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Abstract

Aims There is evidence to suggest that the subtype of aortic stenosis (AS), the degree of myocardial fibrosis (MF), and level
of aortic valve calcification (AVC) are associated with adverse cardiac outcome in AS. Because little is known about their re-
spective contribution, we sought to investigate their relative importance and interplay as well as their association with adverse
cardiac events following transcatheter aortic valve replacement (TAVR).
Methods and results One hundred consecutive patients with severe AS and indication for TAVR were prospectively enrolled
between January 2017 and October 2018. Patients underwent transthoracic echocardiography, multidetector computed tomog-
raphy, and left ventricular endomyocardial biopsies at the time of TAVR. The final study cohort consisted of 92 patients with a
completed study protocol, 39 (42.4%) of whom showed a normal ejection fraction (EF) high-gradient (NEFHG) AS, 13 (14.1%) a
low EF high-gradient (LEFHG) AS, 25 (27.2%) a low EF low-gradient (LEFLG) AS, and 15 (16.3%) a paradoxical low-flow,
low-gradient (PLFLG) AS. The high-gradient phenotypes (NEFHG and LEFHG) showed the largest amount of AVC (807 ± 421 and
813 ± 281 mm3, respectively) as compared with the low-gradient phenotypes (LEFLG and PLFLG; 503 ± 326 and
555 ± 594 mm3, respectively, P < 0.05). Conversely, MF was most prevalent in low-output phenotypes
(LEFLG > LEFHG > PLFLG > NEFHG, P < 0.05). This was paralleled by a greater cardiovascular (CV) mortality within 600 days
after TAVR (LEFLG 28% > PLFLG 26.7% > LEFHG 15.4% > NEFHG 2.5%; P = 0.023). In patients with a high MF burden, a higher
AVC was associated with a lower mortality following TAVR (P = 0.045, hazard ratio 0.261, 95% confidence interval 0.07–0.97).
Conclusions MF is associated with adverse CV outcome following TAVR, which is most prevalent in low EF situations. In the
presence of large MF burden, patients with large AVC have better outcome following TAVR. Conversely, worse outcome in
large MF and relatively little AVC may be explained by a relative prominence of an underlying cardiomyopathy. The better sur-
vival rates in large AVC patients following TAVR indicate TAVR induced relief of severe AS-associated pressure overload with
subsequently improved outcome.
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Introduction

Aortic stenosis (AS) is the most common valvular heart
disease in the elderly population in Europe and North
America.1,2 Four subtypes of AS are defined by differences

in ejection fraction (EF) as well as the resulting
transvalvular gradient: normal EF high-gradient (NEFHG)
AS, low EF high-gradient (LEFHG) AS, low EF low-gradient
(LEFLG) AS, and paradoxical low-flow, low-gradient
(PLFLG) AS.
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In absence of a high-gradient situation, defined as Vmax

≥ 4 m/s or Pmean ≥ 40 mmHg, the diagnostic workup is
challenging. Besides a dobutamine stress echocardiography,
multidetector computed tomography (MDCT) has gained in-
creasing importance to discriminate between severe and
non-severe AS using the estimated aortic valve calcification
(AVC).1,3

In addition to diagnostic capabilities, MDCT has also
proven prognostic implications. Registry data demonstrate
that high amounts of AVC are associated with increased
mortality in patients with severe AS who did not consistently
receive aortic valve replacement.4–7 However, there are only
limited data on the prognostic value of AVC following aortic
valve replacement. Some evidence suggests that LEFLG AS
with higher amounts of AVC has better survival rates com-
pared with LEFLG AS with lower amounts of AVC following
transcatheter aortic valve replacement (TAVR). This is most
likely attributed to disease-specific treatment in the group
with large calcium burden.8 Conversely, in patients with
severe AS, an unfavourable myocardial tissue composition
with extensive myocardial fibrosis (MF) is associated with
worse outcomes.9,10

At present, it is still unclear how the degree and distribu-
tion of AVC relate to changes in myocardial tissue composi-
tion as well as they may determine a certain cardiac pheno-
type, which may or may not recover after pressure relief
following TAVR. Although both AVC and MF seem to be es-
sential keys in long-term outcome in AS, there are currently
no studies looking at both parameters trying to elucidate
their relative importance in TAVR patients. Therefore, we
sought to investigate AVC distribution of the aortic valve
and MF content of the left ventricular (LV) to better under-
stand the pathophysiology of the different AS subtypes as
well as to better delineate the relative merits of these param-
eters for clinical use.

Methods

One hundred consecutive patients, who underwent
transfemoral TAVR, were prospectively enrolled between
January 2017 and October 2018. The severity of the AS was
measured according to current guidelines, and the indication
for TAVR was confirmed by the local heart team.1

The study protocol has been previously described.11 At
baseline, transthoracic and transoesophageal echocardiogra-
phy (TTE and TOE) and MDCT were performed. Exercise
capacity was measured by a 6 min walk test (6MWT). For cal-
culating the pressure relief following TAVR, all patients
underwent a second TTE at discharge. Cardiovascular (CV)
mortality was defined according to the Valve Academic Re-
search Consortium 3 consensus document (VARC-3).12 Mean
follow-up period was 322 ± 169 days following TAVR. After

the database was closed, eight patients were excluded from
further evaluation. Four of them were retrospectively classi-
fied as moderate-to-severe AS, and four patients did not un-
dergo MDCT due to an emergency TAVR (Figure 1). There-
fore, the final study cohort consisted of 92 patients with a
completed study protocol.

The local ethics committee approved the study, and
written informed consent was obtained from all patients.
The study was conducted according to the principles of the
Declaration of Helsinki.

Echocardiography

All patients received a standardized TTE and TOE using either
a Philips ie33 or a Philips Epiq7 system. Post-processing and
severity measurements were performed by a physician spe-
cialist in echocardiography using Philips Q-Station 3.8.5.

AS was categorized according to current guidelines in four
subtypes, defined as follows1:

(a) NEFHG AS: LVEF ≥ 50%,Vmax ≥ 4 m/s or Pmean ≥ 40 mmHg,
and aortic valve area (AVA) ≤ 1 cm2.

(b) LEFHG AS: LVEF< 50%,Vmax ≥ 4 m/s or Pmean ≥ 40 mmHg,
and AVA ≤ 1 cm2.

(c) LEFLG AS: LVEF< 50%,Vmax< 4m/s or Pmean< 40mmHg,
and AVA ≤ 1 cm2 and stroke volume index ≤ 35 mL/m2.

(d) PLFLG AS: LVEF ≥ 50%,Vmax< 4 m/s or Pmean< 40 mmHg,
AVA ≤ 1 cm2 and indexed AVA ≤ 0.6 cm2/m2, and stroke
volume index ≤ 35 mL/m2.

Multidetector computed tomography

Contrast-enhanced MDCT scans were performed using a
dual-source computed tomography (CT) scanner (SOMATOM
Force, Siemens Healthcare GmbH, Erlangen, Germany) with
prospective electrocardiogram (ECG) triggering. CT
angiography was performed with bolus tracking in the
descending aorta using an 80 mL contrast agent bolus
(Imeron 350, Bracco Imaging, Konstanz, Germany) at a flow
rate of 4 mL/s, followed by a 40 mL saline chaser at the
same flow rate. The following scan parameters were used:
2 × 192 × 0.6 mm collimation, 250 ms rotation time, pitch
of 3.2, and automated tube current adaption. A small field
of view data set with medium soft convolution kernel
(Siemens Bv36) and 0.75 mm slice thickness was generated
for the assessment of the aortic annulus, root, valve
morphology, and dimensions. Structures relevant for TAVR
planning were assessed as recommended by current expert
consensus.13 All data were analysed using a dedicated
software (3mensio Structural Heart V9.1, Pie Medical
Imaging, Maastricht, the Netherlands).14 As previously
recommended, an individual threshold of the Hounsfield

2308 R. Evertz et al.

ESC Heart Failure 2023; 10: 2307–2318
DOI: 10.1002/ehf2.14307

 20555822, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14307 by G

eorg-A
ugust-U

niversitaet, W
iley O

nline L
ibrary on [20/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



units (HU) was used to distinguish between calcium and
contrast medium.8,15 An empirical threshold of 550 HU was
used and adjusted as appropriate according to Ludwig
et al.8 AVC was defined as calcification within the valve
leaflets, aortic annulus, or aortic wall up to the sinotubular
junction.8 The calcification of the coronary arteries was
excluded from the region of interest (see Figure 2). Calcium
score was expressed as mm3.3,16

Transfemoral transcatheter aortic valve
replacement

TAVR was performed at the TAVR centre of the University
Medical Center Göttingen, which is certified according to
quality requirements of the German Society of Cardiology.17

In most of the study participants, an Edwards SAPIEN 3™

(90%) or a Medtronic CoreValve (7%) prosthesis was
implanted.

Assessment of myocardial fibrosis using
endomyocardial biopsies

Following TAVR, five LV biopsies were taken from the basal
anterior septum using a biopsy forceps (Proflex-Bioptom 7F,
Medical Imaging Systems) by an interventional cardiologist.

The biopsies were fixed in 10% paraformaldehyde and
embedded in paraffin. MF was assessed blinded to clinical
and imaging data using quantitative morphometry
(Olympus software cellSens 1.6) and defined as blue area
in Masson’s trichrome-stained biopsy sections (section with
positive staining for collagen) in relation to total tissue
area. The analyses were performed by a molecular
cardiologist.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
Version 26 for Windows [International Business Machines
Corporation (IBM® Corp.), Armonk, NY, USA]. Data are
expressed as mean ± standard deviations. Normal distribu-
tion was tested using the Shapiro–Wilk test. Non-normally
distributed data were compared using Mann–Whitney U
and Kruskal–Wallis tests as appropriate. For between-group
comparisons in normally distributed data, t-test or ANOVA
test was performed as appropriate. Post hoc analyses were
carried out using the Bonferroni correction. For binary vari-
ables, the intergroup comparison was done using the χ2 test.
For intragroup comparisons, each AS subtype was divided by
the group-specific AVC median. Survival analyses were per-
formed by comparing the procedure (TAVR) with event time
for mortality and CV mortality using Kaplan–Meier plots,

Figure 1 Characterization of the study population. AS, aortic stenosis; LEFHG, low ejection fraction high-gradient; LEFLG, low ejection fraction low-
gradient; NEFHG, normal ejection fraction high-gradient; PLFLG, paradoxical low-flow, low-gradient.
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Figure 2 Calcium quantification on contrast-enhanced multidetector computed tomography (MDCT) images. (A) Region of interest measuring aortic
valve calcification (AVC). (B) Region of interest measuring the calcification of the device landing zone (DLZ) [AVC area and left ventricular outflow tract
(LVOT) area]. (C) Quantification within the AVC according to the left coronary cusp (LC), right coronary cusp (RC), and non-coronary cusp (NC).

Table 1 Patients’ characteristics

All patients NEFHG LEFHG

Patients, n (%) 92 (100) 39 (42.4) 13 (14.1)
Age (years) 79 ± 7 (57–92) 78 ± 7 (57–92) 78 ± 9 (62–90)
Female, n (%) 33 (35.9) 15 (38.5) 5 (38.5)
BMI (kg/m2) 28.29 ± 5.40 (19.03–45.91) 28.48 ± 5.76 (19.03–42.25) 29.38 ± 6.56 (20.78–45.91)
BSA (m2) 1.93 ± 0.23 (1.45–2.71) 1.92 ± 0.23 (1.6–2.71) 1.97 ± 0.27 (1.61–2.46)
AVC (mm3) 683.8 ± 432.7 (25.9–2406.4) 806.6 ± 421.3 (144–1770.9) 812.6 ± 281.4 (376.1–1353.3)
Fibrosis (%) 20.2 ± 21.3 (0–88) 13.7 ± 16.2 (1–67) 27.1 ± 23.5 (1–81)
Hypertension, n (%) 89 (96.7) 38 (97.4) 11 (54.6)
Atrial fibrillation, n (%) 41 (44.6) 16 (41) 4 (30.8)
Coronary artery disease, n (%) 64 (69.6) 25 (64.1) 8 (61.5)
Stroke, n (%) 13 (14.1) 5 (12.8) 1 (7.7)
COPD, n (%) 17 (18.5) 6 (15.4) 1 (7.7)
Diabetes, n (%) 41 (44.6) 17 (43.6) 3 (23.1)
NYHA 2.85 ± 0.74 (1–4) 2.59 ± 0.79 (1–4) 2.92 ± 0.76 (2–4)
6MWT (m) 206 ± 117 (0–401) 248 ± 94 (0–401) 163 ± 116 (0–401)
NT-proBNP (ng/l) 5211 ± 9795 (84.8–70 000) 2264 ± 3445 (84.8–15 016) 10 663 ± 11 416 (1913–38 807)

6MWT, 6 min walk test; AVC, aortic valve calcification; BMI, body mass index; BSA, body surface area; COPD, chronic obstructive
pulmonary disease; LEFHG, low ejection fraction high-gradient; LEFLG, low ejection fraction low-gradient; NEFHG, normal ejection
fraction high-gradient; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PLFLG, paradoxical low-
flow, low-gradient.
Values are given for all patients and also separated into the different aortic stenosis subtypes. Significant differences are indicated by P
values in bold. Data are expressed as absolute numbers, percentage, or mean ± standard deviation and minimum–maximum.
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and significance was calculated using the log-rank test. A P
value below 0.05 was considered statistically significant.
Intra- and inter-observer variability was derived from a
repeated measurement after at least 4 weeks in a subset of
10 randomly selected patients. The analysis of a second
skilled observer was used to assess inter-observer reproduc-
ibility. Intra- and inter-observer variability was quantified
using the intraclass correlation coefficient (ICC) reliability
method, Bland–Altman analysis, and coefficient of variation
(CoV).18 CoV was defined as the standard deviation of the dif-
ferences divided by the mean.19 ICC reliability was scored as
excellent (>0.74), good (0.6–0.74), fair (0.4–0.59), and poor
(<0.4) as previously defined.20

Results

Patients’ characteristics

The mean age of our patient cohort was 79 ± 7 years, and 33
(35.9%) patients were female. The body mass index (BMI)
was slightly elevated (28.3 ± 5.4 kg/m2) according to the
World Health Organization (WHO) definition.21 The most
common CV comorbidities were hypertension (96.7%),
coronary artery disease (69.6%), and atrial fibrillation (AF)
(44.6%). A total of 44.6% of the patients were also suffering
from diabetes mellitus (DM) and 18.5% from chronic obstruc-
tive pulmonary disease (COPD).

Patients were classified according to AS subtypes: NEFHG
AS 39 (42.4%), LEFHG AS 13 (14.1%), LEFLG 25 (27.2%), and
PLFLG AS 15 (16.3%).

A summary of the patients’ characteristics is illustrated in
Table 1.

Echocardiography

Echocardiographic results are presented in Table 2 as well as
in Supporting Information, Table S1. Comparison of the AS
subgroups shows that LV end-diastolic (LVEDV) and
end-systolic volumes (LVESV) were significantly enlarged in
the subgroups with reduced EF (P < 0.001). These two sub-
groups also had a numerically increased LV muscle index
(LVMI) compared with the subgroups with normal EF, with
statistically significant differences between the LEFHG and
PLFLG AS subtypes (P = 0.005). The right ventricular (RV) func-
tion, measured by tricuspid annular plane systolic excursion
(TAPSE), was in normal range for all subgroups and lowest in
the low-gradient phenotypes. Significant differences were ob-
served between NEFHG AS and the low-gradient subtypes
(LEFLG AS, P = 0.002; PLFLG AS, P = 0.01).

Multidetector computed tomography

Mean aortic annulus area of 562.3 ± 98.4 mm2, LV outflow
tract (LVOT) area of 507 ± 100.8 mm2, and the ascending
aorta area of 928.1 ± 183.1 mm2 were calculated. All mea-
surements were performed using an individual HU threshold
of 547.2 ± 84.3. The mean AVC score was 683.8 ± 432.7 mm3.
For the overall cohort, the non-coronary cusp showed the
largest amount of calcification, followed by left coronary
and right coronary cusps. Although, these patterns were also

Table 1 (continued)

LEFLG PLFLG P value

Patients, n (%) 25 (27.2) 15 (16.3)
Age (years) 79 ± 6 (66–90) 81 ± 5 (68–89) P = 0.483
Female, n (%) 5 (20) 8 (53.3) P = 0.181
BMI (kg/m2) 28.19 ± 5.37 (20.59–41.40) 27.04 ± 3.24 (23–33.33) P = 0.883
BSA (m2) 1.92 ± 0.22 (1.53–2.45) 1.91 ± 0.22 (1.45–2.26) P = 0.938
AVC (mm3) 502.5 ± 325.6 (25.9–1295.2) 555.4 ± 593.6 (80.7–2406.4) P = 0.001
Fibrosis (%) 29.1 ± 26.9 (0–88) 16.4 ± 14.1 (0–45) P = 0.045
Hypertension, n (%) 25 (100) 15 (100) P = 0.058
Atrial fibrillation, n (%) 10 (40.0) 11 (73.3) P = 0.092
Coronary artery disease, n (%) 20 (80.0) 11 (73.3) P = 0.506
Stroke, n (%) 5 (20) 2 (13.3) P = 0.749
COPD, n (%) 7 (28) 3 (20) P = 0.427
Diabetes, n (%) 13 (52) 8 (53.3) P = 0.325
NYHA 3.16 ± 0.55 (2–4) 2.93 ± 0.70 (1–4) P = 0.105
6MWT (m) 179 ± 113 (0–361) 180 ± 120 (0–388) P = 0.054
NT-proBNP (ng/l) 8547 ± 14 976 (262.6–70 000) 2193 ± 1212 (777.8–3966) P < 0.001

6MWT, 6 min walk test; AVC, aortic valve calcification; BMI, body mass index; BSA, body surface area; COPD, chronic obstructive pulmo-
nary disease; LEFHG, low ejection fraction high-gradient; LEFLG, low ejection fraction low-gradient; NEFHG, normal ejection fraction high-
gradient; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PLFLG, paradoxical low-flow, low-
gradient.
Values are given for all patients and also separated into the different aortic stenosis subtypes. Significant differences are indicated by P
values in bold. Data are expressed as absolute numbers, percentage, or mean ± standard deviation and minimum–maximum.
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found in the high-gradient AS subtypes, no clear distribution
pattern was observed in the low-gradient subtypes.

AVC correlated with the transvalvular gradient and was
larger in high-gradient AS [NEFHG (806.6 ± 421.3 mm3) and
LEFHG (812.6 ± 281.1 mm3)] compared with the
low-gradient subtypes [LEFLG (502.5 ± 325.6 mm3) and PLFLG
(555.4 ± 593.6 mm3), P = 0.01] (Figures 3 and 4). LVOT
calcification was significantly larger in the NEFHG AS sub-
group (126.9 ± 158.5 mm3) compared with the low-gradient
subtypes [LEFLG (29.4 ± 45.4 mm3), P = 0.004; PLFLG
(65.4 ± 110.1 mm3), P = 0.015], but not compared with LEFHG
(55.1 ± 77.6 mm3, P = 0.108).

Intragroup and intergroup comparison of aortic
stenosis subtypes using aortic valve calcification

Dividing the AS subgroups by their specific intragroup median
calcium scores revealed no differences in terms of age, sex,
BMI, as well as the amount of MF for the NEFHG, LEFHG,
and PLFLG. However, significant differences were found in
the LEFLG subgroup: more female patients were in the group,
and the intragroup-specific calcium burden was below the
median (P = 0.009). In contrast, the degree of MF was signif-
icantly higher in patients with a more calcified AS (>median)
(P = 0.027).

Although there were no differences in echocardiographic
findings in LEFHG and PLFLG AS, the mean aortic gradient
was significantly increased in patients with larger AVC in the
NEFHG (54.2 ± 16.3 vs. 43.4 ± 8.2 mmHg, P = 0.014) and LEFLG
(26.7 ± 5.1 vs. 20.8 ± 6.0 mmHg, P = 0.014) subtypes.

MDCT measurements revealed no significant differences
for any of the measured parameters in the intragroup
comparison (AVC ≥ median or <median) of the normal EF
subtypes. In the low EF subtypes, higher amounts of calcium
were associated with larger aortic annulus areas.

Histology

The average extent of MF was 20.2 ± 21.3%. Comparison of
the AS subtypes showed the lowest amount of MF in the
NEFHG group (13.7 ± 16.2%) followed by the PLFLG group
(16.4 ± 14.1%). The largest amount was measured in the
LEFLG group (29.1 ± 26.9%). Statistically significant differ-
ences were observed between the NEFHG subtype and the
EF subtypes (LEFHG, P = 0.03; LEFLG, P = 0.02).

Cardiovascular events

In total, 22 patients died within the follow-up after TAVR.
Among these, 14 deaths were characterized as CV deaths.
Comparing survivors with patients dying from CV causesTa
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shows significant differences in terms of MF (P = 0.004), New
York Heart Association (NYHA) class (P = 0.04), 6MWT
(P = 0.009), and the presence of AF (P = 0.028) and DM
(P = 0.001). No differences were seen regarding age, sex,
BMI, and N-terminal pro-B-type natriuretic peptide (NT-
proBNP) (Table 3). Furthermore, significant differences in
mortality rates were observed between the AS subgroups
(NEFHG AS 2.5%; LEFHG AS 15.4%; PLFLG AS 26.7%; and
LEFLG AS 28%; P = 0.023). Interestingly, the survivors showed
a higher AVC compared with the deceased, although this dif-
ference did not reach statistical significance (P = 0.088). In
the group of patients with a high MF burden, patients with
a high AVC showed a significantly higher survival rate follow-

ing TAVR [hazard ratio (HR) 0.261; 95% confidence interval
(CI) 0.07–0.97; P = 0.045] (Figure 5).

Intra-observer and inter-observer agreement and
reproducibility

The agreement and reproducibility of the data were excel-
lent. The results of the intra- and inter-observer agreement
and reproducibility test are shown in Supporting Information,
Table S2. Bland–Altman plots are displayed in Supporting In-
formation, Figure S1.

Figure 4 Aortic valve calcification (AVC) distribution according to the aortic stenosis (AS) subtypes by echocardiography. Significant differences using
Kruskal–Wallis test and Bonferroni correction are labelled. LEFHG, low ejection fraction high-gradient; LEFLG, low ejection fraction low-gradient;
NEFHG, normal ejection fraction high-gradient; PLFLG, paradoxical low-flow, low-gradient.

Figure 3 Diagram of the relationship between aortic valve calcification (AVC) and transaortic valve gradient expressed as mean gradient (Pmean).
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Discussion

This is the first study to comprehensively characterize a large
cohort of AS patients with echocardiography, invasive LV bi-
opsies, and MDCT imaging.

The following notable findings were observed: first, cal-
cium load and distribution discriminate between different
haemodynamic subtypes of AS. Second, low-flow situations
are associated with larger amounts of MF, higher CV mortal-
ity, but lower amounts of calcium. Among patients with
LEFLG AS and presence of relatively large amounts of MF,
MDCT calcium scoring allows further discrimination of
patients at high risk of CV mortality following TAVR. Third,
in the presence of large MF burden, patients with large cal-
cium load have better outcome following TAVR. Conversely,
worse outcome associated with large MF and relatively little
calcium load may be explained by a relative prominence of
an underlying cardiomyopathy, whereas better survival rates
in large calcium load situations may indicate severe
AS-associated pressure overload relief and subsequently im-
proved survival following TAVR. Fourth, higher mortality rates
were seen in low-gradient AS phenotypes compared with the
high-gradient phenotypes. Finally, calcium load is well detect-
able using contrast-enhanced MDCT and can be quantified on
routinely acquired pre-TAVR MDCT contrast-enhanced
images.

Phenotypes of aortic stenosis: calcium load,
calcium distribution, and myocardial fibrosis

MDCT scans are widely used in clinical routine for different
indications. Although the European Society of Cardiology

(ESC) guidelines refer to the diagnostic importance of MDCT
in patients with AS without a high-gradient situation,
contrast-enhanced MDCT is also important in the selection
of the patient-specific valve prosthesis.13

Furthermore, different studies have shown the correlation
between the severity of AS and AVC.3,22 A correlation
between high calcium burden and higher transaortic valve
gradients was also observed in our study for all subtypes
of AS.

In concordance with the findings of Seiffert et al., in the
overall cohort, the most calcified cusp was the
non-coronary cusp followed by the left coronary and right
coronary cusps.15 These findings are also reproducible in
the subgroup of high-gradient AS. Dweck et al. reported this
characteristic distribution as a result of an increased mechan-
ical and a reduced shear stress.23 The ‘protective’ shear stress
is lowest in the non-coronary cusp, which results in predom-
inant calcification and very frequent contribution of this cusp
to AS development.23 In our study, patients with low-gradient
AS did not demonstrate a clear distribution pattern of calcifi-
cation in the different cusps. This finding could be directly at-
tributable to low-flow situations, which result in lower me-
chanical stress. In the NEFHG subtype, in addition to the
distribution of the calcium load in relation to the various
cusps, a significantly higher calcium load was present in the
LVOT compared with low ejection/flow phenotypes (LEFHG,
LEFLG, and PLFLG).

The different calcium distribution phenotypes of the aortic
valve in the different AS subtypes, with the lowest calcium
found in the low EF groups, could be an indirect indication
that these subgroups represent different entities rather than
a continuum of disease. It is interesting to speculate that
there may not be a common transition between groups and
that potentially, the sub-division into groups may occur at a

Table 3 Illustration of the baseline characteristics separated for survivors and CV deaths

All patients Survivor CV deaths P value

Patients (%) 92 78 14
Age (years) 79 ± 7 (57–92) 79 ± 7 (57–92) 76 ± 7 (62–88) P = 0.172
Sex (female), n (%) 33 (35.9) 29 (37.2) 4 (28.6) P = 0.568
BMI (kg/m2) 28.3 ± 5.4 (19.0–45.9) 27.9 ± 4.9 (19.0–42.3) 30.6 ± 7.6 (22.5–45.9) P = 0.221
BSA (m2) 1.93 ± 0.23 (1.45–2.71) 1.90 ± 0.21 (1.45–2.71) 2.04 ± 0.27 (1.59–2.46) P = 0.059
AVC (mm³) 683.8 ± 432.7 (25.9–2406.4) 719.6 ± 450.5 (25.9–2406.4) 484.7 ± 241.9 (80.7–1021.2) P = 0.088
AVC/area (mm3/mm2) 1.21 ± 0.75 (0.07–4.13) 1.27 ± 0.78 (0.07–4.13) 0.88 ± 0.41 (0.15–1.64) P = 0.062
Fibrosis (%) 20.2 ± 21.3 (0–88) 17.9 ± 20.1 (0–84) 33.4 ± 23.7 (2–88) P = 0.004
Hypertension, n (%) 89 (96.7) 75 (96.2) 14 (100) P = 0.456
Atrial fibrillation, n (%) 41 (44.6) 31 (39.7) 10 (71.4) P = 0.028
Coronary artery disease, n (%) 64 (69.6) 54 (69.2) 10 (71.4) P = 0.869
Stroke, n (%) 13 (14.1) 11 (14.1) 2 (14.3) P = 0.986
COPD, n (%) 17 (18.5) 15 (19.2) 2 (14.3) P = 0.661
Diabetes, n (%) 41 (44.6) 29 (37.2) 12 (85.7) P = 0.001
NYHA 2.85 ± 0.74 (1–4) 2.78 ± 0.77 (1–4) 3.21 ± 0.43 (3–4) P = 0.04
6MWT (m) 206 ± 117 (0–401) 218 ± 115 (0–401) 124 ± 96 (0–325) P = 0.009
NT-proBNP (ng/l) 5211 ± 9795 (84.8–70 000) 4326 ± 6496 (84.8–38 807) 9636 ± 19 106 (262.6–70 000) P = 0.324

6MWT, 6 min walk test; AVC, aortic valve calcification; BMI, body mass index; BSA, body surface area; COPD, chronic obstructive pulmo-
nary disease; CV, cardiovascular; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association.
Significant differences are indicated by P values in bold.
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very early disease stage. The amount of calcification in LEFLG
AS could help to identify the role of the AS in the impairment
of LV function. In patients with AS with a ‘typical high load’
calcium pattern in the presence of a low-flow, low-gradient
situation, the calcium distribution could be indicative of
valve-associated deterioration of LV function. In contrast, an
unspecific calcium distribution may indicate LV dysfunction
that preceded the AS development or occurred very early
during AS development without formation of larger calcium
amounts during constant high-pressure exposure.

With regard to MF, the highest proportion was found in the
low EF subtypes. A similar observation was reported by Rosa
et al., whose magnetic resonance imaging (MRI) findings
showed that MF was significantly higher in LEFLG AS com-
pared with the classical NEFHG AS.24 Because increased MF
is known to be associated with delayed normalization of LV

geometry as well as function following TAVR, the determina-
tion of the calcium load in the LEFLG group could possibly pro-
vide indications for therapeutic responses in these patients.10

Clinical significance and implications for mortality

Several studies have demonstrated that low-gradient AS, es-
pecially combined with reduced EF and low flow, is associated
with a worse prognosis after TAVR as compared with other
AS subtypes.25–27 However, the true survival rate in TAVR pa-
tients with PLFLG AS remains unclear. Some studies reported
comparable outcomes to NEFHG AS, but others demon-
strated worse outcome in PLFLG AS patients.25–27 In our
study, the highest mortality rates were observed in patients
with LEFLG AS, followed by patients with PLFLG AS.

Figure 5 Cardiovascular mortality depending on aortic valve calcification in patients with myocardial fibrosis (A) below median and (B) above median.
The box plots in the upper right side indicate the pressure relief following transcatheter aortic valve replacement (TAVR), depending on the aortic valve
calcification.
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Some observational studies have described an association
between AVC and mortality also in patients with severe AS
who did not undergo a surgical or interventional treatment.
There is also some evidence suggesting that in patients un-
dergoing aortic valve replacement, higher amounts of AVC
are associated with better survival rates.5 It is interesting that
the amount of AVC did not solely predict survival rates in our
cohort.

Furthermore, no relationship between AVC and mortality
could be documented in the AS subgroups neither, which
may be explained by the relatively small sample size and
event rate. However, taking MF into account, AVC became
an important additional predictor of poor survival rates in
AS. MF can be divided into two patterns: reactive interstitial
fibrosis that occurs in the early stages of AS and is potentially
reversible and replacement fibrosis.28 Regardless of the pat-
tern, the presence of MF is known to be associated with poor
long-term outcomes in different CV conditions.9,10,29–36 There
is also increasing evidence pointing to the pathophysiological
role of MF in AS. With histological data, Puls et al. demon-
strated that MF burden differed significantly between AS
subtypes, with the highest amount found in the LEFLG AS
subtype.10 From a functional standpoint, MF results in re-
duced LV function and the occurrence of heart failure symp-
toms. In addition, an increased MF load was associated with a
delayed normalization of LV geometry and LV function and
also associated with a higher CV mortality, most likely due
to arrhythmogenic potential in patients who underwent
TAVR.10 Using MRI non-invasive measurements, Everett
et al. have shown that the extracellular volume fraction as
a marker of fibrosis can serve as an independent predictor
of mortality in AS patients.9 In our patients with large MF
burden, those with high AVC had a better survival compared
with those with low AVC. These findings are in concordance
with the results of Ludwig et al. who found that high calcium
loads in LEFLG AS were a predictor of lower mortality follow-
ing TAVR.8 The authors justified this with the fact that in pa-
tients with a high amount of calcium, the crucial pathogen is
eliminated by the TAVR procedure, whereas in patients with
a lower amount of calcium, the comorbidities may be deci-
sive for the prognosis, and the AS may be of less importance.

Limitations

Several limitations need to be considered. First, this is a
single-centre study and our findings need to be reproduced
by other sites. Second, AVC was estimated on
contrast-enhanced MDCT only and not on native calcium
scoring scans. Due to the contrast-enhanced MDCT used,
threshold adjustment can be necessary to discriminate be-
tween calcium and intraluminal contrast medium, which
can lead to difficulties in reproducibility. However, in our
study, intra- and inter-observer reliability was excellent,

which is in line with previous publications.16 Therefore, we
believe that contrast-enhanced MDCT is sufficient to estimate
AVC and could be a useful addendum to routine clinical prac-
tice. Third, CV mortality has been defined according to the
VARC definition. Although this definition is widely accepted,
it is important to note that sudden/unwitnessed deaths of
unknown causes are also registered as CV mortalities. Al-
though 13 of the 14 deaths in our patient cohort were docu-
mented as definitively due to CV causes, one patient’s death
was an unexpected sudden death and was therefore, accord-
ing to the VARC definition, included in the reported
CV-related mortality. Fourth, because only 100 patients were
consecutively enrolled, the subtype groups are of different
sizes, which has implications for statistical testing. However,
our study still demonstrates a respective contribution of
AVC and MF on CV mortality. Fifth, myocardial biopsies were
used to assess MF. Although histological assessments offer
in-depth tissue characterization, sampling errors may occur.
However, cardiac magnetic resonance scans as an alternative
also are accompanied by advantages and disadvantages such
as software-specific native T1 times and differing normal
values.37 Furthermore, in the absence of follow-up examina-
tions, we are unable to report on reverse remodelling in re-
gard to AVC and MF.38 Finally, our study included Medtronic
CoreValve and the Edwards SAPIEN 3™ valves, which were
standard devices at the time of data collection.

Conclusions

MF is associated with adverse CV outcome following TAVR,
which is most prevalent in low EF situations. In the presence
of large MF burden, patients with large AVC have better out-
come following TAVR. Conversely, worse outcome in large MF
and relatively little AVC may be explained by a relative prom-
inence of an underlying cardiomyopathy. Finally, better sur-
vival rates in patients with large AVC may be indicative of se-
vere AS-associated pressure overload relief and subsequently
improved survival following TAVR.
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