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ABSTRACT
Background  Afterload mismatch (AM) refers to high-
gradient (mean gradient ≥40 mm Hg) severe aortic 
stenosis (AS) with reduced left ventricular ejection 
fraction (LVEF <50%) that is hypothesised to arise from 
mechanisms other than true contractile impairment. The 
extent, pattern and functional impact of myocardial fibrosis 
(MF), which is associated with systolic impairment, is 
poorly understood in the context of AM.
Methods  High-gradient severe AS patients with (n=25; 
low ejection fraction high-gradient, LEF-HG) and without 
(n=33; normal ejection fraction high-gradient (NEF-HG)) 
reduced LVEF underwent cardiovascular MRI. Using T1 
mapping, extracellular volume (ECV) fraction and late 
gadolinium enhancement (LGE), the extent and pattern 
of MF was compared between the two groups. End-
systolic wall stress (ESWS) as a measure of afterload was 
estimated, and its relationship with LVEF was compared 
with that of MF and LVEF.
Results  Stenosis severity was worse in the LEF-HG group 
(aortic valve area 0.5±0.2 vs 0.7±0.2 cm2, mean gradient 
55 (46–66) vs 48 (41–69) mm Hg). In the LEF-HG group, 
high ESWS with cavity dilation and significant hypertrophy 
were observed compared with the NEF-HG group. MF was 
present in both groups with a significantly higher burden 
in the LEF-HG group (T1 time 1061±22 vs 1041±33 ms, 
ECV 26%±3% vs 24%±3%, LGE mass 4.3 (1.7–9.3) vs 
0.1 (0.06–3.39) g). The association between MF and LVEF 
was weak, while ESWS was strongly associated with LVEF 
(r −0.8, p<0.0001) and was the best predictor of LVEF in 
multivariate prediction analysis.
Conclusions  MF was present in both groups with a 
higher burden in those with LEF-HG AS. High ESWS, that 
is, afterload, rather than MF, was the strongest predictor of 
LVEF. While MF may not directly impact systolic function in 
AM, it is still an important factor to account for in AS given 
its association with increased mortality.

INTRODUCTION
Severe aortic stenosis (AS) is one of the 
most common valve lesions worldwide with 
a high mortality despite advances in inter-
ventional options (surgical aortic valve 
replacement (SAVR) and transcatheter 
aortic valve implantation (TAVI)).1 Several 

haemodynamic subtypes of severe AS have 
been described, and mortality appears to be 
higher in those with low ejection fraction 
high-gradient (LEF-HG) severe AS, or after-
load mismatch, compared with their normal 
ejection fraction high-gradient (NEF-HG) 
counterparts.2 Afterload mismatch is a poorly 
understood haemodynamic subtype of severe 
AS first described in the 1970s.3–5 It refers to 
those high-gradient severe AS patients with a 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The reduced left ventricular ejection fraction (LVEF) 
in afterload mismatch likely arises from mecha-
nisms other than true intrinsic contractile dysfunc-
tion of the cardiomyocytes given the ability of the 
left ventricle to maintain high transaortic pressure 
gradients in the severe range (mean gradient ≥40 
mm Hg).

WHAT THIS STUDY ADDS
	⇒ The myocardial fibrosis burden is higher in those 
with afterload mismatch compared with patients 
with normal ejection fraction high-gradient aortic 
stenosis (AS), but fibrosis is not a strong predictor 
of LVEF in these patients.

	⇒ Increased afterload measured by end-systolic wall 
stress is the strongest predictor of LVEF in high-
gradient severe AS, reaffirming initial hypotheses 
that the abnormal loading conditions are what lead 
to a reduced LVEF.

	⇒ The increased myocardial fibrosis burden may, 
however, be a marker of chronicity in high-gradient 
AS, therefore, conferring other important clinical im-
plications, for example, an increased mortality risk.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Further study is required to establish wheth-
er myocardial fibrosis, which is associated with 
worse outcomes, is a marker of chronicity in AS. 
Understanding this will help policy-makers define 
and update criteria for the optimal timing of valve 
intervention, thus improving long-term survival and 
outcomes in AS patients.
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reduced left ventricular ejection fraction (LVEF <50%) 
that is thought to arise from a combination of inadequate 
left ventricular (LV) remodelling and abnormal loading 
conditions, that is, high afterload, rather than true 
contractile dysfunction of the cardiomyocytes.3–5 This 
hypothesis was, however, derived prior to the histological 
descriptions of myocardial fibrosis in severe AS.6 7

Myocardial fibrosis is now well described in AS and pres-
ents itself in the form of two distinct patterns detectable 
on cardiovascular MR (CMR) imaging—diffuse intersti-
tial fibrosis detected by T1 mapping/extracellular volume 
(ECV) fraction, and replacement fibrosis detected by 
late gadolinium enhancement (LGE) imaging.8 9 There 
is strong evidence to suggest that myocardial fibrosis is 
associated with an increased mortality risk in severe AS 
and that its progression coincides with the transition to 
systolic dysfunction and heart failure.7 How myocardial 
fibrosis impacts systolic function is not well understood, 
but limited evidence suggests that it may disrupt essen-
tial myocyte-to-myocyte communication that is required 
for cardiomyocyte homeostasis and survival, as well as 
excitation–contraction coupling disruption by physi-
cally restricting the cardiomyocytes from thickening.10 
Myocardial fibrosis in afterload mismatch is not well char-
acterised and its contribution to the reduced LVEF is not 
known.

This study aimed to describe, quantify and compare 
the myocardial fibrosis burden between patients with 
afterload mismatch (LEF-HG AS) and those with high-
gradient severe AS and preserved LVEF (NEF-HG AS) 
using CMR. To better understand the relative impact of 
myocardial fibrosis on preintervention LVEF, end-systolic 
wall stress (ESWS) as a measure of afterload was calcu-
lated non-invasively, and both ESWS and fibrosis were 
correlated with LVEF.

METHODS
Study design
Between June 2021 and August 2024, 58 patients meeting 
the European Society of Cardiology’s criteria11 for high-
gradient severe AS were prospectively enrolled from 
a tertiary academic centre in the Western Cape, South 
Africa. These criteria included an aortic valve area 
(AVA) <1.0 cm2 and a mean transaortic pressure gradient 
≥40 mm Hg. Patients with additional haemodynami-
cally significant valvular lesions, comorbid structural 
heart diseases including amyloidosis, significant coro-
nary artery disease (>50% stenosis determined by coro-
nary angiography) and contraindications to CMR were 
excluded. A clinical history with details on symptoms, 
functional status in the form of a New York Heart Asso-
ciation class and comorbidities were recorded. A resting 
blood pressure and clinical features of heart failure were 
also determined through a clinical examination. Echo-
cardiography was performed to determine LVEF, AVA 
and transvalvular aortic gradients to classify patients into 
their respective study groups (LEF-HG vs NEF-HG using 

an LVEF cut-off of 50%). Coronary angiography was 
performed to exclude significant coronary artery disease. 
All participants then underwent CMR using a standard-
ised protocol described below.

CMR image acquisition
CMR imaging was performed at Tygerberg Hospital using 
a Siemens Magnetom Aera 1.5 Tesla scanner (Siemens, 
Erlangen, Germany). A standardised protocol in accord-
ance with the Society of Cardiovascular Magnetic Reso-
nance guidelines was used.12 Cine images in the standard 
cardiac planes (two-chamber, three-chamber and four-
chamber views as well as a short-axis stack) were acquired 
using an electrocardiogram-gated, breath-held, balanced 
steady-state free precession sequence. Typical cine image 
acquisition parameters included an 8 mm slice thickness 
with a 2 mm gap where applicable, 25 phases, TR 35–45 
ms, TE 1.2 ms. Through-plane phase contrast flow at the 
aortic valve tips was also acquired with typical parameters 
that included a 5 mm slice thickness, 50 phases, TR 26 ms, 
TE 3.71 ms and velocity encoding of 400–550 cm/s.

Native and postcontrast T1 mapping images were 
acquired using a modified look-locker inversion 
recovery 5 (3)3 acquisition scheme. Native T2 mapping 
was performed using a T2 magnetisation preparation 
pulse and a readout by means of true fast imaging with 
steady state precession. Image views for the parametric 
sequences included a three-slice short axis stack (a basal, 
mid and apical slice of the LV) and the standard two-
chamber, three-chamber and four-chamber views. The 
short axis stack was acquired using the five-three rule to 
ensure consistency across participants. Typical parame-
ters included an 8 mm slice thickness with TR 290 ms/
TE 1.1 ms for native T1 mapping, TR 343 ms/TE 1.1 ms 
for postcontrast T1 mapping and TR 214 ms/TE 1.2 ms 
for T2 mapping. Normal mapping reference ranges were 
previously established in a calibration study of normal 
participants (TygerHeart MAPCAL Study, N21/02/005).

Contrast imaging was performed using Gadovist (Bayer 
Pharmaceuticals, Leverkusen, Germany) contrast agent 
at a dose of 0.2 mmol/kg. LGE images were acquired 
10–12 min after contrast injection using a T1-weighted 
inversion recovery sequence. The LGE images were 
acquired as a short-axis stack covering from base to 
apex of the LV and in the standard two-chamber, three-
chamber and four-chamber views. Typical LGE image 
parameters included a slice thickness of 8 mm with a 
gap of 2.5 mm where applicable, TR 806 ms, TE 1 ms, 
and inversion times ranging between 240 and 280 ms (as 
guided by a modified look-locker TI scout image).

CMR image analysis
Images were analysed using CVI42 (V.5.13.7, Circle 
Cardiovascular Imaging, Canada) software. A volu-
metric and functional analysis of the LV was performed 
in accordance with the Society of Cardiovascular 
Magnetic Resonance’s guidelines.13 A semiautomated 
volumetric and functional analysis was performed by 
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contouring end-diastolic and end-systolic endocardial 
and epicardial borders in every slice of the short-axis 
cine stack. Trabeculations and papillary muscles were 
excluded from the blood pool. Reported parameters 
include LV end-diastolic volume (LVEDV), LV end-
systolic volume, LV stroke volume (LVSV), LVEF and 
mitral annular plane systolic excursion (MAPSE). The 
letter, ‘i’ denotes parameters indexed for Mostellar-
derived body surface area. Right ventricular volumes 
were derived similarly and are denoted by the letters 
‘RV’. ESWS was calculated non-invasively using the 
equation derived and validated by Reichek et al.14 LV 
pressure was estimated using the sum of systolic blood 
pressure and mean transaortic pressure gradient, and 
geometric measurements were performed using the 
method suggested by Carter-Storch et al.15 Flow rate 
was calculated by dividing the LVSV by the systolic 
ejection time derived from aortic valve phase contrast 
flow curves. The LV global function index (LVGFI), 
described by Mewton et al, was calculated by dividing 
the LVSV by the sum of the mean cavity size (half the 
sum of LVEDV and LVESV) and myocardial volume 
(LVM divided by 1.05 g/mL).16

Global T1 and T2 relaxation times were measured using 
the three-slice short-axis stacks. Endocardial and epicar-
dial borders were contoured on every slice of the stack 
using a 10% endocardial and epicardial offset to account 
for partial volume effects. The average T1 and T2 times 
for the three slices were then used as global measures of 
T1 and T2 relaxation time. The right ventricular inser-
tion points were marked to generate a segmental (Amer-
ican Heart Association 17 segment model)17 analysis of 
the T1 and T2 relaxation times across each segment of 
the LV. The previously validated equation below was used 
to calculate the ECV fraction18:

	﻿‍
ECV =

[
∆R1myocardium
∆R1LV blood pool

]
×

[
1 − sHCT

]
‍�

Where:
ΔR1=postcontrast T1 time–precontrast T1 time
sHCT=synthetic haematocrit
A synthetic haematocrit was calculated for the ECV 

calculation using the validated formula below19:

	﻿‍
sHCT =

[
866 × 1

T1LV blood pool

]
− 0.1232

‍�
Where:

T1LV blood pool=Native T1 relaxation time of blood pool
The LGE images were analysed qualitatively and 

quantitatively. The presence and pattern (infarct vs 
non-infarct) of LGE were determined visually. For 
the quantitative analysis, endocardial and epicardial 
contours were traced in every slice of the short-axis LGE 
stack. Using an overlay slider and visual guidance, the 
LGE mass and proportion were recorded. Based on the 
best current evidence, a semiautomated quantitative 
analysis was also performed using the signal threshold 
versus reference mean method at a threshold of 3 SDs 
above that of remote myocardium.20

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
(V.10.0.2, GraphPad, Boston, USA) and SPSS (V.30.0, 
IBM) for statistical analysis. A minimum sample size of 
12 participants per group was required and met for the 
detection of volumetric and mass differences of at least 
10 mL and 10 g, respectively, with a power of 95% at an 
alpha of 5%. To detect a mean difference in T1 relaxa-
tion time of 20 ms and in LGE mass of 10 g with a power 
of 80% at an alpha of 5%, 33 and 8 participants, respec-
tively were required. Categorical variables were presented 
as absolute number and percentage and were compared 
using the χ2 test. Continuous variables were tested for 
normality using the Shapiro-Wilk test. Normally distrib-
uted continuous variables were presented as means and 
SDs and compared using the Student’s t-test. Continuous 
variables not normally distributed were presented as 
medians and IQRs and were compared using the Mann-
Whitney U test. A p<0.05 was considered significant. 
Pearson and Spearman correlation analyses were used 
for normally and non-normally distributed data, respec-
tively. Prediction analyses using simple linear regression 
and general discriminant analysis were also performed.

RESULTS
Baseline characteristics
Of 58 recruited participants with high-gradient severe AS, 
25 (43%) had LEF-HG AS and the remaining 33 (57%) 
had NEF-HG AS (table 1). The mean ages in those with 
LEF-HG and NEF-HG AS were 59±14 and 63±8 years, 
respectively. The majority of the cohort (40 (69%)) 
were female with a similar sex distribution in each group 
(table 1). In those with LEF-HG AS, a significantly smaller 
AVA (0.5±0.2 vs 0.7±0.2 cm2) was observed. Mean and 
peak pressure gradients were statistically similar between 
the two groups (table 1) but with a significantly lower flow 
rate in those with LEF-HG AS (182.5±71.1 vs 265.9±69.3 
mL/s) (table 1). With the exceptions of dyspnoea, ortho-
pnoea and systolic blood pressure, the clinical charac-
teristics of the two groups were similar (table 1). There 
were no cases of concomitant amyloidosis. Of 25 LEF-HG 
AS patients, 18 (72%) underwent valve intervention by 
either SAVR or TAVI. Transthoracic echocardiography 
performed 4–7 days after intervention confirmed LVEF 
recovery in 14/18 (78%) patients. The median improve-
ment in LVEF was 12.5 (2.5%–19%).

LV morphology/geometry/function
LV remodelling and functional parameters were signif-
icantly different between the two groups of patients 
(table 2). LV remodelling in LEF-HG AS included signif-
icant cavity dilation compared with those with NEF-HG 
AS (LVEDV 221.1±52.9 vs 148.4±31.1 mL) as well as signif-
icant LV hypertrophy (LVM 181.5±61.4 vs 147.4±47.4 g). 
Measures of both radial and longitudinal systolic func-
tion were moderate-severely impaired in the LEF-HG AS 
group (LVEF 28%±8% vs 65%±9%, p<0.0001 and MAPSE 
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3.7±2.6 vs 10.2±3.4 mm, p<0.0001). Non-invasive merid-
ional ESWS was significantly higher in the LEF-HG AS 
group (263.6±82.2 vs 118.3±49.5×103 dynes/cm2). The 
conical shape of the LV was equally preserved in both 
groups of patients (sphericity index of 0.5±0.1 vs 0.5±0.1). 
The novel index of LV global function was significantly 
decreased in the LEF-HG AS group (LVGFI 17.4±5.4 vs 
41.2±8.9).

LV tissue characteristics
Myocardial fibrosis measured by T1 mapping, ECV and 
LGE was present in both groups of patients (table 3). The 
global T1 relaxation time was significantly longer in the 
LEF-HG group (1061±22 vs 1041±33 ms; normal T1 range 
1000±23 ms). The impact of heart rate on the T1 relaxa-
tion time was shown to be insignificant on simple linear 
regression analysis (r2=0.0097). The ECV was significantly 
increased in LEF-HG AS (26%±3% vs 24%±3%; normal 
ECV 23%±2%). The global T2 relaxation time was iden-
tical between the two groups (normal T2 range 47±2 ms). 
A segmental analysis of T1 mapping is shown in figure 1. 
A similar distribution of prolonged T1 relaxation time 
was observed between the two groups, with the highest 
T1 values distributed in the inferior and septal segments.

The incidence of replacement fibrosis as determined 
by the presence of LGE was significantly higher in those 
with LEF-HG AS (84% vs 36%) and in both groups, a 
non-infarct pattern of LGE predominated over an infarct 
pattern (table 3). The scar burden was higher in those 
with LEF-HG AS with a total segment count of 61 (15%) 
vs 46 (9%), p=0.003 and a significantly higher LGE mass 
using both visual planimetry and the 3SD STRM method 
(table  3). A basal to apical gradient in terms of scar 
burden was observed in LEF-HG AS, with the greatest 
number of LGE positive segments in the basal third of 
the ventricle. This gradient was less apparent in those 
with NEF-HG AS (table 3).

Relationship between ESWS and myocardial fibrosis
ESWS was not uniformly distributed across the LV. For 
the total cohort, ESWS measured highest in the middle 
third of the LV, measuring 208.0±77.9×103 dynes/cm2 
compared with 182.0±97.7 and 138.7±76.3×103 dynes/
cm2 in the basal and apical thirds of the LV, respectively. 
This contrasts with the decreasing density of fibrosis 
from base to apex observed in the LV. In those with an 
abnormally elevated T1 relaxation time (46 (79%)), 
concordance between the basal to apical distributions of 
ESWS elevation and fibrosis density was present in only 8 
(17%) of the patients (p=0.0002). Similarly, in those with 
LGE present, concordance between the basal to apical 
distributions of ESWS elevation and fibrosis density was 
present in only 11 (33%) of the patients (p=0.12). The 
strength of association between ESWS and global native 
T1 relaxation time was weak on Spearman correlation 
analysis (r=0.15, 95% CI −0.12 to 0.40, p=0.2). Similarly, a 
weak association was found between ESWS and LGE mass 
(r=0.27, 95% CI 0.003 to 0.50, p=0.04).

Table 1  Baseline characteristics of LEF-HG AS compared 
with NEF-HG AS patients

Characteristic
LEF-HG 
(n=25)

NEF-HG 
(n=33) P value

Age (years) 59±14 63±8 0.2

Sex 0.9

 � Female n (%) 17 (68) 23 (70)

 � Male n (%) 8 (32) 10 (30)

AVA (cm2) 0.5±0.2 0.7±0.2 0.0005

Mean gradient (mm Hg) 55 (46–66) 48 (41–69) 0.5

Peak gradient (mmHg) 89 (72–107) 74 (66–104) 0.3

Flow rate (mL/s) 182.5±71.1 265.9±69.3 <0.0001

Symptoms

 � Chest pain n (%) 11 (44) 11 (33) 0.3

 � Dyspnoea n (%) 24 (96) 20 (61) 0.002

 � NYHA

  �  Class I n (%) 0 (0) 1 (3) 0.4

  �  Class II n (%) 8 (32) 7 (21) 0.3

  �  Class III n (%) 14 (56) 11 (33) 0.08

  �  Class IV n (%) 2 (8) 1 (3) 0.4

 � Orthopnoea n (%) 15 (60) 10 (30) 0.02

 � Pre-syncope n (%) 13 (52) 12 (36) 0.2

 � Syncope n (%) 7 (28) 9 (27) 0.9

Comorbidities

 � Hypertension n (%) 14 (56) 23 (70) 0.3

 � Diabetes mellitus n (%) 4 (16) 10 (30) 0.2

 � Dyslipidaemia n (%) 5 (20) 12 (36) 0.2

 � Coronary artery disease n 
(%)

0 (0) 0 (0) N/A

 � Cardiac amyloidosis* n (%) 0 (0) 0 (0) N/A

Clinical features

 � Heart rate (beats per minute) 82±14 71±14 0.004

 � Systolic blood pressure (mm 
Hg)

115±21 132±19 0.002

 � Diastolic blood pressure 
(mm Hg)

72±9 73±13 0.6

 � Body mass index (kg/m2) 27.6±6.6 31.1±7.1 0.06

 � Body surface area (m2) 1.8±0.2 1.9±0.2 0.2

 � Baseline LVEF 28±8 65±9 <0.0001

Categorical variables are presented as absolute number 
(percentage).
Normally distributed continuous variables are presented as 
mean±SD and median (IQR) where distribution is not normal.
Statistically significant p values illustrated in bold (p<0.05 
considered significant).
*Incidentally detected amyloidosis as per CMR features.
AS, aortic stenosis; AVA, aortic valve area; CMR, cardiovascular 
MR; LEF-HG, low ejection fraction high gradient; LVEF, left 
ventricular ejection fraction.; N/A, not available; NEF-HG, normal 
ejection fraction high gradient; NYHA, New York Heart Association.
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Predictors of afterload mismatch
Pearson and Spearman correlation analyses showed a 
significant weak association between markers of fibrosis 
and LVEF (T1 time: r=−0.35, 95% CI −0.56 to −0.10, 
p<0.01, ECV: r=−0.34, 95% CI −0.59 to −0.03, p=0.03 and 
LGE mass: r=−0.42, 95% CI −0.62 to −0.17, p=0.001). 
ESWS, however, had a strong inverse linear association 
with LVEF (r=−0.80, 95% CI −0.88 to −0.67, p<0.0001). On 
univariate linear regression analysis, T1 time and ESWS 
were found to have significant unstandardised β coeffi-
cients for the prediction of LVEF (table 4). The standard-
ised β coefficient was strongest for ESWS (table 4). Using 
a general discriminant analysis for a multivariate evalua-
tion, LGE mass and ESWS were found to have significant 
β coefficients for the prediction of LVEF (table 4). As for 

univariate analysis, ESWS had a stronger β coefficient 
than LGE mass (table 4). The model accurately predicted 
LV systolic dysfunction with a high sensitivity of 90% and 
specificity of 95%.

DISCUSSION
This study comparing patients with LEF-HG AS to their 
NEF-HG counterparts found more advanced LV remodel-
ling (in the form of LV dilation and LV hypertrophy) with 
significantly elevated ESWS in those with LEF-HG AS. 
The diffuse interstitial and replacement fibrosis burden, 
although present in both groups, was significantly higher 
in the LEF-HG group. ESWS rather than myocardial 
fibrosis was a strong predictor of LVEF, suggesting that 

Table 2  Left and right ventricular remodelling in those with LEF-HG AS compared with NEF-HG AS

Parameter LEF-HG (n=25) NEF-HG (n=33) P value

LVEDV (mL) 221.1±52.9 148.4±31.1 <0.0001

LVEDVi (mL/m2) 122.6±31.6 77.8±15.5 <0.0001

LVESV (mL) 160.6±46.5 51.8±17.5 <0.0001

LVESVi (mL/m2) 88.4±25.8 27.2±9.6 <0.0001

LVSV (mL) 61.3±20.6 96.7±23.5 <0.0001

LVSVi (mL/m2) 34.1±13.4 50.5±11.2 <0.0001

Flow rate (mL/s) 182.5±71.1 265.9±69.3 <0.0001

LVM (g) 181.5±61.4 147.4±47.4 0.03

LVMi (g/m2) 100.1±37.5 76.6±21.6 0.008

M/V ratio 0.8±0.2 1.0±0.3 0.009

SI 0.5±0.1 0.5±0.1 0.1

LVEF (%) 28±8 65±9 <0.0001

MAPSE (mm) 3.7±2.6 10.2±3.4 <0.0001

Meridional ESWS (×103 dynes/cm2) 263.6±82.2 118.3±49.5 <0.0001

LVGFI 17.4±5.4 41.2±8.9 <0.0001

RVEDV (mL) 130.8 (113.7–189.1) 139.0 (107.0–154.5) 0.4

RVEDVi (mL/m2) 73.8 (60.1–104.8) 68.3 (56.5–80.2) 0.1

RVESV (mL) 62.6 (50.6–101.6) 49.9 (37.8–63.3) 0.003

RVESVi (mL/m2) 36.1 (30.0–59.0) 26.3 (20.5–30.4) 0.0002

RVSV (mL) 67.9 (52.9–80.0) 77.8 (63.8–99.0) 0.05

RVSVi (mL/m2) 36.5 (28.5–43.5) 39.5 (35.4–50.0) 0.09

RVEF (%) 48±12 61±8 <0.0001

TAPSE (mm) 15±5 21±5 <0.0001

TR present n (%) 7 (28) 2 (6) 0.02

Categorical variables are presented as absolute number (percentage).
Normally distributed continuous variables are presented as mean±SD and median (IQR) where distribution is not normal.
Statistically significant p values illustrated in bold (p<0.05 considered significant).
The letter ‘i’ denotes a parameter indexed to body surface area.
AS, aortic stenosis; ESWS, end-systolic wall stress; LEF-HG, low ejection fraction high gradient; LVEDV, left ventricular end-diastolic volume; 
LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; LVGFI, left ventricular global function index; LVM, left 
ventricular mass; LVSV, left ventricular stroke volume; MAPSE, mitral annular plane systolic excursion; M/V, mass/volume ratio; NEF-HG, 
normal ejection fraction high gradient; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right 
ventricular end-systolic volume; RVSV, right ventricular stroke volume; SI, sphericity index; TAPSE, tricuspid annular plane systolic excursion; 
TR, tricuspid regurgitation.
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a mismatch between afterload increase and LV compen-
sation lies at the centre of the reduced LVEF in high-
gradient severe AS (ie, an afterload mismatch as initially 
suggested, exists). The development of myocardial 
fibrosis appears to be independent of the rise in ESWS, as 
suggested by the poor correlation between the overall LV 
fibrosis quantity and ESWS, as well as the lack of concord-
ance between the basal to apical distributions of fibrosis 
and regional ESWS elevations.

Abnormal loading is a stronger predictor of preintervention 
systolic dysfunction than myocardial fibrosis
Myocardial fibrosis was present in both groups of patients 
in this study, suggesting that fibrosis in AS likely precedes 
the onset of systolic dysfunction as measured by a reduced 

LVEF. This temporality is an important criterion for estab-
lishing a causal relationship between myocardial fibrosis 
and systolic dysfunction. However, neither a strong associ-
ation nor a dose-dependency between the fibrosis burden 
and LVEF was demonstrated in this study. This was true 
for both diffuse interstitial and replacement fibrosis. 
Rather, a strong association and dose-dependent effect 
between ESWS, that is, afterload, and LVEF was observed. 
This suggests that abnormal loading (more specifically, 
increased afterload) serves as a stronger causal contender 
than myocardial fibrosis for the reduced LVEF in after-
load mismatch. Further supporting this is the observation 
of an early LVEF recovery following intervention.21–23 
While regression of diffuse interstitial fibrosis has been 
described after SAVR/TAVI, this regression appears to be 
gradual over a period of months and is not as immediate 
as the acute recovery observed for LVEF.24–27 A formal 
analysis of LVEF recovery was not performed in this study 
and would be an important addition in future work on 
afterload mismatch to better illustrate the relationship 
between LVEF recovery and fibrosis regression.

Clinical significance of myocardial fibrosis in afterload 
mismatch
While the results of this study suggest that myocardial 
fibrosis may not be causally associated with the reduced 
LVEF in afterload mismatch, its presence is still of clinical 
importance given its association with increased mortality. 
In our cohort of afterload mismatch, more severe degrees 
of stenosis severity and more advanced LV remodelling 
suggest that these patients represent a more advanced 
stage in the natural history of severe AS. It is therefore 
plausible that myocardial fibrosis, which was also signifi-
cantly higher in afterload mismatch, may be a marker of 
chronicity. Despite good evidence of increased mortality 
associated with myocardial fibrosis in AS, interventional 
strategies based on selecting patients with worse fibrosis for 
early surgery have not demonstrated improved outcomes.28 
In the recently completed EVOLVED trial that randomised 
asymptomatic severe AS patients with midwall LGE to 
either early intervention or to the current guideline recom-
mendation of conservative management, early intervention 
did not translate into a significant reduction in the primary 
endpoint (composite of all-cause mortality and AS-related 
hospitalisation).28 This highlights the current knowl-
edge gap with regards to the role of fibrosis assessment in 
predicting patient outcomes in severe AS.

Long-term considerations in afterload mismatch
The prompt recovery in LVEF after valve intervention 
in those with afterload mismatch may lead to a false 
sense of reassurance regarding the long-term outcomes 
of these patients. Few studies designed to interrogate 
the intermediate and/or long-term outcomes specifi-
cally in those with afterload mismatch exist.2 29–31 The 
findings are conflicting. In one study, those with after-
load mismatch performed similarly at 1 year compared 
with those with high-gradient severe AS and preserved 

Table 3  Left ventricular tissue characteristics of those with 
LEF-HG AS compared with NEF-HG AS

Parameter
LEF-HG 
(n=25)

NEF-HG 
(n=33) P value

Global T1 time (ms) 1061±22 1041±33 0.008

 � Basal T1 time (ms) 1062±21 1051±38 0.2

 � Mid T1 time (ms) 1059±28 1037±33 0.008

 � Apical T1 time (ms) 1064±39 1027±36 0.001

ECV (%) 26±3 24±3 0.02

Global T2 time (ms) 49 (48–49) 49 (47–51) 0.6

 � Basal T2 time (ms) 49 (47–49) 48 (47–51) 0.5

 � Mid T2 time (ms) 49±2 49±3 0.8

 � Apical T2 time (ms) 49 (48–50) 49 (48–51) 0.6

LGE present n (%) 21 (84) 12 (36) 0.0003

 � Basal segments n (%) 27 (18) 17 (9) 0.009

 � Mid segments n (%) 21 (14) 19 (10) 0.2

 � Apical segments n (%) 13 (13) 10 (8) 0.2

LGE pattern

 � Infarct n (%) 5 (24) 5 (42) 0.3

 � Non-infarct n (%) 16 (76) 9 (75) 0.9

LGE mass (g) by visual 
method

4.3 (1.7–9.3) 0.1 (0.06–3.4) 0.002

LGE percentage (%) by 
visual method

4.9 (1.4–8.6) 0.1 (0.1–3.9) 0.002

LGE mass (g) by 3SD 
STRM method

14.3 (7.5–20.3) 5.3 (2.2–13.3) 0.008

LGE percentage (%) by 
3SD STRM method

12.0 (10.1) 7.0 (12.5) 0.04

Categorical variables are presented as absolute number 
(percentage).
Normally distributed continuous variables are presented as 
mean±SD and median (IQR) where distribution is not normal.
Statistically significant p values illustrated in bold (p<0.05 
considered significant).
AS, aortic stenosis; ECV, extracellular volume; LEF-HG, low 
ejection fraction high gradient; LGE, late gadolinium enhancement; 
NEF-HG, normal ejection fraction high gradient; STRM, signal 
threshold versus reference mean.
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systolic function.30 In a larger study, however, those with 
afterload mismatch trended strongly towards a higher 
cardiovascular mortality at 2 years after valve interven-
tion.2 Concerns of an increased mortality risk in after-
load mismatch are further supported by the presence 
of a significant fibrosis burden and a drastically lower 
LVGFI observed in this study. This novel marker, first 
described by Mewton et al, combines structural and 
functional measures into a single dimensionless index.16 
This index, in other cohorts of cardiovascular disease, 
has been shown to be a comprehensive tool for the inde-
pendent long-term prediction of heart failure, cardio-
vascular events and mortality.16 32 33 Use of LVGFI in 
the severe AS population remains unexplored. Given 
the significant difference in LVGFI between those with 
afterload mismatch and preserved systolic function, 

there would be merit in performing longer-term studies 
and in establishing the utility of this predictive marker 
in the AS population.

Limitations
Myocardial contractility and preload were measured in 
only a subset of this study’s cohort,5 and their impact on 
LVEF in the rest of the cohort was therefore unknown. 
Although, impaired contractility was not shown to play a 
significant role in the systolic dysfunction of the afterload 
mismatch subset who were previously studied.5 This study 
design did not include a follow-up arm which would be 
useful in future work to further clarify the relative contri-
butions of myocardial fibrosis and reverse LV remodel-
ling on LVEF in afterload mismatch.

Figure 1  Heat maps showing the segmental distribution of diffuse myocardial fibrosis as detected by global native T1 
relaxation time in those with (a) LEF-HG AS and (b) NEF-HG AS. The green regions represent segments with a normal T1 
relaxation time (T1 time <1040 ms). The yellow and red regions represent segments with moderate and severe elevations in T1 
relaxation time (T1 time: 1040–1100 ms). Septal predominance in terms of myocardial fibrosis was present in both groups of 
patients. AS, aortic stenosis.

Table 4  Univariate linear regression and multivariate general discriminant analysis of predictors of left ventricular systolic 
dysfunction

Predictor 
variable

Univariate analysis General discriminant analysis

β coefficient 95% CI Standardised β coefficient P value β coefficient 95% CI P value

T1 time (ms) −0.16 −0.32 to −0.01 −0.25 0.04 0.18 −0.02 to 0.39 0.08

ECV (%) 57.00 −123.69 to 237.68 0.09 0.53 −0.11 −0.36 to 0.14 0.37

LGE mass (g) −0.54 −1.38 to 0.29 −0.16 0.19 0.28 0.06 to 0.51 0.01

ESWS* −0.17 −0.22 to −0.13 −0.78 <0.01 0.8 0.63 to 0.96 <0.01

A p<0.05 was considered statistically significant.
Significant p values are denoted by bold text.
*ESWS measured non-invasively and expressed as ×103 dynes/cm2.
ECV, extracellular volume fraction; ESWS, end-systolic wall stress; LGE, late gadolinium enhancement.
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CONCLUSIONS
In this CMR-based study of patients with high-gradient 
severe AS, the degree of diffuse interstitial and replace-
ment fibrosis in afterload mismatch exceeded that of 
patients with normal EF. Diffuse interstitial fibrosis 
demonstrated a septal predominance, and a basal to 
apical gradient in terms of replacement fibrosis was 
observed. ESWS as a measure of afterload was also shown 
to be significantly higher in patients with afterload 
mismatch and was the strongest predictor of LVEF. In 
keeping with prior hypotheses, abnormal loading (exces-
sive afterload) remains the most likely mechanism under-
lying the reduced LVEF in this unique subgroup of severe 
AS patients, but future prospectively designed studies 
that follow fibrosis regression and LVEF recovery post 
valve intervention are required to strengthen these find-
ings. While myocardial fibrosis may not play a direct role 
in systolic dysfunction, its previously established role on 
increased mortality risk in AS is important and requires 
further study.
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