covered.
Specifically, AVC is not visualized in the A4c-view (inferoseptum), while the AK-wave
propagate out of the PLAX-view to reach the basal anteroseptum. Variation was minimized by
using a standardized protocol and averaging the MWV over 2-4 cardiac cycles. Discrepancy in
each manual step, such as event timing, M-mode line placement, and MWV measurement may
cause variation. M-mode line placement in the B-mode image is probably the most critical, as
minor alterations affect the MWV estimates. Additionally, optimal recordings of standard views

should be targeted.

MWV in AS

In AS patients, we observed lower feasibility in 3 of 6 combinations of walls and events, with the
inferoseptal (not for AVC) and inferolateral walls having similar feasibility to healthy subjects
(Table 5A). There was a trend towards higher average MWV in patients with AS for all LV
walls, though only significant for the 2 septal walls after AVC (Table 5B and Figure 3). This
contrasts to 2 previous studies reporting higher AK-MWVs in patients with AS compared with
healthy subjects (7,11). In both these studies more recordings were feasible for MWV analysis in
patients. Furthermore, the estimated MWVs were based on the average of 6 apical walls with a
lower frame rate, and 3D-recordings respectively, meaning that results are not directly
comparable. The Pislaru-group found even larger difference between amyloidosis patients and
healthy subjects compared with the difference from healthy subjects to AS patients (11,16).
Furthermore, and supporting previous studies, the variation of MWVs was larger among patients
compared with healthy subjects across walls (Table 7) (5-7,11,13-16,18). Limited correlation

with CMR results and limited correlation for the AK MWV combined with higher AVC MWV,
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indicate that differences in load and contractile state may explain the higher MWVs in patients,

possibly indicating a struggling myocardium.

Compared with healthy subjects patients with severe AS demonstrated larger and less compliant
left atria (lower reservoir strain and lower a’) and a larger delay from the start of the septal a’ to
the start of the septal propagation of the AK-wave, possibly affecting the AK-wave. The AK-
wave should be further studied experimentally and clinically to improve the understanding of

diastolic function and atrioventricular interaction.

Comparisons to clinical and imaging parameters

We found no systematic correlation between MWVs and standard imaging parameters.
Measurement errors and waves travelling out of plane may partly explain these results. We
observed a weak positive association between quantitative CMR measures and anteroseptal
MWV after AVC (Figure 4). This weak relation indicates that MWVs provide additional
information on myocardial stiffness compared with CMR and is not merely a surrogate marker
for fibrosis. Furthermore, this study is not powered to investigate the relation between MWVs

and other imaging parameters indicating myocardial fibrosis (5,15,16).

MWV in HUNT-4

These healthy subjects were comparable to Population-StOlav, but somewhat younger and
healthier. Compared with the septum, a higher AK-MWYV in the lateral wall was confirmed in
Population-HUNT. Additionally, a lower inferoseptal AVC-MWYV was reproduced among
healthy subjects compared with patients. Population-HUNT consisted of more females, were
younger and with higher frame rates obtained than in Population-StOlav. They did not undergo

CMR or parasternal HFR-recordings, and most MWVs were measured only once (Table 1).
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Single MWV measurement might limit the robustness and reduced feasibility for the MWV
estimates, compared with Population-StOlav (Table 5A). Nevertheless, finding similar MWVs
across waves and triggering events, as in healthy subjects from Population-StOlav, is reassuring

(Table 5B).

Limitations

As discussed above, the two populations did not undergo identical examinations (Table 1). The
fixed image sector resulted in incomplete imaging of the inferolateral wall in 2 cases in
Population-StOlav. Higher frame rate particularly limits lateral resolution and image contrast,
possibly affecting both acquisition and analysis. Individual wall scanning would provide higher
temporal resolution with preserved spatial resolution but may increase load variation between
scans. MWVs depend on geometry, load, and the stiffness of the medium the wave propagates
through. For an elastic, isotropic and homogenous bulk material, the shear wave velocity is
proportional to the stiffness of the material (4,14,29,32). Due to long wavelengths, the complex
boundary conditions affecting the mechanical wave propagation and unfulfilled physical
assumptions for the myocardium, we refrained from computing stiffness. Instead, we have
presented the MWVs known to correlate to myocardial stiffness (3,14,26,29,32). Furthermore,
we used identical smoothing parameters for both AK and AVC wave to simplify the analysis
procedure. However, as these waves have different wave propagation patterns and dispersion

behavior, it would have been more precise to use smoothing parameters adapted to each wave.

Conclusions

Mechanical wave imaging is a promising method for evaluation of myocardial stiffness. Using a
clinical ultrasound scanner, detection of AK-waves is highly feasible. We present indicators for
mechanical wave quality assessment and advocate the use of such for improved consistency. The
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AK lateral MWVs were higher than septal MWVs. Moreover, similar MWVs were observed in
two healthy populations. Patients with AS demonstrated clearly higher MWVs at AVC,

compared with healthy subjects, illustrating that differences in load and contractile state affects
the MWV . Larger studies on patients with varying degrees of AS is needed to clarify the role of

this technique in the follow up of patients with AS.
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Perspectives

Clinical competencies

HFR imaging with the visualization of myocardial mechanical waves provides a new approach to
evaluation of myocardial stiffness. HFR echocardiography may add information to CMR for
evaluating myocardial stiffness, and could ultimately improve management of cardiac disease
(3). This study provides new insights in evaluating MWV and supports previous studies

demonstrating that AVC-MWVs separate cardiac patients from healthy subjects.

Translational outlook

Automatization of the MWV-analysis will further improve precision and reduce measurement
errors (26,27). With the ongoing technical development of ultrasound scanners and probes,
higher temporal and spatial resolution is achievable, possibly making this method even more
applicable for routine clinical work. Imaging four LV walls provides information about
myocardial stiffness from large parts of the LV. Furthermore, 3D imaging may overcome
challenges due to complex LV geometry and out of plane wave propagation, and hence could

provide regional and global measures of myocardial stiffness from a single acquisition (3,7,8).
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Figure titles and legends

Central Illustration. Mechanical wave imaging

Two cardiac cycles are covered. The Doppler spectrum (PW-tissue) is used for timing. Systolic
shortening (s”) and early (e”) and late (a’) diastolic lengthening and aortic valve closure (AVC) are
marked in the figure. The M-mode line is placed in the apical 4-chamber B-mode image (bottom left).
The atrial kick wave is propagating in the inferoseptum, from base (T1) - midventricular part (T2) - apex

(T3) (blue wavefront). The mechanical wave velocity is the slope of the M-mode line (ds/dt).

Figure 1. Mechanical wave velocities in healthy subjects

Box plot depicting mechanical wave velocities (MWVSs) in healthy subjects from Population-StOlav at
the atrial kick (AK) and aortic valve closure (AVC) for the four left ventricular walls covered by the Adc
() and PLAX-view (b). The central box represents the 25-75-percentile of values, the middle line the
median, and the line extends from minimum - maximum value. MWVs from different walls and events

are compared, and relevant p-values are reported.
Figure 2. Reproducibility for mechanical wave velocities in healthy subjects

Bland Altman plots for the intraobserver (A) and interobserver (B) variability of mechanical wave
velocities for left ventricular walls and two cardiac cycle events. Limit of agreement (LOA) is defined as
bias £ 1.96 x SD. The dashed lines represent the upper and lower LOA, while the solid line represents

bias.

Figure 3. Mechanical wave velocities in healthy subjects and severe aortic stenosis

Box plot depicting inferoseptal (PLAX-view) mechanical wave velocities (MWVSs) at atrial kick and

aortic valve closure and comparing MWVs between patients and two healthy populations.
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Figure 4. Mechanical wave velocities in relation to CMR parameters

Scatter plots illustrating a weak positive correlation between anteroseptal (PLAX-view) wave velocities
after aortic valve closure and native T1 (A) and extracellular volume (ECV) (B). The presumed healthy
outlier in B was an octogenarian later diagnosed with AL amyloidosis, possibly indicating that the
increased ECV was a marker of subclinical structural cardiac disease. If removed, correlation would

approach significance (r=0,38,p=0.09).
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Tables

Table 1. Overview of the different populations in this study

Population

Healthy (HS) 2 HUNT-4 (HH) Patients (P) ¥
Subjects (N) 29 34 13
Views covered® PLAX and A4C A4C PLAX and A4C
CMR performed + - +
Cgrdlac cycles per 3 1 3
view (mode) (N)
Frame rate (/s) 8580 1403 (1213-1619) 858+ 0

Values are mean £ SD, median (interquartile range) or n (%).

A4C = Apical 4 chamber; CMR = Cardiac magnetic resonance imaging; HH = Healthy

Population-HUNT; HS = Healthy Population StOlav; P = Patients with aortic stenosis; PLAX =

Parasternal long axis

a) Healthy population StOlav (HS) and patients (P) were both included at St. Olavs hospital and

together constitute the Population-StOlav.

b) The PLAX-view covers the anteroseptal and inferolateral wall. The A4C-view covers the

inferoseptal and anterolateral wall.
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Table 2. Population characteristics and laboratory results

Population P-value
Healthy (HS)  HUNT-4 (HH) Patients (P) HS-HH  HS-P  HH-P
(N =29) (N =34) (N=13)

Age, years 69110 64+11 69112 0.036 0940 0.132
Males, N (%) 18 (62 %) 14 (41 %) 8 (62 %) 0.131 1.000 0.328
SBP, mm Hg 137+ 20 135+ 22 135+17 0.674 0.824 0.899
DBP, mm Hg 797 78 £11 765 0.606 0.227 0.671
Heart rate, 639 669 649 0198 0734 0.492
beats/min
Smokers, N (%) 2 (7 %) 1(3 %) 1(8 %) 0.590 1.000 0.481
DM I, N (%) 2 (7 %) 0 (0 %) 0 (0 %) 0.208 1.000 -
Hypertension, N (%) 2 (7 %) 0 (0 %) 4(31%) 0.208 0.063 0.004
BMI, kg/m2 263 253 265 0.399 0.891 443
Lab-results
HbA1c, mmol/mol 37(34-39)  35(32-37) 35 (33 - 38) 0.012 0.260 0.444
Hemoglobin, g/dI 13.8+1.1 149+1.0 14.2+1.1 <0.001 0.303 0.054
CRP, mg/| 0.8(0.4-1.4) 0.9(05-15) 1.1(0.7-45) | 0.468 0.090 0.040
Creatinine, pmol/I 71 (64 -77) 73 (67 - 84) 72 (61 -90) 0.324 0.456 0.498
NT-proBNP, ng/| 48 (30-99) 378 (171 - 1142) <0.001
Troponine T, ng/l <10(<10-11) 15 (<10 - 18) 0.102

Values are mean + SD, median (interquartile range) or n (%).

BMI = body mass index; CRP = c-reactive protein; DBP = diastolic blood pressure; DM2=

diabetes mellitus type 2; HbAlc = hemoglobin Alc; HH = Healthy Population-HUNT; HS =

Healthy Population StOlav; NT-proBNP = n-terminal prohormone of brain natriuretic peptide; P

= Patients with aortic stenosis; SBP = systolic blood pressure; Smokers = current smokers.
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Table 3. Findings from cardiac imaging in different populations

Population P-value
Healthy (HS) HUNT-4 (HH) Patients (P) HS-HH HS-P  HH-P
(N=29) (N =34) (N=13)

AV peak velocity, m/s 1.3+0.2 1.4+0.2 53109 0.020 <0.001 <0.001
LV dimensions
IVSd, mm 102 9+2 1512 <0.001 <0.001 <0.001
LVIDd, mm 48 + 4 48+ 6 45+ 4 0.738 <0.001 0.077
PWTd, mm 7(6-8) 7(7-9) 10 (10-11) 0.047 <0.001 <0.001
Mass;, g/m2 (2D) 74 + 15 69+19 115+ 26 0.238 <0.001 <0.001
Mass;, g/m2 (CMR) 69114 91+20 <0.001
EDV;, ml/m2 (2D) 67 £ 15 53110 75116 <0.001 0.151 <0.001
EDV;, ml/m2 (3D) 72+13 5610 83+13 <0.001 0.015 <0.001
EDV;, ml/m2 (CMR) 78 £ 13 79112 0.810
LV systolic function
MAPSE average, mm 13+2 112 <0.001
S' average, cm/s 7(7-9) 7(7-9) 6(5-7) 0.976 <0.001 <0.001
GLS, % -18+2 202 -15+2 0.012 <0.001 <0.001
EF, % (2D) 574 6014 55+ 6 0.013 0.205 <0.001
EF, % (3D) 564 604 527 <0.001 0.020 <0.001
EF, % (CMR) 615 6719 0.006
Mech. disp., ms 52+11 62+ 12 0.014
LV diastolic function
E' average, cm/s 7 (6-8) 8(6-10) 6(4-6) 0.110 0.005 0.001
A' average, cm/s 9(8-11) 10(9-11) 8(7-9) 0.322 0.006 <0.001
MV DT, ms 189 (152-239) 200(181-228) 220(181-260) 0.129 0.151 0.373
MV E/A-ratio 1.0(0.8-1.1) 0.9(0.7-1.1) 0.9(0.7-1.1) 0.634 0.727 0.961
E/E'-ratio 8(6-10) 8(6-9) 12 (12 -18) 0.784 <0.001 <0.001
TR V-max, m/s 2.210.2 2.1+0.3 26104 0.253 <0.001 <0.001
LAVi, ml/m2 (2D) 3610 31+12 49+ 10 0.078 0.001 <0.001
LAVi, ml/m2 (3D) 379 318 47 + 11 0.006 0.007 <0.001
LA Res. strain, % 27 %5 307 18+6 0.118 <0.001 <0.001
CMR - tissue
characteristics -
Native T1, ms 1158 (1140 - 1184) 1213 (1175 - 1268) <0.001
ECV, % 24+3 25+2 0.205

Values are mean £ SD or median (interquartile range).
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A’ = peak late diastolic annular plane velocity; AV peak velocity = antegrade peak velocity
across the aortic valve; DT = deceleration time of transmitral E-wave; E’ = peak early diastolic
annular plane velocity; E/E’ = relation between early transmitral velocity and E’; E/A =
relationship between early and late diastolic transmitral velocity; ECV = extracellular volume;
EDVi = end diastolic volume indexed to body surface area; EF = ejection fraction; GLS = global
longitudinal strain; HH = Healthy Population-HUNT; HS = Healthy Population StOlav; 1VSd =
end diastolic thickness of intraventricular septum; LVIDd = end diastolic dimension of LV-
cavity; LA Res. strain = left atrial reservoir strain. LAVi = left atrial volume at end systole,
indexed to body surface area; LV = left ventricle; MAPSE = mitral annular plane systolic
excursion; Mass; = mass indexed to body surface area; Mech. disp. = standard deviation of time
to peak negative strain in all LV-segments; MV = Mitral valve; P = Patients with aortic stenosis;
PWTd = end diastolic thickness of posterior wall; S” = peak systolic annular plane velocity; TR

V-max = tricuspid regurgitation, peak jet velocity.
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Rating

Meaning

Unphysiological
MWV (AVC
>9.0 m/s or AK
>7.0 m/s)

Bidirectional
wave
propagation

IHlustration

Wave count (%)

HS HH P
(N=29) (N=34) (N=13)

16 23 12
(3.0%) (11,2%) (5,4 %)

28 23 30
(5.3%) (11,2%) (13,5%)

Poor image 38 26 26
quality (7.1%) (12,7%) (11,7 %)
| pekies m or o
end (28,2%) (52,2%) (42,2 %)
Significant
5 horizontal 12 0 2
stitching (2,3 %) (0 %) (0,9 %)
artefact
9 OC‘CI?L (‘j’lvz‘e‘gl 3 (432 ?500/) (10272 %) (17353 %)
medium broad e 70 140 e
B e velooice o 4 19
notch ' (56%) (2,0%) (8,5%)
Linear and
8 narrow wave, 28 0 2
considered (5,3 %) (0 %) (0,9 %)
optimal
82 72 68
(15,4 %) (35,1%) (30,5 %)
Accepted 450 133 155
Total | waves (84,6 %) (64,9%) (69,5%)
Total waves 532 205 223
(100 %) (100 %) (100 %)

Table 4. Systematic evaluation of mechanical wave quality in healthy subjects
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Systematic evaluation of mechanical wave quality according to our criteria in healthy subjects

from Population-HUNT and Population-StOlav, and in patients with aortic stenosis.

Ratings marked in red (1-3) led to rejection of the wave, while waves rated 4-8 (green) was

included for further analysis.

AK = Atrial kick; AVC = Aortic valve closure; HH = Healthy Population-HUNT; HS = Healthy

Population StOlav; MWV = Mechanical wave velocity; P = Patients with aortic stenosis.
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Table 5.

A. Feasibility and quality assessment for mechanical waves in healthy subjects and
patients with aortic stenosis

Valid 2 Subjects with >50 %
. . Length,
Event Wall Subject | measurements valid measurements mm b
(%) (%)
HS 80/86(93) 27 (93) 308
AK Inferolateral
P 37/39(95) 13 (100) 24 +6
HS 86 /91 (95) 28 (97) 40+9
AK  Anterolateral HH 21/29(72) 19 (73) 38+7
P 21 /35 (60) 8 (67) 38+5
HS 80/86(93) 27 (93) 28+6
AK  Anteroseptum
P 28/39(72) 10 (77) 23+6
HS 93 /93 (100) 29 (100) 37+8
AK  Inferoseptum HH 27 /32 (84) 26 (93) 30+7
P 40/ 42 (95) 12 (92) 327
HS 59 /88 (67) 20 (69) 22+3
AVC Anteroseptum
P 13 /36 (36) 5 (38) 205
HS 52 /88 (59) 19 (66) 25+6
AVC Inferoseptum HH 15 /33 (45) 14 (45) 22+8
P 20/38(53) 8 (62) 266

B. Mechanical wave velocities in healthy subjects and patients with aortic stenosis

Mechanical wave velocity (m/s) P-value
Event Wall )

Healthy (HS) HUNT-4 (HH) Patients (P) | HS-HH HS-P  HH-P

AK Inferolateral 2.3+0.8 2609 0.287
AK Anterolateral [2,6(2,1-2,9) 3,0(2,6-3,6) 2,9(2,2-4,5)| 0.020 0.320 1.000

AK  Anteroseptum |1.6(1.3-1.9) 1.7(1.3-2.7) 0.511
AK Inferoseptum |[1.3(1.1-1.8) 1,3(1,0-1,7) 1.4(1.1-2.1)| 0.522 0.372 0.256

AK Average © 2.0+0.3 2.2+0.6 0.107

AVC  Anteroseptum 2.1+0.7 34+14 0.007
AVC  Inferoseptum 26+0.9 2,6+1.1 42+2.1 0.944 0.009 0.030




Feasibility and quality assessment of mechanical waves and estimation of mechanical wave
velocities at different events in left ventricular walls in Healthy Population HUNT (N = 34),

Healthy Population StOlav (N = 29) and Patients (N = 13).
Values are mean + SD, median (interquartile range) or n (%).

AK = Atrial kick; AVC = Aortic valve closure; HH = Healthy Population HUNT; HS = Healthy

Population StOlav; P = Patients with aortic stenosis

a) Accepted measurements divided by total number of measurements. All individuals, except
Population-HUNT had 2 — 4 measurements of wave velocities for a given wall and event.

b) Length of traced M-mode line

c) Average value of atrial kick mechanical wave velocities for subjects with valid registrations
from at least ¥ walls, all healthy subjects from Population-StOlav and 12/13 patients were

included.
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Table 6. Agreement analysis among healthy subjects from Population StOlav

No. of
comparisons LOA ICC
Event Wall Intra- Inter- | Intracbserver Interobserver Intraobserver Interobserver
observer observer (m/s) (m/s)
AK Inferolateral 17 17 -1.5-0.8 -14-1.0 0.83(0.47-0.94) 0.78 (0.42-0.92)
AK  Anterolateral 19 19 -1.2-0.8 -1.6-1.4 0.88 (0.69-0.95) 0.60 (-0.06-0.85)
AK  Anteroseptum 17 13 -1.3-15 -1.1-14 0.72(0.22-0.90) -0.28(-3.37-0.62) a)
AK Inferoseptum 20 20 -0.6-0.5 -04-04 0.89 (0.72-0.96) 0.95 (0.88-0.98)
AVC Anteroseptum 14 10 -1.8-2.2 -09-1.1 0.87 (0.59-0.96) 0.92 (0.66-0.98)
AVC Inferoseptum 12 13 -1.9-1.6 -1.1-1.7 | 0.71(-0.02-0.92)  0.42(-0.70-0.82)
AK All 4 walls 73 69 -1.2-1.0 -1.2-1.1 | 0.88(0.80-0.92) 0.82(0.71-0.89)
AVC 2 septal walls 26 23 -1.6-1.5 -1.0-1.4 | 0.82(0.60-0.92) 0.78(0.49-0.91)
Both All walls 99 92 -1.3-1.1 -1.1-1.2 | 0.86(0.80-0.91) 0.82(0.72 - 0.88)

LOA and ICC for different events across different myocardial walls in healthy subjects from

Population-StOlav (N = 29). LOA are given as ranges in mechanical wave velocities (m/s); bias

+1.96 x SD. ICC, using the two-way mixed model, with average measures and absolute

agreement, are presented as mean (95 % confidence interval).

AK = Atrial kick; AVC = Aortic valve closure; ICC = Intraclass correlation coefficient; LOA =

Limits of agreement

a) If the major outlier was excluded, this interobserver ICC would be 0,51 (-0,92-0,86).
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Table 7. Overview of previous studies reporting natural mechanical wave velocities?
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a) Studies with at least 10 participants, non-abstracts

b) Significant differences in MWV between healthy and patients in 3 out of 6 tested walls

c) Values from separate walls can be found in the article

AAC = apical 4 chamber; AK = atrial kick; AVC = aortic valve closure; FPS = frames per second
(/s) ; GEVU = GE Vingmed Ultrasound; HCM = hypertrophic cardiomyopathy; MVC = mitral

valve closure; PLAX = parasternal long axis
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