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Abstract

Background: Blunted left ventricular hemodynamics reflected by a low stroke volume

index (SVI) ≤35 mL/m2 body surface area (low flow [LF]) in patients with severe

aortic stenosis (AS) are associated with worse outcomes even after correction of

afterload by transcatheter aortic valve implantation (TAVI). These patients can have a

low or high transvalvular mean pressure gradient (MPG). We investigated the impact

of the pre-interventional MPG on outcomes after TAVI.

Methods: Patients with LF AS were classified into those with normal (EF ≥ 50%;

LF/NEF) or reduced ejection fraction (EF < 50%; LF/REF) and were then stratified

according to an MPG < or ≥ 40 mmHg. Patients with SVI >35 mL/m2 (normal flow;

NF) served as controls.

Results: 597 patients with LF/NEF, 264 patients with LF/REF and 975 patients with

NF were identified. Among all groups those patients with a low MPG were character-

ized by higher cardiovascular risk. In patients with LF/REF, functional improvement

post-TAVI was less pronounced in low-MPG patients. One-year survival was signifi-

cantly worse in LF AS patients with a low vs. high MPG (LF/NEF 16.5% vs. 10.5%,

p = 0.022; LF/REF 25.4% vs. 8.0%, p = 0.002), whereas no differences were found

in NF patients (8.7% vs. 10.0%, p = 0.550). In both LF AS groups, a low pre-

procedural MPG emerged as an independent predictor of mortality.

Conclusions: In patients with LF AS, an MPG cut-off of 40 mmHg defines two patient

populations with fundamental differences in outcomes after TAVI. Patients with LF AS

and a high MPG have the same favorable prognosis as patients with NF AS.
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1 | INTRODUCTION

Severe aortic stenosis (AS) leads to an increased left ventricular

(LV) pressure and to various levels of LV hypertrophy. LV hypertrophy

itself can induce diastolic dysfunction, causing a reduction in LV

stroke volume (SV). Moreover, LV hypertrophy is associated with dis-

torted myocardial blood supply, and once hypertrophy fails to com-

pensate for the increased afterload, the LV undergoes remodeling

that leads to a deteriorated systolic function and finally to a reduction

in ejection fraction (EF).1 While this pathophysiologic sequence has

obvious parallels with the development of heart failure with preserved

or reduced EF, it more formally defines patient populations with AS and

specific hemodynamic characteristics. According to current guidelines,

low-flow (LF) hemodynamics in patients with AS is defined as a SV inde-

xed to body surface area (SVI) ≤35 mL/m2.2 Such patients can present

with reduced (<50%) or preserved (≥50%) EF.2 The outcome of patients

with LF AS is similar to that of patients defined to have concomitant

heart failure3 and is generally limited compared with those patients

with normal flow (NF), even after correction of afterload by TAVI.4

Low SV can lead to reduced transaortic flow velocities measured

by echocardiography that translate into low transvalvular gradients by

the simplified Bernoulli equation. Thus, LF and low gradients are often

diagnosed simultaneously and characterize a patient population at

highest risk.5 However, a LF status does not necessarily lead to a low

mean pressure gradient (MPG),6,7 and it appears that the MPG plays

an essential and independent role in risk stratification and is clearly

associated with post-interventional outcomes.8 We therefore investi-

gated potential predictors of a low versus high MPG in a TAVI registry

population and further analyzed the prognostic impact of the pre-

TAVI MPG in patients with LF AS.

2 | MATERIALS AND METHODS

2.1 | Study design, setting, and participants

In this retrospective, observational study, all data derived from a TAVI reg-

istry at a single center. From 2011 until 2019, patients who underwent

TAVI for symptomatic AS were consecutively included as a result of the

local heart team decision at our center. Follow-up visits were scheduled at

30 days and 1 year post-TAVI. The data were collected in a standardized

and anonymized format. The study protocol conforms to the ethical guide-

lines of the 1975 Declaration of Helsinki, and approval for this study was

obtained from the ethics committee of the Justus-Liebig University Gies-

sen. Due to the retrospective nature of this study, a waiver of written

informed consentwas issued by the ethics committee.

Two different cohorts were created (Figure 1): a) for the explor-

atory analysis of baseline characteristics of patients with low vs. high

MPG, and b) for the analysis of outcomes in LF patients. In the latter

cohort only patients with transfemoral access and LF AS were classi-

fied into those with reduced EF (EF <50%; LF reduced EF [LF/REF])

and those with preserved EF (EF ≥50%; LF normal EF [LF/NEF]).

Patients in each group were then further dichotomized into those

with an MPG < or ≥ 40 mmHg. Patients with SVI >35 mL/m2 were

classified as NF patients and served as controls.

2.2 | Outcome variables

The primary endpoint was death from any cause. Patients with

follow-up time longer than 1 year were censored as alive after

365 days. Cardiovascular death and clinical events during a 30-day

F IGURE 1 Flow chart illustrating the
creation of the study populations.
Abbreviations: AS, aortic stenosis; AVAi,
aortic valva area index; EF, ejection
fraction; LF/NEF, low flow, normal EF;
LF/REF, normal flow, reduced EF;
MPG, mean pressure gradient; NF, normal
flow; SVI, stroke volume index;
TF, transfemoral
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TABLE 1 Patient characteristics –
exploratory study population

Low MPG High MPG
n = 1079 n = 1644 p

Demographic data

Female 506 (46.9) 935 (56.9) <0.001

Age, y 81.3 (77.9–84.9) 82.5 (79.1–85.8) <0.001

BMI, kg/m2 26.9 (24.1–30.3) 26.8 (24.1–30.5) 0.714

GFR, ml/min/1.73 m2 57 (42–78) 69 (49–87) <0.001

NYHA class III / IV 926 (85.8) 1353 (82.3) 0.015

Prior cardiac decompensation 419 (38.8) 442 (26.9) <0.001

Risk factors

Arterial hypertension 1009 (93.5) 1517 (92.3) 0.223

Diabetes mellitus 421 (39.0) 488 (29.7) <0.001

Dyslipidemia 444 (41.1) 624 (38.0) 0.095

COPD 214 (19.8) 332 (20.2) 0.818

EuroScore II, % 6.6 (3.8–11.4) 4.0 (2.5–6.7) <0.001

Cardiovascular disease

CAD 729 (67.6) 974 (59.2) <0.001

CABG 254 (23.5) 177 (10.8) <0.001

Prior myocardial infarction 201 (18.6) 192 (11.7) <0.001

History of atrial fibrillation 579 (53.7) 553 (33.7) <0.001

NT-proBNP serum levels (pg/ml) 2516 (1104–5688) 1965 (805–5488) 0.046

n = 299 n = 422

Prior stroke 170 (15.8) 222 (13.5) 0.102

Peripheral artery disease 230 (21.3) 266 (16.2) 0.001

Note: Data represent N (%) or median (interquartile range). Abbreviations: BMI, body mass index;

CABG, coronary artery bypass grafting; CAD, coronary artery disease; COPD, chronic obstructive

pulmonary disease; GFR, glomerular filtration rate; MPG, mean pressure gradient; NYHA, New York

Heart Association.

TABLE 2 Doppler Echocardiographic
and MDCT Data – exploratory study
population

Low MPG High MPG
n = 1079 n = 1644 p

Echocardiographic data

Ejection fraction, % 60 (34–65) 65 (60–65) <0.001

LV hypertrophy 695/918 (75.7) 1155/1399 (82.6) <0.001

SVI, ml/m2 (n = 2504) 32.2 (26.0–39.1) 37.5 (31.1–44.2) <0.001

MPG, mmHg 29 (23–35) 50 (44–59) <0.001

MR ≥2+ 167 (15.5) 192 (11.7) 0.004

TR ≥2+ 146 (13.5) 146 (8.9) <0.001

MR ≥2+ & TR ≥2+ 61 (5.7) 57 (3.5) 0.006

SPAP, mmHg (n = 1808) 44 (36–54) 44 (37–57) 0.495

MDCT data

Agatston Score women, AU 1533 (1053–2162) 2517 (1814–3401) <0.001

Agatston Score men, AU 2426 (1789–3248) 3654 (2778–4876) <0.001

Note: Data represent N (%) or median (interquartile range). Abbreviations: LV, left ventricular; MDCT,

multidetector computed tomography; MPG, mean pressure gradient; MR, mitral regurgitation; SPAP,

systolic pulmonary artery pressure; SVI, stroke volume index, TR, tricuspid regurgitation.
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follow-up were defined according to the Valve Academic Research

Consortium-2 consensus document.9

2.3 | Cardiac imaging

Echocardiographic exams were scheduled before TAVI, before

discharge from hospital, and at the 30-day follow-up. Left ven-

tricular mass was calculated by the linear method.10 LV hypertro-

phy was defined as LV mass >95 g/m2 in women and >115 g/m2

in men.10 The left ventricular EF was estimated visually. The LV

outflow tract diameter was measured in magnified parasternal

long-axis views in early systole. Depending on the flow pattern in

each patient, the site of measurement of the outflow tract diame-

ter was usually 0.5–1.0 cm apical to the annulus to obtain laminar

flow curves, according to current recommendations.11 Special

care was taken that the level of the velocity recording from the

apical five-chamber view was at the same anatomic level as that

of the LV outflow tract measurements. In patients with atrial

fibrillation with similar cycle lengths (“pseudo-regularization”),
one measurement of velocities was performed, whereas 3–5 mea-

surements were averaged in those patients with atrial fibrillation

with different cycle lengths. SV was determined at the LV out-

flow tract by multiplying area by the systolic velocity time inte-

gral and was indexed to body surface area. Aortic valve area was

calculated according to the continuity Equation.11 Noncontrast

multidetector computed tomography was used for measurement

of the Agatston Score, as described earlier.12

2.4 | Statistical analysis

Continuous data were not normally distributed and are reported as

median and interquartile range (IQR). Continuous values were com-

pared by the Mann–Whitney test and categorical variables by the

χ2 test. To analyze the prediction of a low MPG (<40 mmHg), all

T
A
B
L
E
5

P
ro
ce
du

ra
ld

at
a
-
N
F
an

d
LF

st
ud

y
po

pu
la
ti
o
ns

N
F

LF
/N

E
F

LF
/R

E
F

lo
w

M
P
G

hi
gh

M
P
G

lo
w

M
P
G

hi
gh

M
P
G

lo
w

M
P
G

h
ig
h
M
P
G

n
=

2
9
8

n
=

6
7
7

p-
va

lu
e

n
=

2
5
5

n
=

3
4
2

p-
va

lu
e

n
=

1
8
9

n
=

7
5

p-
va

lu
e

B
al
lo
o
n-
ex

pa
nd

ab
le

va
lv
e

9
4
(3
1
.5
)

2
3
3
(3
4
.5
)

0
.3
7
3

9
3
(3
6
.5
)

1
3
5
(3
9
.5
)

0
.4
5
5

8
8
(4
6
.8
)

3
3
(4
4
.0
)

0
.6
8
0

R
ap

id
pa

ci
ng

2
3
3
(7
8
.2
)

6
3
4
(9
3
.6
)

<
0
.0
0
1

1
9
6
(7
6
.9
)

3
2
2
(9
4
.2
)

<
0
.0
0
1

1
6
4
(8
6
.8
)

7
3
(9
7
.3
)

0
.0
1
1

P
ro
ce
du

ra
lt
im

e,
m
in

3
6
(2
9
–4

5
)

3
6
(2
9
–4

6
)

0
.4
9
9

3
5
(2
6
–4

7
)

3
7
(3
0
–4

8
)

0
.0
1
1

3
7
(3
0
–4

8
)

3
8
(2
9
–4

9
)

0
.7
3
7

C
o
nt
ra
st

ag
en

t,
m
l

8
0
(6
0
–1

1
6
)

9
0
(6
9
–1

2
0
)

0
.1
2
3

8
0
(6
0
–1

1
6
)

9
0
(7
0
–1

2
0
)

0
.1
0
4

9
5
(7
0
–1

2
1
)

9
0
(7
4
–1

2
0
)

0
.7
7
5

D
ev

ic
e
su
cc
es
s

2
7
9
(9
3
.6
)

5
9
8
(8
8
.5
)

0
.0
1
3

2
4
0
(9
4
.1
)

2
9
6
(8
6
.5
)

0
.0
0
3

1
6
8
(8
8
.9
)

6
7
(8
9
.3
)

0
.9
1
7

A
V
A
at

di
sc
ha

rg
e,

cm
2

1
.7

(1
.5
–1

.9
)

1
.6

(1
.4
–1

.9
)

0
.1
5
8

1
.6

(1
.4
–1

.8
)

1
.5

(1
.3
–1

.8
)

0
.1
0
4

1
.6

(1
.4
–1

.8
)

1
.5

(1
.3
–1

.7
)

0
.0
9
2

R
es
id
ua

la
o
rt
ic

re
gu

rg
it
at
io
n
≥
II�

6
/2

6
6
(2
.3
)

2
1
/6

3
3
(3
.3
)

0
.3
9
5

1
0
/2

3
5
(4
.3
)

1
3
/3

2
0
(4
.1
)

0
.9
1
0

6
/1

7
7
(3
.4
)

2
/6

9
(2
.9
)

0
.8
4
6

N
ot
e:

D
at
a
re
pr
es
en

t
N

(%
)
o
r
m
ed

ia
n
(in

te
rq
ua

rt
ile

ra
ng

e)
.
A
bb

re
vi
at
io
ns
:
A
V
A
,
ao

rt
ic

va
lv
e
ar
ea

;
LF

,
lo
w

fl
o
w

(s
tr
o
ke

vo
lu
m
e
in
de

x
≤
3
5
m
L/
m

2
);
N
E
F
,
n
o
rm

al
ej
ec
ti
o
n
fr
ac
ti
o
n
(≥
5
0
%
);
N
F
,
n
o
rm

al
fl
o
w

(s
tr
o
ke

vo
lu
m
e
in
de

x
>
3
5
m
L/
m

2
);
M
P
G
,
m
ea

n
pr
es
su
re

gr
ad

ie
nt
;
R
E
F
,
re
du

ce
d
ej
ec
ti
o
n
fr
ac
ti
o
n
(<
5
0
%
).

TABLE 6 Logistic regression analysis of the exploratory study
population for prediction of a low baseline MPG (<40 mmHg)

Variable OR CI 95% p

Lower Upper

Male sex 2.798 2.156 3.632 <0.001

Age, years 0.972 0.954 0.991 0.005

GFR, ml/min/1.73 m2 0.995 0.990 0.999 0.023

History of AF 1.792 1.400 2.292 <0.001

Peripheral artery disease 1.335 1.005 1.773 0.046

Ejection fraction, % 0.970 0.959 0.980 <0.001

SVI, ml/m2 0.971 0.959 0.983 <0.001

Agatston Score, AU 0.999 0.999 0.999 <0.001

Abbreviations: AF, atrial fibrillation; CI, confidence interval; GFR,

glomerular filtration rate; OR, odds ratio; SVI, stroke volume index.
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baseline parameters from Tables 1 and 2 with significant (p < 0.1)

difference between low and high MPG were tested for collinearity

and were included in the regression model if the variance inflation

factor was <5. Parameters with univariable significance (p < 0.1)

entered the multivariable regression analysis. Survival curves were

constructed using Kaplan–Meier estimates and were compared by

the log-rank test. To analyze the prediction of mortality in the

LF/NEF and LF/REF groups, all baseline and procedural parameters

from Tables 3–5 with significant (p < 0.1) difference between low

and high MPG together with MPG were tested for collinearity and

were included in the regression model if the variance inflation fac-

tor was <5. Parameters with univariable significance (p < 0.1)

entered the multivariable Cox regression analysis. All statistical

analyses were carried out using the SPSS statistical package version

26 (IBM Corp., Armonk, NY).

3 | RESULTS

3.1 | Exploratory analysis of baseline
characteristics

In the exploratory analysis, baseline characteristics of 1079 patients

with low MPG and of 1644 patients with high MPG were analyzed

(Table 1). Compared with patients with a high MPG, those with a low

MPG were more often male, had worse renal function, were more

symptomatic, and had a higher prevalence of cardiovascular risk factors

and manifest diseases, as mirrored by higher EuroScores (for all com-

parisons p < 0.001). In a subpopulation of 721 patients, NT-proBNP

serum levels were higher (p = 0.046) in those with low MPG (2516 pg/

mL [1104–5688]) than in those with high MPG (1965 pg/mL [805–

5488]). The former group also had a lower mean EF and a lower SVI, a

higher prevalence of significant atrioventricular valve regurgitation, and

a lower amount of aortic valve calcification (Table 2). Independent

determinants for a low baseline MPG in this unselected patient popula-

tion were male sex, lower age, lower glomerular filtration rate, a history

of atrial fibrillation, peripheral artery disease, a lower EF, a lower SVI,

and a lower Agatston Score (Table 6).

3.2 | Comparison of the LF subgroups

According to LV performance, 975 patients with NF, 597 patients

with LF/NEF, and 264 patients with LV/REF were identified. In all

three groups, patients with a low MPG had worse renal function and

tended to have a higher prevalence of cardiovascular risk factors

and manifest cardiovascular disease, as mirrored by a significantly

higher EuroScore II (Table 3). Patients with a low MPG displayed a

lower EF and SVI and a lower prevalence of LV hypertrophy than

F IGURE 2 Survival curves based on the pre-interventional MPG. Kaplan–Meier analysis of all-cause mortality of patients with NF (normal
flow), LF/NEF (low flow, normal EF) and LF/REF (low flow, reduced EF) based on MPG ≥40 mmHg (high MPG) or MPG <40 mmHg (low MPG).
Abbreviations: MPG, mean pressure gradient

TABLE 8 Multivarible cox regression analysis for prediction of
1-year mortality of the LF study populations

CI 95%

Variable HR Lower Upper p

LF/NEF study population

Age, years 1.047 1.000 1.095 0.048

Low MPG 2.064 1.300 3.277 0.002

Device success 0.320 0.183 0.559 <0.001

LF/REF study population

Euro Score II, % 1.071 1.029 1.114 0.001

Low MPG 2.533 1.039 6.179 0.041

Abbreviations: CI, confidence interval; LF/NEF, low flow, normal EF; LF/

REF, normal flow, reduced EF; Low MPG, low mean pressure gradient

(categorial); OR, odds ratio.
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those with a high MPG (Table 4). The prevalence of significant atrio-

ventricular valve regurgitation was identical between groups and

patients with low MPG had lower levels of aortic valve calcification

than those with high MPG. Intraprocedural rapid pacing was less fre-

quently performed in low-MPG patients (Table 5). In all three

groups, 30-day all-cause and cardiovascular mortality was not differ-

ent between low- and high-MPG patients (Table 7). While functional

improvement was identical in patients with a low or high MPG in

the NF and in the LF/NEF group, patients in the LF/REF group with

a low MPG had a significantly worse functional improvement com-

pared with those in this group with a high MPG. Patients in the NF

group had an identical one-year outcome, regardless of low or high

MPG. In contrast, striking differences in outcomes were observed in

both LF groups between patients with low vs. high MPG. Whereas

patients with a high MPG had mortality rates between 8.0 and

10.5%, which was similar to that of patients with NF, those with a

low MPG had much higher mortality rates, ranging between 16.5

and 25.4% (p < 0.001; Figure 2). Patients with LF/REF and low

MPG – meeting the criteria for classical LF, low-gradient AS – had

the poorest survival, which was driven by a high cardiovascular mor-

tality. Independent predictors of all-cause mortality in the LF/NEF

group were age, a low MPG and lack of device success (Table 8). In

the LF/REF group, the EuroScore II and a low MPG predicted mor-

tality. In both groups MPG also emerged as an independent predic-

tor of mortality when included as a linear variable.

4 | DISCUSSION

Our data reveal that patients with severe LF AS do not constitute a uni-

form population with an inevitably poor prognosis. In fact, such patients

can be stratified by their pre-interventional transvalvular MPG into two

distinct patient populations that are characterized by different cardiovas-

cular risks and prevalence of cardiovascular diseases. In patients with LF

AS and preserved or reduced EF, the MPG emerged as a powerful and

independent factor impacting one-year survival, even after correction of

afterload by TAVI. It remains speculative, however, whether a low MPG

in these patients is a surrogate marker of worse LV performance overall

and exerts such a strong influence on outcome.

An analysis of more than 11,000 patients from the Transcatheter

Valve Therapies Registry8 provided important insights into the interplay

between EF and MPG in patients undergoing TAVI. Both a reduced EF

and a pre-interventional MPG <40 mmHg were independently associ-

ated with higher mortality and a higher rate of hospitalization due to

heart failure post-TAVI. However, after adjustment of clinical factors,

only the MPG remained a strong and independent predictor of adverse

events, whereas the EF lost significance. Our results decidedly confirm

these data, demonstrating that the MPG determines outcomes in

patients independent of EF range. Beyond that, our study provides addi-

tional information by reporting stroke volumes, information that was lac-

king in the former registry which prevented the authors from

commenting on the rate of patients with normal versus LF status, which,

in turn has a tremendous impact on outcomes.5 Although it is difficult to

define concomitant heart failure in patients with severe AS, as reflected

by various definitions of heart failure in this setting,13–16 we demon-

strated that symptomatic patients with LF AS display remarkable similari-

ties with heart failure patients, and that those having a reduced EF

(comparable to heart failure with reduced EF) have the worst prognosis.3

Following this line of reasoning, it is surprising to see that even patients

with LF/REF can have an excellent prognosis, comparable to patients

with normal SVI if the initial MPG is ≥40 mmHg.

Why does the MPG have such a powerful prognostic impact? Even

though atrial fibrillation, low EF, and low SVI emerged as independent

predictors of a low MPG in our exploratory analysis, one is tempted to

consider these impacts – all of which may lead to a reduced transvalvular

flow velocity – under one pathophysiologic model. Several hypotheses

have been proposed to explain the interplay between myocardial texture

and function in low-gradient patients. Structural or functional aberrations

such as ischemic scars, hibernating myocardium, or those seen in idio-

pathic dilated cardiomyopathy as well as the concept of LV failure and

remodeling instead of – or subsequent to – adaptive LV hypertrophy are

widely accepted explanations.1 Recently, Puls et al.17 reported analyses

of LV biopsies from patients with different hemodynamic patterns of

severe AS undergoing TAVI. They demonstrated that the burden of myo-

cardial fibrosis correlates with the extent of pathological baseline LV

remodeling, and fibrosis emerged as an independent predictor of cardio-

vascular mortality in these patients. The highest levels of myocardial

fibrosis were detected in patients with classical LF, low-gradient AS,

comparable to our patients with LF/LEF and low MPG. Myocardial fibro-

sis in their study was mirrored by reduced strain values. We are aware

that parameters of LV performance other than EF are needed to unmask

subtle alterations in myocardial function, parameters that are probably

related to the level of myocardial fibrosis and possibly related to the

MPG. Therefore, further studies on this challenging topic should involve

such measurements along with data from “virtual histology” obtained by

magnetic resonance tomography.

Atrial fibrillation has consistently been demonstrated to be associ-

ated with high-risk AS and is a predictor of all-cause mortality in patients

with medically managed AS18 or in those undergoing TAVI.5,19 The high

prevalence of atrial fibrillation in our patients with low MPG may be

interpreted from different perspectives. On one hand, atrial fibrillation

may mirror a patient's cumulative cardiovascular risk and advanced stage

of cardiac damage. This point of view is supported by the concept of

extravalvular cardiac damage in patients with AS, in which atrial fibrilla-

tion was classified as being one criterion for stage two cardiac damage or

risk class.20 On the other hand, atrial fibrillation in patients with severe

AS is associated with a distinct hemodynamic profile that includes lower

stroke volumes.21 Therefore, the correlation between atrial fibrillation

and a low MPG in our patients is also a definite consequence of a partic-

ularly low stroke volume and accordingly low aortic flow velocities.

4.1 | Limitations

The EF was not measured but was visually estimated; echocardiographic

data on LV diastolic function would have added value to our results. In

E930 FISCHER-RASOKAT ET AL.
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addition, information on functional class after one year would have

allowed further assessments of long-term changes in clinical outcome.

5 | CONCLUSIONS

In our population of patientswith severe LFAS, TAVI led to a symptomatic

benefit in themajority. Furthermore, patients with a highMPG exhibited a

relatively favorable prognosis like that of patients without NF, whereas a

low MPG indicated a tremendous risk that was associated with a poor

one-year outcome. Complementary measurements, including histologic

and functional characterization of myocardial tissue, could shedmore light

on underlying pathophysiologic mechanisms.
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