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Patients with severe aortic stenosis (AS) may show left ventricular (L'V) apical longitudinal
strain sparing. Transcatheter aortic valve implantation (TAVI) improves LV systolic func-
tion in patients with severe AS. However, the changes in regional longitudinal strain after
TAVI have not been extensively evaluated. This study aimed to characterize the effect of
the pressure overload relief after TAVI on LV apical longitudinal strain sparing. A total
of 156 patients (mean age 80 + 7 years, 53% men) with severe AS who underwent com-
puted tomography before and within 1 year after TAVI (mean time to follow-up 50 +
30 days) were included. LV global and segmental longitudinal strain were assessed using
feature tracking computed tomography. LV apical longitudinal strain sparing was evalu-
ated as the ratio between the apical and midbasal longitudinal strain and was defined as
an LV apical to midbasal longitudinal strain ratio >1. LV apical longitudinal strain
remained stable after TAVI (from 19.5 £ 7.2% to 18.7 &+ 7.7%, p = 0.20), whereas LV mid-
basal longitudinal strain showed a significant increase (from 12.9 + 4.2% to 14.2 £+ 4.0%,
p <0.001). Before TAVI, 88% of the patients presented with LV apical strain ratio >1%
and 19% presented with an LV apical strain ratio >2. After TAVI, these percentages sig-
nificantly decreased to 77% and 5% (p = 0.009, p <0.001), respectively. In conclusion, LV
apical sparing of strain is a relatively common finding in patients with severe AS who
underwent TAVI and its prevalence decreases after the afterload relief after TAVI. ©
2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/) (Am J Cardiol 2023;198:95—100)

In aortic stenosis (AS), the left ventricular (LV) myocar-
dium remodels in response to the pressure overload, with
an increase of the sarcomeres in parallel that leads to LV
hypertrophy.' These structural changes reduce wall tension,
increase LV contractility, and maintain systemic and myo-
cardial perfusion. Nevertheless, LV hypertrophy is also
accompanied by extracellular matrix deposition and fibro-
sis, which are the starting points of myocardial damage and
eventually lead to overt LV diastolic and systolic dysfunc-
tion. When patients with severe AS become symptomatic
or develop LV systolic dysfunction their prognosis is dis-
mal with 50% mortality within 2 years.” Transcatheter aor-
tic valve implantation (TAVI) or surgical aortic valve
replacement are the only effective therapies to halt LV
remodeling and restore LV systolic function in patients
with severe AS.” Segmental and global longitudinal strain
(GLS) are more sensitive markers of LV systolic function
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than LV ejection fraction in patients with severe AS. Partic-
ularly important is the presence of the LV apical sparing
pattern of longitudinal strain (LS), which is characterized
by a ratio between the apical and midbasal LS values >1."”
This segmental pattern of LV LS has also been considered
a potential marker of cardiac amyloidosis.” Little is known
about the effect of pressure overload relief after aVR on LV
apical sparing of LS. If the LV apical sparing pattern would
be related to the presence of amyloid protein deposits, it
could be hypothesized that the pattern would not change
after aVR. Accordingly, the aim of the present study was to
investigate the changes in LV global and segmental LS in
patients with severe AS after TAVI using feature tracking
computed tomography (CT).

Methods

A total of 156 patients who underwent TAVI for severe
AS between November 2007 and September 2016 with CT
data before TAVI and within 1 year of follow-up were
included.

Patients with previous aVR or without CT data with
image reconstructions at the 10% phase of the cardiac cycle
were excluded. The severity of AS was quantified with
echocardiography using the continuity equation®, and
severe AS was defined as an aortic valve area indexed to
body surface area <0.6 cm*m?.*° Clinical data were col-
lected from the electronic records of the Cardiology
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Department (EPD Vision, version 12.3.5.0, Leiden Univer-
sity Medical Center, Leiden, The Netherlands) and included
demographics, symptoms, cardiovascular risk factors, and
medication use. Segmental and global LV and right ventric-
ular (RV) LS were assessed, and the prevalence of LV api-
cal sparing was evaluated. Furthermore, changes in LV and
RV LS and LV apical sparing after TAVI were evaluated.
The institutional review board approved this retrospective
study and waived the need for patient written informed con-
sent.

Multidetector row CT scans were performed using a
320-slice CT scanner (Aquilion ONE, Toshiba Medical
Systems, Otawara, Japan) before (median 8, interquartile
range [IQR] 3 to 18 days before the procedure) and after
TAVI (median 39, IQR 32 to 58 days after the procedure)
according to a dedicated cardiac CT protocol.” The entire
cardiac cycle was imaged using prospective dose modula-
tion, which was triggered to the electrocardiogram. The
images were subsequently transferred to a remote work sta-
tion, enabling offline analysis using a dedicated software
(Medis Suite CT v3.1, Medis Medical Imaging Systems,
Leiden, The Netherlands). LV GLS, RV GLS, LV ejection
fraction, LV mass, LV end-diastolic volume, and LV end-
systolic volume were assessed using the novel feature track-
ing tool of the software. The 2-, 3-, and 4-chamber LV
views were manually reconstructed from the 3-dimensional
multiplanar reconstructions of the CT images. LV GLS, LV
ejection fraction, LV end-diastolic volume, and LV end-
systolic volume were subsequently measured by tracing the
LV endocardial borders manually in each view at end-dias-
tole and end-systole, and the remaining cardiac phases were
identified automatically by the software.® Adequate trace
quality was assessed throughout the cardiac cycle and
adjustments of the tracings were performed if the endocar-
dial border was not properly traced by the software. The
RV endocardial border was also manually traced in the api-
cal 4-chamber view, including both the free wall and the
septum, and the RV GLS was derived by the dedicated

A. LV mid-to-basal segments
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software. A bull’s eye plot of the LV with regional LS val-
ues for the 17 segments of the myocardium was obtained
with the software.” To characterize the myocardial defor-
mation of the L'V apex relative to the midbasal segments of
the LV, the following parameters were identified: (1) the
apical LS, which was calculated as the average value of LS
of the 5 apical segments of the LV, (2) the midbasal LS,
which represented the average LS of the 12 midbasal seg-
ments of the LV, and (3) the relative LV apical strain spar-
ing, which was evaluated as the ratio between the apical
and midbasal LS. The percentage of patients with values of
apical to midbasal LV LS >1, and >2 were calculated to
investigate the prevalence of LV apical strain sparing
according to different definitions provided in previous
studies.” 1! Figure 1 shows the basal, mid-, and apical
segments of the LV and illustrates how the relative LV api-
cal sparing of strain was assessed. In addition, stroke vol-
ume was calculated by subtracting the LV end-systolic
volume from the LV end-diastolic volume; and LV mass
was measured by tracing the epicardial and endocardial bor-
ders at end-diastole.

Continuous variables are presented as mean =+ SD if nor-
mally distributed and as median and IQR if they did not fol-
low a normal distribution. Categorical data are presented as
frequencies and percentages. CT morphologic and func-
tional cardiac parameters before and after TAVI were com-
pared using the paired Student’s ¢ test for normally
distributed continuous variables, the Wilcoxon signed rank
test for non-normally distributed continuous variables, and
the McNemar test for categorical variables. A 2-sided p
<0.05 was considered statistically significant. Statistical
analysis was performed using the SPSS software (version
25.0; IBM, Armonk, New York).

Results

Baseline clinical characteristics of the patient population
are listed in Table 1. A total of 156 patients with severe AS

B. LV apical segments

.

C. LV apical sparing

Mean LV apical longitudinal strain

Mean LV mid-to-basal longitudinal strain

Figure 1. MDCT-derived segmental strain to evaluate L'V apical sparing of strain. Panel A shows the 12 mid- and basal segments of the LV, whose longitudi-
nal strain values were averaged to obtain an estimation of the mid-to-basal LV contraction. Panel B shows the 5 apical segments of the LV whose longitudi-
nal strain values were averaged to evaluate the apical contraction. Panel C illustrates the formula that was used to assess the relative LV apical sparing of

strain.
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Table 1
Baseline characteristics

Table 2
MDCT characteristics at baseline and follow-up

Total population

CT-pre TAVI CT-post TAVI p-Value

n=156 n=156 n=156
Age, years 807 Tricuspid morphology (%) 148 (97) -
Male (%) 82 (53) LV end-diastolic volume, ml 148 (122-181) 163 (133 - 195) <0.001
Body surface area, m? 1.84 £0.19 LV end-systolic volume, ml 64 (48 -97) 64 (47 -99) 0.93
Creatinine, mg/dL 0.98 (0.77-1.14) Stroke volume indexed, ml/m? 43+ 12 48 + 14 <0.001
Systolic blood pressure, mmHg 137 £23 LV mass, g/m* 93 +22 83+ 19 <0.001
Diastolic blood pressure, mmHg 69 + 12 LV ejection fraction (%) 51+ 14 53+ 16 0.04
NYHA class (%) LV global longitudinal strain (%) 15.1 £5.5 155458 0.45
Class 1-2 58 (38) RV global longitudinal strain (%) 19.7 £ 8.5 20.0 £8.2 0.79
Class 3-4 95 (62) Apical longitudinal strain (%) 195+£72 18.7+7.7 0.20
Cardiovascular risk factors (%) Mid-basal longitudinal strain (%) 12.9 £4.2 142 +39 <0.001
Diabetes mellitus 52 (33) LV apical sparing 1.6 £ 0.5 1.3+04 <0.001
Hypertension 116 (74) LV apical sparing > 1 137 (88%) 120 (77%) 0.009
Hypercholesterolemia 123 (79) LV apical sparing > 2 30 (19%) 8 (5%) <0.001
Srpokmg 62 (40) CT = computed tomography; LV = left ventricular; RV = right ventricular.
History of CAD 105 (67)
Medication (%)
Beta-blockers 104 (67) 7.7% after TAVI, p = 0.20), the midbasal LS showed a sig-
ACE or ARB 90 (58) nificant increase (from 12.9 + 4.2% before to 14.2 £ 3.9%
Statin 105 (68) after TAVI, p <0.001) (Figure 2 and 3).
Diuretics 91 (59)
Aspirin 80 (53)
Oral anticoagulants 50 (33) Discussion

ACE = angiotensin converting enzyme; ARB = angiotensin receptor
blocker; CAD = coronary artery disease; LV = left ventricular;
NYHA = New York Heart Association.

Diabetes mellitus was defined as having a history of diabetes mellitus
and medical therapy with insulin, oral glucose-lowering drugs or diet;
Hypertension was defined as a documented history or prior use of antihy-
pertensive medication; Hypercholesterolemia was defined as previous
statin use and/or having a documented history of hypercholesterolemia.

who underwent TAVI (53% men, 80 &+ 7 years) were
included. The majority of patients (62%) presented with
New York Heart Association class III to IV heart failure
symptoms. There was a high prevalence of cardiovascular
risk factors, including hypertension (74%), hypercholester-
olemia (79%) and known coronary artery disease (67%).
Most of the patients used cardiovascular medication,
including angiotensin converting enzyme or angiotensin
receptor blocker (58%), B blockers (67%), diuretics (59%),
and statins (68%).

The baseline and follow-up CT data are listed in Table 2.
The time interval between TAVI and the follow-up CT was
39 days (IQR 32 to 58). According to the CT performed
after TAVI, there was a significant increase in stroke vol-
ume from 43 + 12 to 48 & 14 ml/m? (p <0.001) and a sig-
nificant decrease in LV mass from 93 =+ 22 to 83 & 19 g/m*
(p £0.001). LV ejection fraction improved during follow-
up, whereas LV GLS (15.1 & 5.5 to 15.5 &£ 5.8, p = 0.45)
and RV GLS (19.7 £ 8.5 t0 20.0 & 8.2, p = 0.79) remained
unchanged. Before TAVI, the majority of the patients pre-
sented with an LV apical strain sparing ratio >1 (88%),
whereas only 19% presented with a ratio >2. Interestingly,
after TAVI, these percentages significantly decreased to
77% and 5% (p = 0.009, p <0.001), respectively. The seg-
mental regional LV LS values followed different trends
after the procedure. Although there was no difference in the
average apical LS (from 19.5 £+ 7.2% before to 18.7 £

This study shows that LV apical strain sparing is a com-
mon finding in patients with severe AS who underwent
TAVI. However, after TAVI, the LS of the LV mid- and
basal segments improve, whereas the LS of the apex
remains stable, leading to a significant decrease in the fre-
quency of LV apical strain sparing after the procedure.

In the present cohort of patients with severe AS who
underwent TAVI, 88% presented with LV apical sparing of
strain before TAVI. This apical strain sparing pattern has
been associated with the presence of cardiac
amyloidosis™'" but can also be simply related to LV remod-
elin% and chronic pressure overload induced by severe
AS."*" Transthyretin (TTR) cardiac amyloidosis is an
underestimated condition, which recently appeared to be
relatively frequent in the older patients with a higher preva-
lence in certain diseases, such as heart failure with pre-
served ejection fraction and severe AS.>'* In cardiac
amyloidosis because of TTR, the misfolded TTR agglomer-
ates tend to deposit more at the basal segments of the LV
than the apical segments, causing an impairment of the sys-
tolic function of the LV base relative to the apex, which is
known as LV apical strain sparing. Nevertheless, the situa-
tion in patients with concomitant severe AS is more com-
plex, and the LV apical sparing of strain may also be
because of the chronic LV pressure overload and LV hyper-
trophic response to increase LV contractility and maintain
systemic perfusion.'”'® According to the Laplace law, LV
wall tension because of chronic pressure overload is
directly proportional to the LV dimensions, which are
larger at the base than the apex; therefore, LV wall stress is
more pronounced in the basal segments.'” In severe AS,
increased wall stress, LV hypertrophy, and mismatch
between oxygen demand and perfusion could all contribute
to the reduction in LS of the basal LV segments at a larger
magnitude than in the apical segments, which leads to rela-
tive LV apical strain sparing. In the present study, it was
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Figure 2. Illustrative case of MDCT-derived segmental strain before and after TAVI. Panel A shows the segmental longitudinal strain values before TAVI,
with the mean apical longitudinal strain, mean mid-to-basal longitudinal strain and the relative LV sparing. Panel B shows the segmental longitudinal strain
values after TAVI, with the mean apical longitudinal strain, mean mid-to-basal longitudinal strain and the relative L'V sparing. It can be noticed that after
TAVI. although the mean apical longitudinal strain remained the same, the midbasal longitudinal strain increased and this resulted in significant decrease in

LV apical sparing of strain.

shown that the prevalence of CT-derived LV apical strain
sparing dramatically decreases after TAVI, potentially indi-
cating an important role of pressure overload in determining
this condition that is reversible after LV pressure relief with
TAVL

Previously published reports showed that LV apical
strain sparing is a relatively common finding in severe AS
and should trigger additional evaluation to identify concom-
itant cardiac amyloidosis. In a study by Phelan et al,'' LV
apical strain sparing was shown to have a very high diag-
nostic accuracy to differentiate between LV hypertrophy
because of AS compared with LV hypertrophy related to
cardiac amyloidosis. Nonetheless, when cardiac amyloid-
osis and severe AS coexist, the diagnosis can become chal-
lenging, and a limitation of the study by Phelan et al is the
lack of patients with concomitant AS and cardiac amyloid-
osis to validate their hypothesis.'' More recently, in a popu-
lation of 151 patients with severe AS systematically
screened for TTR cardiac amyloidosis, Castano et al'’ dem-
onstrated no difference in the LV apical strain sparing as
assessed with speckle-tracking echocardiography between
patients with lone severe AS and those with severe AS and
concomitant TTR cardiac amyloidosis. In contrast to the
previous studies,'""'” in our study, we analyzed LV segmen-
tal LS with CT before and shortly after TAVI, demonstrat-
ing an important decrease in the prevalence of LV apical
strain sparing. The relatively early decrease in LV apical
strain sparing after TAVI may explain the low diagnostic
accuracy of this marker in identifying cardiac amyloidosis
in patients with severe AS because LV apical strain sparing
may be simply related to the pressure overload. Also, 88%
of the patients with severe AS presented with a LV apical

strain sparing ratio >1 before TAVI, suggesting that this
cut-off value could be too sensitive to distinguish the pres-
ence of concomitant cardiac amyloidosis from the expected
LV apical sparing seen in patients with severe AS.

The limitations of the present study are inherent to its
single-center retrospective design. The patients were not
screened for cardiac amyloidosis; therefore, the associa-
tion between this condition and LV segmental strain
changes after TAVI could not be investigated. Although
this study suggests a role of severe AS in determining a
reversible impairment of myocardial LS of LV basal seg-
ments, the pathophysiology of this condition should be
further clarified with other imaging techniques (e.g., per-
fusion cardiac magnetic resonance [CMR] or positron
emission tomography). In this study, myocardial deforma-
tion was assessed based on multidetector row CT scans.
Nevertheless, myocardial strain can be assessed with dif-
ferent imaging modalities using different software and
technologies: speckle tracking for echocardiography and
feature tracking for CT and CMR. Compared with echo-
cardiography, CT and CMR are more complex and have
less availability. Nevertheless, they are less operator-
dependent and do not depend on the quality of the acoustic
window, which could limit the feasibility and decrease the
reliability of echocardiographic measurements in some
patients. Although feature tracking and speckle-tracking
measurements have different cut-off values for normality
and cannot be used interchangeably, they have demon-
strated to be closely related.'®" Finally, further prospec-
tive studies would be needed to investigate the prognostic
implications of LV segmental strain changes, and changes
in apical strain sparing after TAVL.
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Figure 3. Changes in MDCT-derived global and segmental strain before and after TAVI. Panel A shows the LV GLS before and after TAVI. Panel B shows
the relative LV sparing before and after TAVI. Panel C shows the apical longitudinal strain before and after TAVI. Panel D shows the longitudinal strain

before and after TAVL.

In conclusion, LV apical sparing can be identified with
feature tracking CT and is a relatively common finding in
patients with severe AS who underwent TAVI. However,
the prevalence of LV apical sparing decreases shortly after
pressure relief with TAVI, suggesting a reversible patho-

physiology.
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