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declines as degenerative aortic valve stenosis (AS) progresses. Whether this results
Correspondence in uniformly distributed deformation changes from base to apex has not been
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phy in this cross-sectional study. Patients were grouped by peak jet velocity into mild
(n=32), moderate (n = 31), and severe (n = 22) AS. 3D speckle tracking derived strain,
rotation, twist, and torsion were obtained to assess global LV function and myocardial
function at the apical, mid, and basal levels.

Results: Global longitudinal strain (GLS) was lower in patients with severe AS (-
16.1 + 2.4% in mild, -15.5 + 2.5% in moderate, and -13.5 + 3.0% in severe AS [all
p <.01]). Peak basal and mid longitudinal strain (LS), basal rotation and twist from apical
to basal level followed the same pattern, while peak apical LS was higher in moderate
AS compared to severe AS (all p < .05). In multivariate analyses, lower GLS was par-
ticularly associated with male sex, higher body mass index and peak aortic jet velocity,
lower basal LS with higher filling pressure (E/e’) and LV mass, lower mid LS with higher
RWT and presence of AS symptoms, and lower apical LS with male sex and higher
systolic blood pressure, respectively (all p < .05).

Conclusion: Using 3D speckle tracking echocardiography reveals regional and global
changes in LV mechanics in AS related to the severity of AS, LV remodeling and

presence of cardiovascular risk factors.
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1 | INTRODUCTION

Aortic valve stenosis (AS) progression leads to chronic left ventricular
(LV) pressure overload. Initially, the LV adapts with changes in LV geom-
etry and hypertrophy to maintain wall stress and cardiac output.?
Over time, the LV eventually decompensates, which leads to LV sys-
tolic and diastolic dysfunction, myocardial oxygen supply-demand
mismatch, ischemia, myocardial fibrosis and eventually symptoms.3->
Myocardial strain is related to the extent of myocardial fibrosis,®
and global longitudinal strain (GLS) assessed by two-dimensional (2D)
and three-dimensional (3D) speckle tracking echocardiography (STE)
may detect subclinical systolic dysfunction before changes in ejection
fraction (EF) occur.b~1! Nevertheless, in AS, changes in longitudinal
function may occur in different LV levels that are not captured by look-
ing at the LV as a whole.” Reduced basal longitudinal strain (LS) by
2D STE have been shown to be a more sensitive marker than GLS in
predicting outcome in AS.12

However, LV deformation occurs not only in the longitudinal direc-
tion, but in three dimensions, and is dependent on LV twist and rotation
for efficient cardiac contraction and relaxation.'31* Although 2D STE
echocardiography may be used to measure rotation and twist, this
method has several limitations, such as losing speckles from out-of-
plane motion.2>17 3D STE, on the other hand, has better accuracy,
reproducibility, and may overcome the limitations of 2D STE.X® In
patients with AS, a few smaller studies using 2D and 3D echocar-
diography have shown increased apical rotation in severe AS.19-21
However, there is still limited knowledge from 3D STE on how AS
severity impacts myocardial deformation in different LV levels. Accord-
ingly, the present study aims to explore the impact of AS severity
on strain and twist measurements in different levels of the LV using
3D STE.

2 | METHODS
2.1 | Study population

This cross-sectional study recruited patients from the outpatient clinic
at Haukeland University Hospital, Bergen, Norway, who underwent
serial echocardiographic examinations to follow progression of degen-
erative AS. Exclusion criteria were known coronary artery disease,
previous cardiothoracic surgery, TAVR, coexisting aortic regurgitation,
or other known valve diseases that could affect deformation values in
any direction, based on hospital medical records. Patients with known
atrial fibrillation were excluded based on the requirement of a regular
heart rhythm to use 3D stitched images without artifacts. In addi-
tion, patients with known image quality too poor to be analyzed were
excluded retrospectively.

Of 120 patientsincluded, 7 were excluded because of irregular heart
rate, 1 because of previously unknown myocardial infarction, and 27
patients due to poor image quality or volume stitching artifacts which
precluded 3D STE analysis. This resulted in 85 patients eligible for the

present analysis.
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The study was approved by the Norwegian regional commit-
tee for medical health and research ethics (2014/1895/REK Nord).
All patients gave written informed consent. Self-reported informa-
tion on medical history, cardiovascular risk factors and medication
treatment was collected on a standardized questionnaire, and data
were quality assured by study personnel. A 12-lead electrocardio-
gram and brachial blood pressure measurement both before and
after the echocardiogram were undertaken in all patients by a study

nurse.

2.2 | Echocardiography

A standardized imaging protocol for 2D and 3D echocardiography
using a Vivid E9 scanner with M5S probe (GE Vingmed Ultrasound AS,
Horten, Norway) for 2D imaging, and 4 V probe for 3D imaging (GE
Vingmed Ultrasound AS, Horten, Norway) was applied in all patients.
Volume-stitched 3D images were obtained using six beats with a target
volume rate of 35 volumes per second (VPS) using harmonic imaging, as
these were the optimal settings for deformation measurements found
in previous in-vitro studies.2223 The sector width was adjusted as nar-
rowly as possible, while still covering the entire LV, optimized for post
processing STE analysis. Patients were instructed to hold their breath
during recording of two, four, and six heart cycles. To ensure quality,

multiple 3D recordings were acquired.

2.3 | Echocardiographic measurements

Conventional 2D echocardiographic images were analyzed using
ImageArena (TomTec Imaging Systems, GmbH, Unterschleissheim,
Germany). LV quantification was performed following the joint Euro-
pean Association of Cardiovascular Imaging (EACVI) and Ameri-
can Society of Echocardiography (ASE) guidelines.?* AS severity
was assessed by peak jet velocity, mean aortic gradient, and aor-
tic valve area using the continuity equation.?>2¢ EF was estimated
using bi-plane method of disks. Filling pressure was estimated
from ASE/EACVI diastolic function guidelines using the ratio of
peak early transmitral blood velocity to average early mitral annu-
lar velocity (E/e’).2” All 2D echocardiograms were initially read by
a single investigator (E.E) and later proofread by an experienced
reader (E.G.).

3D STE data were analyzed using EchoPAC v202 (GE Vingmed
Ultrasound AS, Horten, Norway). The best 3D recordings were
selected using multi-slice short axis view, to ensure optimal image qual-
ity and to avoid images with any stitching artifacts. STE was analyzed
by the software’s 4D Auto LVQ-tool (Figure 1A & 1B). For this process,
the LV in the three apical views from 3D were manually aligned with
the axial axis. The apex and mid base were manually defined at both
end-diastole (ED) and end-systole (ES) before the software automat-
ically tracked the LV lumen. Any tracking inaccuracies were manually
corrected. Any segment with tracking errors or artifacts was rejected.

If the software was unable to track more than three segments, the
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FIGURE 1 3D views of the LV. Example of 3D echocardiographic image in patients with mild (A) and severe (B) AS with corresponding LS

curves and bull’s-eye plot.
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FIGURE 2 Segmentation models. Regional segmentation models of the left ventricle. Standard 17 segment model with bull’s-eye plot (A).

Segmentation by basal, mid, apical and apex levels (B). Global model (C).

recording was considered of poor image quality, and the patient was
excluded. The software then calculated the LV 3D volumes and timing
of ED and ES from the minimum and maximum LV-volume. The soft-
ware then tracked the epicardial border at ES and ED. Any mismatches

were manually corrected.

2.4 | Data analysis

3D STE analysis was performed in a standard LV model with 17 seg-
ments (Figure 2A). This model consists of six basal, six mid, and four

apical segments as well as one segment for the apex.2* The EchoPAC
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software also provided 3D STE-derived rotation curves for the basal,

mid, apical, and apex levels of the LV relative to the ultrasound
probe (Figure 2B). Twist, which is defined as the difference in rota-
tion between two different planes, was provided by the software, and
found to be identical with basal rotation subtracted from apex rotation
(Figure 3A). Torsion is defined as twist divided by the distance between
the two planes, and was provided for the basal, mid, and apical LV levels.
Average 3D strain in longitudinal, circumferential, and radial direction
as well as area strain was calculated for each LV level using a custom
written Python program running Python 3 (Python Software Founda-
tion, Wilmington, Delaware, USA). The global twist provided from the
EchoPAC software was identical to The Python program also calcu-
lated twist for the six possible combinations [basal-apex (Figure 3A),
basal-apical (Figure 3B), basal-mid (Figure 3C), mid-apex (Figure 3D),
mid-apical (Figure 3E), and apical-apex (Figure 3F)]. Apical-basal longi-
tudinal strain ratio (ABr) was calculated by dividing the mean LS of the
four apical segments by the mean six basal segments.

Negative peak values for longitudinal, circumferential, area strain,
and positive peak values for radial strain were recorded for both
regional (Figure 2B) and global (Figure 2C) curves. Positive peak rota-
tion values were registered for the apex, apical and mid-levels, while
negative peak rotation values were registered in the basal level. Peak
negative twist rate was registered as peak untwist.

2.5 | Statistics

Statistical analysis was conducted using R version 3.5.1 (The R Foun-
dation for Statistical Computing, Vienna, Austria) and SPSS version 25
(SPSS Inc., Chicago, Illinois, USA).

The population was divided into AS severity classes based on peak
aortic jet velocity: mild AS (< 3.0 m/s), moderate AS (3.0 - 3.9 m/s),
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FIGURE 3 Rotation by levels. Level
combinations used for twist calculation.
Apex-basal or global twist (A), apical-basal
twist (B), mid-basal twist (C), apex-mid twist
(D), apical-mid twist (E), and apex-apical twist
(F).

and severe AS (> 4.0 m/s).252¢ Results are presented as mean + stan-
dard deviation. One-way analysis of variance (ANOVA) with Bonferroni
post hoc test was used to show any difference between the groups for
continuous variables.

Comparison of strain, rotation and torsion between different
myocardial levels, was performed using mixed two-way ANOVA,
with AS severity as group factor (Pg) and LV level as within-factor
(Py). Post hoc Bonferroni contrasts were used when appropriate.
The Greenhouse-Geisser adjustment of freedom was used for eval-
uation of the main effect when Mauchly’s test of sphericity was
violated.

Uni- and multivariable linear regression was used to identify any
covariables. 3D STE and LS at different levels were used as depen-
dent variables while relative wall thickness (RWT), Peak jet velocity,
E/e’, LV mass, sex, symptoms, and body mass index (BMI) were used as
independent variables. For LS, multivariable linear regression using a
stepwise procedure was first used to identify covariates, and then sys-
tolic BP and sex were forced into all models. Results were reported as
standardized beta coefficients.

Intra- and interobserver variability was assessed by re-analyzing 20
randomly selected patients in a blinded manner and reported as intr-
aclass correlation coefficient (ICC) and mean difference between the
results.

3 | RESULTS
3.1 | Patient characteristics

The total study cohort included 32 patients with mild, 31 with mod-
erate, and 22 with severe AS (Table 1). While most patients were
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TABLE 1 Patient and 2D echocardiographic characteristics.

Echocardiography RYVAEFSVEIE

All patients Mild AS Moderate AS Severe AS One-way
Variable (n=85) (n=32) (n=31) (n=22) ANOVA
Age (years) 72 + 12 71 + 10 71 + 14 75 + 10 .393
Sex (male) 44 (51 %) 15 (45 %) 18 (58 %) 11 (50 %) .533
Weight (kg) 75+ 15 76 + 12 77 £ 17 72 + 15 .582
Height (cm) 170 + 9 169 + 9 171 + 9 170 + 9 475
BMI (kg/m?) 260 + 3.2 26.6 + 3.7 260 + 4.5 25.1 + 34 392
BSA (m?) 186 + .21 1.85 + .18 189 + .24 1.83 + .22 617
Symptoms (> NYHA2) 13 0 6 72 .004
Heart rate (beats/min) 68 + 10 66 + 9 67 +9 72 + 13 .143
Systolic BP (mmHg) 149 + 23 153 + 27 144 + 21 148 + 18 264
Diastolic BP (mmHg) 83+ 9 83 + 11 83 + 8 82+ 9 933
Current smokers (%) 7 3 10 9 574
Diabetes (%) 8 13 10 0 247
Hypertension (%) 87 88 90 82 667
Peak aortic jet velocity (m/s) 3.41 + .89 2.50 + .27 3.50 + .25° 4.60 + 442 <.001
Mean aortic Gradient (mmHg) 270 + 15.2 134 + 34 260 + 4.0° 48.2 + 11.32b <.001
Aorta valve area (cm?) 1.39 + .50 1.88 + .34 1.23 +.30° 92 + .192b <.001
LVEF (%) 62 +5 63 + 4 62 +5 63 +7 .397
IVSd (cm) 1.34 + .30 127 + .22 127 + 31 1.54 + .302° <.001
LVIDd (cm) 4.67 + .62 4.70 + .59 470 + .57 459 + .73 791
PWDd (cm) 1.00 + .18 94 + .12 .99 + .20 1.09 + .22° .013
E/e’ 12.28 + 441 147 + 3.03 12.65 + 4.84 14.31 + 4.58° .005
RWT 43 + .09 40 + .08 42 + .09 48 + .10° .017

Data are mean + SD.

Abbreviations: AS, aortic valve stenosis; ANOVA, analysis of variance; BMI, body mass index; BSA, body surface area; BP, blood pressure; E/€’, filling pressure;
1VSd, septum thickness at end diastole; LVEF, left ventricle ejection fraction; LVIDd, left ventricle internal diameter at end diastole; PWDd, posterior wall

thickness at end diastole; RWT, relative wall thickness.
2Dfference with mild AS.
bDifference with moderate AS.

asymptomatic, 13 reported dyspnea (New York Heart Association
functional class IlI-111) in the questionnaire, 6 in the moderate AS, and
7 in the severe AS group. None reported angina pectoris or syn-
cope. The E/e’ ratio and RWT were higher in patients with severe
AS (p = .017), while sex, age, BMI, and blood pressure did not differ
(Table 1).

3.2 | 3D echocardiography
3.2.1 | Longitudinal strain

GLS was significantly lower in severe AS patients compared to mild and
moderate AS (p = .002) (Table 2 and Supplementary figure 1). Basal
and mid LS followed a parallel pattern with lower values in the severe
than mild AS group (p < .001 and p = .004 for basal and mid, respec-
tively) (Table 3). Apical LS was lower in the severe than moderate AS
group (p = .027), while mild AS did not differ significantly from either
(Figure 4A).

3.2.2 | Circumferential strain

Global circumferential strain (GCS) showed no difference between the
groups of AS severity. Circumferential level strain was highest in the
apical level in all AS severity groups, but no difference was found
between the AS severity groups.

3.2.3 | Area strain

Area level strain was higher in the apical than in the basal level. Both
mid and basal levels showed lower area strain for severe than mild AS.

3.2.4 | Radial strain

Radial strain was higher in the apical than basal level for the moderate
and severe AS groups and was lower in severe than mild AS for mid and

basal level.
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TABLE 2 3D STE characteristics.
Mild AS Moderate AS Severe AS
(n=32) (n=31) (n=22) One-way
Variable (A) (B) (C) ANOVA
Volume rate (VPS) 362 + 4.1 360 + 7.7 343 + 1.8 405
Peak Global Strain (%)
Longitudinal -16.1+ 24 -155+ 25 —-135 + 3.02° .002
Circumferential -17.1 + 3.6 —-17.1 + 3.8 —16.5 + 4.7 .808
Area -290 + 4.1 —28.6 + 4.3 —26.1 +5.3 .052
Radial 474 + 11.3 46.9 + 11.0 41.9 + 11.7 172
Peak Twist (°)
Apex-Basal (Global) 90 + 5.5 118 + 54 12.1 + 6.5 079
Apex-Mid 71+51 45+ 34 35+ 44 .255
Apex-Apical 31+33 92 + 45 8.4 + 60 .324
Apical-Basal 70+ 28 7.8 + 35 10.1 + 3.12° .003
Apical-Mid 48 + 1.9 50+23 6.0+ 22 .100
Mid-Basal 24 + 17 29+ 19 4.1 + 1.6° .003
Peak untwist (°-s%)
Apex-Base (Global) —101.9 + 54.8 —109.2 + 40.8 —110.6 + 43.8 758
Apex-Mid —87.5 + 494 —94.9 + 330 —84.8 + 39.5 .646
Apex-Apical —63.6 + 37.5 —63.6 + 22.6 —52.1 + 243 297
Apical-Basal —614 + 264 —63.2 + 255 —87.1 + 29.92° .002
Apical-Mid -36.7 + 19.1 —40.6 + 19.3 —53.0 + 20.6° 012
Mid-Basal -34.3 + 120 -34.9 + 11.9 -42.2 + 141 .054
ABr 82 + .24 1.00 + .30° 92 + .21 015
Global Torsion (°-cm™) 18+ .8 21+ .9 23+ 10 138
LV Mass (g) 153 + 38 165 + 38 169 + 60 .363
GCS/GLS ratio 1.08 + .22 111 + .22 1.26 + .37 .053

Data are mean + SD.

Abbreviations: ABr, apical-basal longitudinal strain ratio; AS, aortic valve stenosis; ANOVA, analysis of variance; GCS, global circumferential strain; GLS, global

longitudinal strain; LV, left ventricle; STE, speckle tracking echocardiography; VPS, volumes per second.

ap < .05 vs. Mild AS group.
bp <.05 vs. Moderate AS group.

3.2.5 | Rotation

Peak rotation, presented in Table 3, showed a gradient in rotation
from base towards apex with positive rotation (counterclockwise) at
apex level and negative rotation (clockwise) at the basal level during
systole, when observed from the apex. There was a significant differ-
ence between each level except between the apex and apical level,
which only differed in the moderate AS group. Between the groups,
basal rotation was significantly higher in severe AS (Figure 4B and

Supplementary figure 2).

3.2.6 | Twist

Peak twist increased with AS severity for apical-basal and mid-

basal twist (Table 2 and Supplementary figure 3). Peak untwist was

higher in patients with severe AS for Apical-Basal and Apical-Mid
untwist.

3.2.7 | Torsion

Although global torsion showed borderline significance between the
severity groups, there was no difference in torsion by severity for
different levels (Table 3).

3.3 | Covariate analysis
Using multivariable linear regression analysis in the total study popu-

lation, partially different independent covariates of 3D STE GLS and LS
at basal, mid, and apical level were identified (Table 4). Lower GLS was
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TABLE 3 3D STE strain, rotation, and torsion at different LV levels.

Echocardiography RYVEFSVEIR

Mild AS Moderate AS Severe AS
(n=32) (n=31) (n=22)
(A) (B) (C) Two-way mixed ANOVA
Longitudinal strain (%)
Apex n.a. n.a. n.a. pw <.001, p, <.001, p; =.029
Apical —14.9 + 38 -16.1 + 34 -134 + 32°
Mid -153 £ 3.6 -14.1 + 3.1 -122 + 3.2°
Basal —18.7 £ 32" -16.7 + 3.6™ -14.9 + 3.8
Circumferential strain (%)
Apex n.a. n.a. n.a. pw <.001, p, =.767, p; = .493
Apical -19.6 £ 5.6 -19.6 £ 5.6 =199 g 7l
Mid —17.0 + 2.4 —16.8 + 4.6 —15.8 + 4.3
Basal —13.4 + 3.4 —13.1 + 34" —12.0 + 3.5

Area strain (%)

Apex n.a. n.a. n.a. pw <.001,p, =.031,p; =.117
Apical -303 + 6.3 -311+£56 -292+70
Mid —-287 + 35 —274 £ 5.7 —24.9 + 55"
Basal —-280 + 4.2 —26.2 + 4.6 —234 + 5.0
Radial strain (%)
Apex n.a. n.a. n.a. pw <.001, p, =.266, p; =.078
Apical 50.8 + 17.3 531+ 17.6 48.7 + 174
Mid 435 + 7.6" 41.6 + 11.1* 360 + 11.32**
Basal 443 + 8.7 411 + 8.5™ 35.0 + 10.2***
Rotation (°)
Apex 73 +53 9.7 +52 91+ 6.1 pw <.001, p, =.150, p; =.098
Apical 54 +22 6.3 + 3.1 71+31
Mid 11+ 147 18 + 1.6 18 + 1.8"*
Basal 2.0 4 1.9 Frrrex 1.8 4 150 32 4 1.9abrrrrex

Torsion (°-cm™1)

Apex n.a. n.a. n.a. pw <.001, p, =.138, p; =.470
Apical 22+ 16 31+ 16 27 + 23

Mid 23+ 11 22+ 12 27 42 &)

Basal 7+ .65 8 + .8 11 + 1.1

Data are mean + SD.

Abbreviations: ANOVA, analysis of variance; V, left ventricle; STE, speckle tracking echocardiography; Pw, Pg, and Pi, p-values for within-subjects (level),
between-groups (severity), and interaction from two-way mixed ANOVA, respectively.

2p <.05 vs. Mild AS group

bp < .05 vs. Moderate AS group

*p <.05 vs. Apex level

**p <.05 vs. Apical level

***p <.05 vs. Mid level

particularly associated with male sex, higher BMI, and higher peak aor- apical LS was associated with male sex and higher systolic blood pres-

tic jet velocity. Furthermore, lower basal LS was associated with higher sure (all p < .05). Increased apical-basal twist was associated with
filling pressure (E/e’) and higher LV mass. Lower mid LS was indepen- higher RWT, higher E/e’ higher peak jet velocity, higher BMI, lower

dently associated with higher RWT and presence of symptoms. Lower GCS, but not with symptoms (Table 5).
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Longitudinal strain and LV rotation by severity and LV level. Longitudinal strain at apical, mid, and basal level (A); Left ventricular

rotation at apex, apical, mid, and basal level (B). Vertical lines represent standard error of mean; * p < .05 vs. Mild AS group; **p < .05 vs. Moderate

AS group.

TABLE 4 Univariate and multivariate association of longitudinal strain in different levels and GLS.

Global longitudinal strain

Basal longitudinal strain

Mid longitudinal strain

Apical longitudinal strain

Univariate Multivariate* Univariate Multivariate*  Univariate Multivariate* Univariate Multivariate®

Dependent
variables B p B p B p Beta p B p B p B p 8 p
RWT .330 .002 .189 .084 402 <001 .358 <001 .173 113
Peak jet velocity 405 <001 .383 <001 .381 <.001 .196 .069 .384 <.001 195 074

(m/s)
E/e’ .143 193 276 011 252 018 .135 220 —.050 654
LV mass (g) 473 <001 465 <001 271 .031 .327 002 .191 118 294 006
Sex (male) 427 <001 .334 .001 .293 .007 .149 .241 290 .007 .093 452 397 <001 437 <.001
Age .038 729 039 726 .033 .817 084 447
Symptoms .346 .001 220 .043 .328 002 .236 018 261 016

(> NYHA2)
BMI .287 008 268 006 .131  .233 164 .133 324 002
Systolic BP (mmHg) .013 212 -085 .371 -033 765 —020 .840 .032 772 .066 493 —-281 009 -.343 .001

Abbreviations: BMI, body mass index; BP, blood pressure; E/€/, filling pressure; LV, left ventricle; RWT, relative wall thickness.
aStepwise multivariate modeling with additional forced variables (sex and systolic BP).

TABLE 5 Covariates of apical-basal twist in uni- and multivariable linear regression analyses.

Model multiple R2
Dependent variables
RWT

E/e’

Peak jet velocity (m/s)
GCS (%)

BMI

Symptoms (> NYHA2)

Univariable

Beta p
.243 025
454 <.001
.357 <.001

—.479 <.001

-.357 <.001
022 .843

Multivariable Model 1

Multiple R? .480,

p<.001

Beta p
212 .020
.228 015
219 .023

—.427 <.001

—-.146 .106

Multivariable Model 2

Multiple R? = .482, p < .001

Beta p
216 018
227 .015
.200 .049

—.443 <.001

—-.146 .106
.054 .563

Abbreviations: BMI, body mass index; E/€’, filling pressure; GCS, global circumferential strain; RWT, relative wall thickness.
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3.4 | Reproducibility

Inter- and intraobserver variability was excellent for 3D STE data.
Reproducibility for 3D strain, rotation, and torsion is presented in
Supplementary table 1.

4 | DISCUSSION

The present cross-sectional study using 3D STE gives novel informa-
tion on the association of AS severity and other clinically important
confounders with myocardial deformation at different LV levels. As
demonstrated, increasing AS severity is associated with a reduction in
LS, particularly in the basal and mid LV level. Other regional myocar-
dial deformation markers like circumferential, radial, and area strain as
well as torsion, showed no significant difference. Using 3D STE, apical
LS may seem to be preserved in patients with both mild and moderate
AS, while patients with severe AS have reduced apical LS. This hints to
a possible compensatory role for apical LS in preserving GLS in mild
and moderate AS. Furthermore, we found that apical-basal twist was
higher in patients with severe AS compared to mild and moderate AS.
Our findings expand results from previous studies by 2D STE, demon-
strating GLS to be reduced with increasing severity,”® and lower basal
LS in symptomatic AS?® by revealing that regional and global changes
in LV mechanics in AS are not only related to the severity of AS, but
also to LV remodeling and presence of cardiovascular risk factors in the
individual patient.

Schueler et al. were the first to explore the feasibility and useful-
ness of 3D strain for the determination of changes in LV mechanics
after transcatheter aortic valve implantation (TAVR).2? In their study,
44 elderly patients underwent 2D and 3D LV deformation imaging
before, and 6 months after TAVR. The authors showed that 3D LS sig-
nificantly increased 6 months after TAVR, while no significant changes
were observed in twist and rotation, or 2D strain. Of note, 3D strain
values at basal and apical LV levels were not reported.

Several studies have shown that rotation and twist is higher in
patients with more severe AS.1%2930 Using 2D STE, Holmes et al. found
increased apical rotation to be associated with poor survival in severe
AS, suggesting apical rotation as a compensatory mechanism to pre-
serve cardiac output in severe LV outflow obstruction.'? In the present
study, only basal rotation was higher in the severe AS group. This could
possibly be explained by the nature of a twisting object, where the
middle part has close to stationary rotation, if the two ends rotate
the same amount in opposite directions. However, the apex rotation
showed much wider dispersion than the other levels of rotation in the
present study, reflecting 3D STE measurement limitations involving the
apex. Our findings of increased basal rotation contrasts with a smaller
2D STE study by van Dalen et al.,3° which reported similar basal rota-
tionin 24 normal controls and 48 patients with AS. The same study also
found significantly higher apical rotation and twist in patients with AS
than control subjects.

The present study compared six different combinations of twist

measurement. Ideally twist would be measured from apex to the basal

Echocardiography RYVFSVEIR

level. Because of the apex rotation dispersion, twist involving apex
also showed much wider dispersion than for other twist combina-
tions. Twist measured one level down, from apical to basal level, gave
much less dispersion. Comparison of apical-basal twist between the
groups also showed a significant increase in twist for the severe AS
group, while none of the twist combinations involving the apex showed
any significant difference between the groups. Although not found in
this study, a potential loss of apical function in severe AS could also
affect apical rotation, which has been reported in symptomatic AS
patients.31 LV rotation, however, may not be considered a strict defor-
mation parameter, as it is relative to the observer, namely, the probe. LV
twist and torsion, on the other hand, can be considered as true defor-
mation parameters, as their relative measurements are both within the
myocardium.

Interestingly, diverse clinical and echocardiographic covariates of
3D STE LS were identified at different levels, expanding previous
knowledge from 2D STE studies assessing covariates of GLS in AS. Peak
jet velocity and LV mass were identified as determinants of GLS but
also of basal LS, and RWT as determinant of mid-level LS.7832 |n a
prospective study of 220 patients with severe asymptomatic AS, higher
LV mass index was associated with impaired GLS.33 In that study, nei-
ther GLS nor LV mass index differed between groups of patients that
developed symptoms during follow-up. In the present cross-sectional
3D study, presence of symptoms was associated with reduced LS at
the mid-level. In addition, male sex was a major determinant of GLS
and apical LS, as previously reported from a 2D study.” In contrast to
the findings of Ng et al. we found no association between age and GLS
or LS at any level.® Higher RWT was associated with lower mid LS,
but not with lower GLS, as previous reported in a 2D STE study by
Dahl et al.32 In addition, higher body mass index was independently
associated with lower 3D GLS, expanding findings in a 2D STE study
in 44 patients with severe AS that found obesity to be associated
with lower GLS and with more endomyocardial fibrosis in endocardial
biopsies.3*

41 | Clinical implications

As a clinical tool, 3D STE strain, twist and other parameters related to
LV mechanics have the potential to identify subclinical dysfunction as
well as monitor disease progression and response to treatment. In a
recent survey conducted by the EACVI,%? it was shown that > 90% of
European echo labs had access to 3D echocardiography, but the major-
ity of centers reserved the technique for selected cases and specific
indications. The most frequent use was assessment of LV dimensions
and function before cardiac device implantation or surgery for valvu-
lar heart disease, or as screening for cardiotoxicity from chemotherapy.
AS is the most common valvular heart diseases requiring valve replace-
ment or intervention and the incidence is increasing. The optimal
timing of intervention for asymptomatic patients is challenging. Hence,
the assessment of LV function by 3D LV deformation has potential as a
valuable supplement to the routine follow-up of AS patients who have

normal conventional EF and are apparently asymptomatic. The present
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study suggests that basal LS may be important as an early marker of LV
deterioration in patients with AS and EF > 50%.

4.2 | Limitations

One of the main limitations of 3D STE compared to 2D is its lower
temporal resolution. It can be argued that the extra added dimension
reduces the need for a high temporal resolution due to the abil-
ity to track speckles in all directions and follow the speckles in 3D
space.1>22.36 However, if the volume rate becomes too low, measure-
ments and peaks may be underestimated. For the same reason, the
usefulness of time derivative on 3D STE deformation to produce strain
rate and twist rate is limited. Assessment of time to untwist was not
included in the present analysis for this reason. This study used a vol-
ume rate of 36 + 6, which was considered an optimal volume rate for 3D
STE in our previous in vitro studies,?22% and gave good reproducibil-
ity of 3D strain and twist against sonomicrometry as a gold standard.
The low temporal resolution makes measurements dependent on curve
derivation, such as strain rate and untwist rate, unreliable, and peak
values will be inaccurate.

Of the 120 patients initially enrolled, only 70% were included in the
final study, mostly because of poor 3D STE tracking. This was mainly
due to poor acoustic visibility and stitching artifacts, which may limit
the use of 3D STE in clinical practice.

The present study was not designed to compare 3D STE versus 2D
STE, but rather to explore 3D STE findings. Furthermore, the study did
not include a healthy control group without AS.

The patient population in this study was not screened for
transthyretin cardiac amyloidosis (ATTR-CM). Studies in the later
years have shown ATTR-CM to be much more abundant than previ-
ously anticipated, especially in the AS population, where some studies
have shown ATTR-CM to be prevalent in up to 16 %,%” especially in
those with the subgroup of low-flow, low-gradient AS.3¢ As ATTR-CM
is known to affect basal LS with apical sparing,3? it cannot be excluded
that our findings of reduced basal strain with preserved apical strain
may have been confounded by ATTR-CM.

Although few studies have explored level-specific deformation in AS
by 3D STE, high apical to basal LS ratio has been associated with poorer
outcome in two previous studies using 2D STE.#0:41

Inter-vendor difference for 3D strain measuring has been
reported,*2 and our results should therefore not be extrapolated
to other vendors. Since twist planes may be placed at different levels
of the LV by different 3D STE algorithms, twist measurements are
particularly vulnerable to inter-vendor differences.

Of clinical importance, the presence of symptoms in our cohort was
based on patient self-reports, and systematic exercise testing was not
included in this protocol. Lack of physical activity, especially in the aging
group of patients, could mask apparent symptoms.

Our participants did not undergo cardiac magnetic resonance
(CMR). Earlier CMR studies using myocardial tagging and feature
tracking imaging have demonstrated normal values from deforma-

tion measurements in different myocardial levels and myocardial
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layers.*34* However, the use of CMR is more resource demanding and
less available compared to echocardiography.

5 | CONCLUSION

This study shows that 3D STE can reveal regional and global changes in
LV mechanics related to the severity of AS, LV remodeling, and cardio-
vascular risk factors. Patients with severe AS had lower GLS and higher
apical-basal twist than those with mild and moderate AS.

When looking at regional deformation of LV levels, deformation
changes seem to be more prevalent in the basal LV levels. Apical level
LS tends to have a biphasic pattern with higher ABr for moderate than
mild AS, while apical LS is lower in severe than moderate AS. Generally,
apex measurements seem to be less accurate, with wider dispersion
than the other LV levels. These echocardiographic findings may add
to the conventional methods applied today in the work-up of patients
with AS.
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