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Abstract

Background: Myocardial fibrosis is a major determinant of outcome in aortic stenosis (AS). Novel fast real-time (RT)
cardiovascular magnetic resonance (CMR) mapping techniques allow comprehensive quantification of fibrosis but
have not yet been compared against standard techniques and histology.

Methods: Patients with severe AS underwent CMR before (n = 110) and left ventricular (LV) endomyocardial biopsy
(n = 46) at transcatheter aortic valve replacement (TAVR). Midventricular short axis (SAX) native, post-contrast T1 and
extracellular volume fraction (ECV) maps were generated using commercially available modified Look-Locker
Inversion recovery (MOLLI) (native: 5(3)3, post-contrast: 4(1)3(1)2) and RT single-shot inversion recovery Fast Low-
Angle Shot (FLASH) with radial undersampling. Focal late gadolinium enhancement was excluded from T1 and ECV
regions of interest. ECV and LV mass were used to calculate LV matrix volumes. Variability and agreements were
assessed between RT, MOLLI and histology using intraclass correlation coefficients, coefficients of variation and
Bland Altman analyses.

Results: RT and MOLLI derived ECV were similar for midventricular SAX slice coverage (26.2 vs. 26.5, p = 0.073) and
septal region of interest (26.2 vs. 26.5, p = 0.216). MOLLI native T1 time was in median 20 ms longer compared to RT
(p < 0.001). Agreement between RT and MOLLI was best for ECV (ICC > 0.91), excellent for post-contrast T1 times
(ICC > 0.81) and good for native T1 times (ICC > 0.62). Diffuse collagen volume fraction by biopsies was in median
7.8%. ECV (RT r = 0.345, p = 0.039; MOLLI r = 0.40, p = 0.010) and LV matrix volumes (RT r = 0.45, p = 0.005; MOLLI r =
0.43, p = 0.007) were the only parameters associated with histology.
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Conclusions: RT mapping offers fast and sufficient ECV and LV matrix volume calculation in AS patients. ECV and
LV matrix volume represent robust and universally comparable parameters with associations to histologically
assessed fibrosis and may emerge as potential targets for clinical decision making.

Keywords: Real-time, T1 mapping, Aortic stenosis, Transfemoral aortic valve replacement, Tissue characterisation

Introduction
Left ventricular (LV) remodelling including hypertrophy,
interstitial volume alteration and expansion is a common
feature in cardiac diseases [1]. Severe aortic stenosis (AS)
is the most prevalent valvular heart disease in the Western
world with 7 million people aged above 75 years thought
to be affected [2, 3]. Severe symptomatic AS is associated
with worse prognosis in the absence of aortic valve re-
placement [4–6]. However, prognosis after valve replace-
ment may not entirely rely on improved flow-dynamics
but depends on the level of collagen deposition during re-
modelling before intervention [7, 8]. Diffuse fibrosis pre-
cedes focal replacement fibrosis [9, 10], which has
prognostic implications in asymptomatic AS patients [11].
Current guidelines recommend aortic valve replacement
in symptomatic severe AS [12] irrespective of cardiac re-
modelling. Notwithstanding, there is evidence to suggest
reverse myocardial remodelling following valve replace-
ment with regression of diffuse fibrosis in some patients
and consequently the quantification of its extent could
represent a novel endpoint for patient selection [13]. Car-
diovascular magnetic resonance (CMR) imaging allows
quantification of myocardial remodelling using T1 map-
ping and extracellular volume (ECV) fraction calculation
based on pre- and post-contrast T1 maps [10]. However,
conventional Modified Look-Locker Inversion recovery
(MOLLI) sequences [14], require retrospective acquisition
over several heart beats and considerable breath holds
which may be less accurate in dyspnoeic patients or for
stress applications such as ischaemia assessment [15].
Recently, real-time (RT) T1 mapping based on inver-
sion recovery Fast Low Angle Shot (FLASH) has been
introduced which may overcome these limitations
[16]. Whilst histology represents the reference stand-
ard, data comparing mapping and histology remains
controversial [17, 18] and RT assessment has not yet
been compared against collagen quantification based on
endomyocardial biopsies. Hence, the aim of the present
study was the evaluation of novel RT mapping sequences
versus conventional MOLLI techniques and histological
presence of fibrosis in AS [16, 19].

Methods
Study population
Between January 2016 and August 2019 patients who
underwent transcatheter aortic valve replacement (TAVR)

following heart team consensus decision were approached
for study participation. Ethical approval was obtained
from the local ethics committee. All patients gave
written informed consent before participation. The
study was conducted according to the principles of
the Helsinki Declaration. The study was funded by a
grant from the German Research Foundation (DFG,
CRC 1002, D1).

Cardiovascular magnetic resonance imaging
CMR imaging was carried out using a standard proto-
col including balanced steady state free precession
(bSSFP) functional imaging, native mapping prior to
gadolinium application and post-contrast mapping 20 min
after contrast administration as well as late gadolinium en-
hancement (LGE) imaging. Cardiac volumes were assessed
in short axis (SAX) stacks acquired using electrocardiogra-
m(ECG) gated bSSFP cine imaging. Mapping sequences
comprised commercially available MOLLI (native: 5(3)3,
post-contrast: 4(1)3(1)2) sequences [19–21] (Fig. 1)
(MOLLI T1 mapping) with typical imaging parameters
comprising a field-of-view (FOV) of 360 × 306.6mm2, in-
plane resolution 1.41 × 1.41 × 8mm3, TR/TE = 2.7/1.12
ms, nominal flip angle 35°, bandwidth 1085Hz/pixel and a
total acquisition of 11 heart beats. Additionally, RT
T1 single-shot myocardial T1 maps [16] (RT T1 map-
ping) of the mid-LV slices were acquired (Fig. 1) at a
nominal in-plane resolution of 1.0 × 1.0 mm2 and 8
mm slice thickness using a FOV 256 × 256 mm2 in
combination with a resolution of 512 complex data
points per radial spoke (two-fold oversampling). Other
parameters were TR/TE = 2.67/1.66 ms, nominal flip
angle 4°, bandwidth 850 Hz/pixel and total acquisition
time of 4 s following a non-selective adiabatic inver-
sion pulse. Correct overlapping of underlying T1
weighted images was checked by the operator prior to
drawing of the respective region of interest (ROI).
The ROI was then propagated to all underlying T1
weighted images to create a midventricular SAX slice
coverage and a septal ROI separately. To avoid partial
volume effects of the blood pool or adjoining non-
myocardial structures ROI delineation was carefully
reviewed on all underlying T1 weighted images. ECV
was calculated for the entire myocardium as well as
the septal ROI separately as recently published [22].
To specifically evaluate diffuse processes, T1 and ECV
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ROIs excluded focal fibrosis/scars represented by focal
LGE. Calculation of matrix volumes were performed
using the product of LV myocardial volume (LV mass
divided by specific gravity of myocardium [1.05 g/mL])
and ECV or (1 – ECV) for cellular volumes [13]. LGE im-
aging for the evaluation of ischemic scar was per-
formed using inversion-recovery-gradient echo
sequences 10–20 min after the administration of
gadolinium-based contrast agents (0,15 mmol/kg).
Post-processing analyses were performed using Medis
(version 3.1.16.8, Medical Imaging Systems, Leiden,
Netherlands). Quantifications were performed by ob-
servers blinded to clinical and histological or imaging
characteristics respectively.

Histological fibrosis assessment
LV endomyocardial biopsies were taken during TAVR
procedures prior to replacement and from the antero-
septal basal myocardial segment using a Proflex-
Bioptom (7 F, Medical Imaging Systems). The study
procedure accounted for additional 5 to 10 min of
intervention time. TAVR and CMR were performed
within 48 h. Biopsies were fixed in 10% paraformalde-
hyde (PHA) and embedded in paraffin. Fibrosis was
assessed using quantitative morphometry (cell-Sens
1.6, Olympus Corporation, Tokyo, Japan) and defined
as blue area in Masson trichrome staining (MTS, sec-
tion with positive staining for collagen) in relation to
total tissue area. Collagen volume fraction (CVF) was

defined as the amount of total fibrosis, including sub-
endocardial fibrosis (ischemic), interstitial diffuse fi-
brosis (reactive) and replacement (scar) fibrosis [17]
(Fig. 1), in relation to the total area of the biopsy. To
precisely define the amount of interstitial myocardial
fibrosis areas of subendocardial or replacement fibro-
sis were then excluded from the analysis volume in a
second step with the final volume only including car-
diomyocytes and interstitial fibrosis. Subsequently, dif-
fuse CVF (dCVF) was defined as the percentage of
interstitial fibrosis in relation to the remaining vol-
ume respectively.

Statistics
Continuous parameters are presented as median values
with interquartile range (IQR) after testing for normal
distribution using the Shapiro-Wilk test. Non-normally
distributed parameters underwent logarithmic trans-
formation to achieve normal distribution. Dependent
variables were compared using the Wilcoxon signed-
rank test. Correlations were assessed using Pearson cor-
relation coefficients. P-values provided are two-sided, an
alpha level of 0.05 and below was considered statistically
significant. Statistical agreement and variability were
assessed in 20 randomly selected patients using the coef-
ficient of variation (CoV, SD of mean difference divided
by the mean) and intra-class correlation coefficients
(ICC). Intra-observer reproducibility was performed with
4 weeks in between repeated analyses. ICCs were

Fig. 1 The upper half of the figure shows a histological slice of a biopsy from a patient with in total 4% fibrosis classified as perivascular and
interstitial. The corresponding MOLLI (26.8%) and Real-time (26.6%) maps quantify extracellular volume fractions (ECV) within normal range. The
lower half shows a histological slice of a biopsy containing a total of 21% fibrosis comprising 80% perivascular and interstitial fibrosis. The
corresponding MOLLI (29.5%) and Real-time (30.1%) maps quantify ECV above average indicating pathology
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evaluated based on a model of absolute agreements as
well as on a model for consistency [23]. ICC was consid-
ered excellent for values ≥0.74, good ≥0.60, fair ≥0.4 and
poor < 0.40. Bland-Altman analyses [mean difference be-
tween measurements with 95% confidence interval (CI)]
were performed to visualize agreements and variability
[24]. Statistical analyses were calculated using SPSS (ver-
sion 24, Statistical Package for the Social Sciences, Inter-
national Business Machines, Inc., Armonk, New York,
USA,) and Microsoft Excel (Microsoft, Redmond, Wash-
ington, USA).

Results
Study population
Baseline characteristics are reported in Table 1. In total
110 patients agreed for participation in the CMR study.

LV endomyocardial biopsies were taken in 46 patients
[25]. There was one biopsy induced papillary muscle in-
jury resulting in an increase from moderate to severe
mitral regurgitation which was successfully treated with
Mitraclip (Abbott, Abbott Park, Illinois, USA) implant-
ation leading to subsequent reduction to mild mitral
regurgitation.

Tissue characterisation
Histology
CVF as assessed by biopsy was in median 10.5% (IQR
3.0, 31.3) with 7% (IQR 2.5, 12.4) histologically de-
fined as dCVF. Replacement fibrosis was present in
10 biopsies ranging between 1 and 76% of CVF
within these biopsies. Subendocardial fibrosis was
present 18 biopsies ranging between 1 and 81% of
CVF of the biopsies. After accounting for different fi-
brosis pattern, dCVF accounted for 7.8% of total bi-
opsy area (IQR 2.8, 14.3).

Imaging
CMR derived tissue characterisation is reported in
Table 2. Midventricular SAX slice coverage as well as
septal ROI T1 times as assessed by MOLLI sequences
were significantly longer compared to RT assessments
both prior to and after contrast application (p < 0.001
for all). However, calculated ECV were similar for mid-
ventricular SAX slice coverage (p = 0.073) as well as the
septal ROI (p = 0.216). Differences between MOLLI and
RT sequences were numerically smaller for the septal
ROI compared to the midventricular SAX slice cover-
age. ECV (MOLLI r = 0.40, p = 0.010; RT r = 0.35, p =
0.039, Fig. 2) and ECV derived LV matrix volume
(MOLLI r = 0.43, p = 0.007; RT r = 0.45, p = 0.005) were
the only parameter associated with dCVF as assessed by
biopsies. In contrast, ECV derived cellular volume did
not correlate significantly with dCVF (MOLLI r = 0.29,
p = 0.081; RT r = 0.28, p = 0.100). There was no correl-
ation comparing the proportion of dCVF in relation to
healthy myocardium to native T1 (5(3)3 MOLLI r =
0.08, p = 0.600; RT r = 0.09, p = 0.547) or post-contrast
T1 (MOLLI r = 0.02, p = 0.883; RT r = 0.01, p = 0.933).
Furthermore, there was no correlation between histo-
logically assessed total fibrosis and neither 5(3)3
MOLLI derived native T1 (r = − 0.23, p = 0.143) or ECV
(r = 0.21, p = 0.197) nor RT native T1 mapping (r = 0.15,
p = 0.356) or ECV (r = 0.21, p = 0.211) assessments. Out
of 16 patients with atrial fibrillation, 4 patients had
combined data on CMR and histologically derived fi-
brosis. Correlation coefficients of ECV and dCVF were
numerically higher for RT (r = 0.60, p = 0.40) as op-
posed to MOLLI (r = 0.36, p = 0.64).

Table 1 Baseline characteristics

Parameter Total

Sex (f/m) 63/42

Age 79 (75, 82)

BMI 27.7 (24.7, 30.8)

Cardiovascular Risk Factors

Hypertension 93

Diabetes 37

Dyslipidaemia 64

Active smoking 8

Atrial fibrillation 16

Cardiovascular magnetic resonance

LV EDVI (ml/m2) 79 (65, 98)

LV ESVI (ml/m2) 31 (18, 45)

LV EF (%) 60.5 (47.4, 72.0)

LV Mass (g/m2) 85 (69, 105)

LGE (g) 26.1 (14.7, 45.8)

NYHA

I, II, III, IV 6, 35, 60, 4

Laboratory Testing

NTproBNP (pg/ml) 1452 (608, 3916)

Creatinine (mg/dl) 1.03 (0.86, 1.19)

eGFR (ml/min/1.73m2) 60.0 (50.4, 75.3)

Echocardiography

Peak aortic valve velocity (m/s) 4.0 (3.6, 4.6)

Mean Gradient (mmHg) 38 (29, 53)

Aortic valve area (cm2) 0.8 (0.6, 0.9)

Values are reported given as median and interquartile range or absolute
numbers and associated percentage as appropriate.
LV left ventricular, EDVI/ESVI end-diastolic/systolic volume index, EF ejection
fraction, eGFR estimated glomerular filtration rate; LGE late gadolinium
enhancement; NYHA New York Heart Association; BMI body mass index
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Agreement of fibrosis assessments
Agreements of MOLLI and RT mapping are reported in
Tables 3 and 4 as well as Figs. 3 and 4. Statistical agree-
ments comparing assessments by MOLLI and RT se-
quences are higher for the septum compared to the
myocardium. This is also reflected by higher correlation
coefficients for septal assessments. Statistical agreements
are good for native T1 times (ICC > 0.62), excellent for
post-contrast T1 times (ICC > 0.81) as well as excellent
and best for ECV (ICC > 0.91) irrespective of midven-
tricular septal or midventricular SAX slice coverage.
Intra- and interobserver reproducibility of T1 times and
ECV were consistently excellent (Table 5).

Discussion
The present study reports 4 major findings. First, novel
RT native T1 and ECV mapping agrees well with
MOLLI sequences suggesting adequate estimation of
myocardial fibrosis. Second, the relationship between fi-
brosis assessment by CMR and LV endomyocardial bi-
opsy derived histology is complex and both modalities
provide different and complementary information.
Third, ECV and LV matrix volume are the only

parameters showing a significant correlation with dCVF
and may therefore serve as non-invasively obtained sur-
rogates of biopsy derived histological extent of intersti-
tial fibrosis with potential implications for clinical
decision making and follow up surveys. Last, RT map-
ping may be particularly suited for examinations de-
pending on high temporal resolution e.g. in patients
prone to dyspnoea, arrhythmias or stress mapping.
The present data demonstrates good agreement be-

tween novel RT and 5(3)3 MOLLI mapping techniques
for native T1 values, which is generally better for the
septum as compared to the overall myocardium. Higher
and excellent agreement is found for ECV for midven-
tricular SAX slice coverage and the septal ROI, showing
no statistical numerical difference between RT and
MOLLI sequences. Additionally, and in opposite to na-
tive or post-contrast T1, ECV is less prone to factors in-
fluencing magnetization thus being more universally
comparable [26]. The potential clinical value for ECV is
further underlined by robust intra- and inter-observer
reproducibility and recent data showing ECV to be more
strongly associated with outcome compared to native T1
in over 1700 patients with myocardial disease [27].

Table 2 Left ventricular tissue characterisation

MOLLI
Midventricular SAX

Real-time
Midventricular SAX

p-value MOLLI
Septal ROI

Real-time
Septal ROI

p-value

Native 1309 (1274, 1345) 1289 (1248, 1313) < 0.001 1310 (1287, 1342) 1291 (1261, 1322) < 0.001

Post-contrast 520 (490, 550) 487 (451, 518) < 0.001 525 (489, 554) 504 (470, 533) < 0.001

ECV 26.5 (24.9, 27.8) 26.2 (24.4, 27.7) 0.073 26.5 (24.2, 28.2) 26.2 (24.4, 27.7) 0.216

Matrix volume (ml/m2) 21.0 (17.9, 26.3) 20.3 (17.0, 26.9) 0.059

Cell volume (ml/m2) 59.0 (47.8, 74.2) 59.2 (47.3, 73.5) 0.059

T1 values are reported as median in milliseconds with associated interquartile range. P-values were calculated using the Wilcoxon signed-rank test. ECV
extracellular volume in %. SAX, short axis; ROI region of interest

Fig. 2 Correlation of diffuse collagen volume fraction (CVF) with cardiovascular magnetic resonance (CMR) derived (a) extracellular volume
fraction (ECV) mapping and (b) left ventricular (LV) matrix volume using conventional (MOLLI) and Real-Time imaging
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In contrast, agreement with fibrosis assessment by
histology is low. Neither native 5(3)3 MOLLI nor RT T1
as well as ECV mapping did correlate with total fibrosis,
which is a distinct deviation from previous assumptions
[18, 28] but in line with recent data presented by Treibel
et al. [17]. It is important to remember that both
methods (histology and CMR based) are different with
inherent advantages and disadvantages.
First, despite of limited guidance for biopsies performed

in the cath-lab and their focal nature of assessment of
endomyocardial tissue, biopsies are considered to repre-
sent the whole ventricular myocardium. Biopsies per-
formed in the CMR suite may overcome limitations owed
to guidance [29], nevertheless the major concern of their
focal nature remains. In contrast, CMR assessments com-
prise myocardial changes over the LV in its entirety. Fur-
thermore, biopsies offer in depth tissue characterisation
on the microscopic, molecular, immunological and genetic
level allowing deep and comprehensive assessments but
carry the risk of the procedure. CMR offers non-invasive
radiation-free tissue characterisation using native and/or
contrast-agent based approaches for diffuse and focal tis-
sue characterisation [1]. However limits of CMR include
spatial resolution [16] and the dependency of magnetic
fields and different mapping protocols leading to hard-
and software specific native T1 times and differing normal
values. Whilst ECV and LGE are more universally com-
parable, they are dependent on the use of gadolinium
based contrast-agents which are relatively contraindicated

in patients with severe renal failure [30]. Biopsies however,
may be performed in this subgroup as well.
Second, it has to be noted that ECV reflects diffuse

myocardial fibrosis. Reports for the correlation of ECV
to histologically assessed fibrosis vary. Better correlation
than ours was found by de Meester de Ravenstein [31]
reporting good correlation of ECV and histologic fibrosis
(r = 0.78) using a 3-(3)-3-(3)-5 MOLLI sequence. Mul-
tiple factors may contribute to this difference. It could
be partially related to the different sequence used, it
could be influenced by lower sample size and time dif-
ferences between CMR and biopsy (1 to 30 days) or the
size of the latter, since patients undergoing open-chest
aortic surgery underwent biopsies of the full width of
myocardium as opposed to our endomyocardial biopsy.
In line with our data de Meester de Ravenstein also re-
ported low correlation for native T1 to histology. Kam-
merlander et al. [32] reported moderate correlation of
ECV and histology (r = 0.49) but association to cardio-
vascular outcome in 473 consecutive patients referred to
CMR. Similar to Treibel et al. [17] we did not observe a
significant correlation of ECV and total CVF. Arguably,
this may not entirely be surprising since interstitial myo-
cardial fibrosis cannot be assessed in areas with suben-
docardial and focal replacement fibrosis. We therefore
excluded these areas to precisely define the histological
reference volume. Indeed, significant correlation was
then established for ECV (diffuse fibrosis as assessed by
CMR after exclusion of focal LGE) compared to dCVF

Table 3 Reproducibility Mapping

Method Parameter Mean Difference
(SD of the Diff.)

ICC (95% CI) CoV (%)

MOLLI vs. Real-time T1 midventricular SAX native 25.4 (53.0) 0.62 (0.38–0.769 4.1%

T1 septal ROI native 19.7 (48.8) 0.69 (0.50–0.80) 3.7%

T1 midventricular SAX post-contrast 37.3 (23.9) 0.81 (0.00–0.94) 4.7%

T1 septal ROI post-contrast 19.1 (24.2) 0.91 (0.65–0.96) 4.7%

ECV midventricular SAX 0.31 (2.23) 0.91 (0.85–0.94) 8.3%

ECV septal ROI 0.24 (1.75) 0.95 (0.93–0.97) 6.6%

The ICC was calculated for absolute agreement of the strain values. SD standard deviation; Diff Difference; ICC intraclass correlation coefficient; CoV coefficient of
variation; ECV extracellular volume; ROI region of interest. Native: prior to Gadolinium contrast agent application, post: 15 min post application

Table 4 Correlation MOLLI vs. Real-time Mapping

Method Parameter correlation p

MOLLI vs. Real-time T1 midventricular SAX native 0.56 < 0.001

T1 septal ROI native 0.66 < 0.001

T1 midventricular SAX post-contrast 0.86 < 0.001

T1 septal ROI post-contrast 0.88 < 0.001

ECV midventricular SAX 0.73 < 0.001

ECV septal ROI 0.84 < 0.001

ECV extracellular volume; ROI region of interest
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(diffuse fibrosis in histology after exclusion of non-
interstitial collagen deposition) calculated within the bi-
opsies. Both MOLLI and RT ECV quantifications
showed this association. Bearing in mind the value of
diffuse myocardial remodelling and its potentially revers-
ible nature preceding irreversible scaring, ECV may
allow better patient selection for further treatment.
However, whilst ECV is influenced by changes in cellular
and interstitial volumes, calculation of LV matrix vol-
umes might overcome this limitation [13]. Indeed,

correlations with histological dCVF were highest for
both RT and MOLLI derived LV matrix volumes.
Third, despite the focal nature of biopsies, one would

expect lower but significant correlations of fibrosis and T1
as previously reported [18, 28]. The absence of statistical
correlation may be based on methodological differences.
T1 mapping may rather reflect the entirety of myocardial
changes including fibrosis, inflammation and myocardial
hypertrophy [1] as opposed to strict fibrosis assessment by
staining in histology. Puls et al. [33] have recently

Fig. 3 Bland Altman plots are shown for native T1, post-contrast T1 and extracellular volume fraction (ECV) comparing MOLLI and Real-time based
acquisitions for midventricular short axis (SAX) and septal regions of interest (ROI). Δ: difference (MOLLI - Real-Time). The red line indicates 0 difference

Fig. 4 Correlation is shown for Real-time and MOLLI derived septal extracellular volume fraction (ECV), native and post-contrast T1 times
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underlined the impact of fibrosis on the prognosis of pa-
tients following TAVR. Everett et al. [21] demonstrated
that ECV but not native T1 assessment yields prognostic
value in patients with AS undergoing TAVR. This is in
line with the present observation of correlations between
ECV and matrix volume but not native T1 mapping with
invasively derived fibrosis quantification. Non-invasive tis-
sue characterisation using ECV or matrix volume quantifi-
cation may therefore offer important non-invasive clinical
information in addition to currently established diagnostic
and therapeutic pathways [12].
Technical challenges in MOLLI T1 mapping comprise

banding artefacts depending on magnetic field strengths.
CMR imaging in general is prone to artefacts caused by
inadequate breath-holding. MOLLI sequences require a
breath hold for up to 17 heartbeats [16]. Consequently,
shorter mapping protocols were demonstrated to be better
tolerated [34]. CMR RT imaging [35] aims for an ap-
proach capable of cardiac imaging with limited or without
use of breath-holding. RT mapping, using single-shot in-
version recovery FLASH sequences for high spatial and
temporal resolution reduces the extent of breath-holding

to 4 seconds [16]. This offers unique opportunities for
CMR imaging in patient collectives more prone to dys-
pnoea such as AS or congested patients. Another area of
applications includes stress testing. Adenosine stress map-
ping has proven incremental value for the detection of
relevant coronary artery disease [15] without the need for
contrast application. Furthermore, free breathing T1 map-
ping has shown feasibility during exercise testing [36]. In-
deed, exercise stress in combination with native mapping
could potentially eliminate drug application [37]. No con-
trast application is of major advantage for patients with
renal failure referred for coronary artery disease assess-
ment. Furthermore, the value of conventional CMR is lim-
ited in patients with arrhythmia e.g. caused by atrial
fibrillation due to the ECG gated retrospective alignment
of cardiac phases over several heartbeats. RT imaging
overcomes these technical limitations [35]. In our study
population in AF patients, agreement of RT ECV and his-
tologically derived dCVF was numerically higher com-
pared to MOLLI derived ECV and dCVF. However, with
only 4 participants in AF and complete CMR and histo-
logical data, this can only be considered hypothesis

Table 5 Intra- and Inter-observer reproducibility

Observer Parameter Mean Difference (SD of the Diff.) ICC (95% CI) CoV (%)

Intra-observer T1 midventricular SAX native 6 (7) 0.99 (0.96–1.00) 0.6%

MOLLI T1 septal ROI native 2 (11) 0.99 (0.97–1.00) 0.9%

T1 midventricular SAX post-contrast 8 (15) 0.97 (0.89–0.99) 2.9%

T1 septal ROI post-contrast 4 (14) 0.98 (0.94–0.99) 2.8%

ECV midventricular SAX 0.44 (0.76) 0.97 (0.91–0.99) 2.9%

ECV septal ROI 0.02 (0.60) 0.99 (0.97–1.00) 2.4%

Intra-observer T1 midventricular SAX native 6 (5) 0.99 (0.91–1.00) 0.4%

Real-time T1 septal ROI native 1 (8) 1.00 (0.99–1.00) 0.6%

T1 midventricular SAX post-contrast 5 (4) 1.00 (0.94–1.00) 0.9%

T1 septal ROI post-contrast 2 (5) 1.00 (0.99–1.00) 1.1%

ECV midventricular SAX 0.42 (0.45) 0.98 (0.88–1.00) 1.7%

ECV septal ROI 0.10 (0.62) 0.99 (0.97–1.00) 2.4%

Inter-observer T1 midventricular SAX native 7 (14) 0.98 (0.94–0.99) 1.1%

MOLLI T1 septal ROI native 1 (15) 0.98 (0.94–0.99) 1.2%

T1 midventricular SAX post-contrast 3 (4) 1.00 (0.98–1.00) 0.8%

T1 septal ROI post-contrast 1 (5) 1.00 (0.99–1.00) 1.0%

ECV midventricular SAX 0.35 (0.76) 0.98 (0.94–0.99) 3.0%

ECV septal ROI 0.09 (0.45) 0.99 (0.99–1.00) 1.8%

Inter-observer T1 midventricular SAX native 7 (9) 0.99 (0.95–1.00) 0.7%

Real-time T1 septal ROI native 3 (11) 0.99 (0.99–1.00) 0.8%

T1 midventricular SAX post-contrast 4 (5) 1.00 (0.97–1.00) 1.0%

T1 septal ROI post-contrast 1 (6) 1.00 (0.99–1.00) 1.3%

ECV midventricular SAX 0.34 (0.48) 0.99 (0.95–1.00) 1.8%

ECV septal ROI 0.04 (0.36) 1.00 (0.99–1.00) 1.4%

SD standard deviation; ICC intraclass correlation coefficient; CoV coefficient of variation; ECV extracellular volume; ROI region of interest; SAX short axis
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generating. These advances in the field of fast mapping
hold promising value for future clinical applications offer-
ing fast, detailed and reliable tissue characterisation by RT
mapping. Despite advances made, clinical studies are war-
ranted to investigate the value and reliability of novel
mapping for hard clinical endpoints.
Furthermore, none of the above covers the entire

pathophysiology of AS [17]. Whilst correlation between
CMR and histology was statistically significant, it
remained low (r ≤ 0.4 for ECV vs dCVF). Limited agree-
ments may however also point towards beneficial
complimentary use of both strategies, which should be
defined in future prospective research studies.

Study limitations
Whilst intra- and inter-observer reproducibility was
assessed underlining excellent post-processing reproduci-
bility, data on inter-study reproducibility is lacking which
would be desirable for follow-up surveys of cardiac re-
modelling. With this perspective, further clinical follow-
up studies are warranted. Mapping was performed in one
representative midventricular SAX slice only, future stud-
ies should consider an apical, midventricular and basal
slice for more comprehensive assessments. We have not
demonstrated a significant association of native and post
contrast T1 mapping based on RT and MOLLI (native
5(3)3 and post-contrast 4(1)3(1)2) with histology. This
may partially be due to the specific sequences used. Both
T1 mapping sequences utilized are affected by imperfect
inversion due to T2 relaxation. While the MOLLI se-
quence is additionally affected by T2 and magnetization
transfer effects during the bSSFP readout (Robson et al.
[38]), this does not affect the RT single-shot T1 mapping
sequence which uses a FLASH readout as in the original
approach by Deichmann and Haase [39]. However not-
withstanding it is important to understand that native and
postcontrast T1 based on various T1 mapping techniques
did not correlate with outcome in a recent AS multi-
center study while ECV did predict outcome in these pa-
tients [21]. Furthermore, ECV did correlate with histo-
logical fibrosis in the current study, which itself was
demonstrated to have strong prognostic implications [33].
Last, only a subset of patients underwent endomyocardial
biopsies which limits statistical power.

Conclusion
RT mapping offers fast and sufficient ECV and LV
matrix volume calculation in AS patients. RT ECV and
LV matrix volume represent robust and universally com-
parable parameters that agree well with those derived
from a specific MOLLI sequence. Since they show asso-
ciations to histologically assessed fibrosis they may well
emerge as a potential target for clinical decision making.
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