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Abstract

Purpose—Hypertrophic cardiomyopathy (HCM) is associated with altered hemodynamics in the
left ventricular out flow tract (LVOT) and myocardial tissue abnormalities such as fibrosis. The
aim of this study was to quantify changes in LVOT 3D hemodynamics and myocardial
extracellular volume fraction (ECV, measure of fibrosis) and to investigate relationships between
elevated flow metrics and left ventricular (LV) tissue abnormalities.

Methods and Results—Cardiac MRI including 4D flow (field strength=1.5T, resolution=2.1—
4.0x2.1-4.0x2.5-3.2mm?3; venc=150-250cm/s; TE/TR/FA=2.2-2.5ms/4.6-4.9ms/15°) for the in-
vivo assessment of 3D blood flow velocities with full coverage of the LVOT was applied in 35
patients with HCM (54+15 years) and 10 age matched healthy controls (4514 years). In addition,
pre- and post-contrast myocardial T1-mapping (resolution=2.3x1.8mm, slice thickness=8mm,
TE/TR-FA=1.0-1.1ms/2.0-2.2ms/35°) of the LV (basal, mid-ventricular, apical short axis) was
performed in a subgroup of 23 HCM patients. Analysis included the segmentation of the LVOT

and quantification of peak systolic LVOT pressure gradients and rate of viscous energy loss EL as
well as left ventricular ECV.

Results—HCM patients demonstrated significantly elevated peak systolic LVOT pressure

gradients (21+16mmHg vs. 9+2mmHg) and energy loss EL (3.8£2.5mW vs. 1.5+0.7mW,
P<0.005) compared to controls. There was a significant relationship between increased LV fibrosis

(ECV) with both elevated pressure gradients (R2=0.44, P<0.001) and energy loss E, (R2=0.486,
P<0.001).
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Conclusions—The integration of 4D-flow and T1-mapping-MRI allowed for the evaluation of
tissue and flow abnormalities in HCM patients. Our findings suggest a mechanistic link between
abnormal LVOT flow, increased LV loading, and adverse myocardial remodeling in HCM.
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Hypertrophic cardiomyopathy; 4D flow MRI; energy loss; T1-mapping; extracellular volume
fraction; fibrosis; pressure gradient

INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a complex cardiac disease with an incidence of
0.2% to 0.5% (1,2) associated with sudden cardiac death and progressive heart failure (3). In
many cases, the combination of systolic anterior motion (SAM) of the mitral valve and
septal thickening can dynamically obstruct the LV outflow tract (L\VOT) and result in
increased systolic LVVOT pressure gradients and thus elevated ventricular loading(4-7). In
addition, HCM can result in left ventricular (LV) abnormalities including myocardial
thickening(8), fibrosis (9), and scarring (10). These findings suggest a structure-function
relationship between altered LVOT hemodynamics, increased LV loading and structural
remodeling of the LV (fibrosis, scar) inherent to HCM.

Current diagnostic tools such as Doppler echocardiography can reliably evaluate LV wall
thickness, peak velocity in the LVOT and the presence of SAM in HCM (11),(12). However,
Doppler echocardiography cannot assess the full extent of complex changes in LVOT
hemodynamics and myocardial tissue abnormalities such as fibrosis (13,14). Recent
developments in MRI permit the evaluation of cardiovascular hemodynamics with full
coverage of the heart using 4D flow MRI, which can visualize complex helical LVOT 3D
flow patterns and quantify LVOT obstruction in the presence of high velocity systolic out-
flow jets(15,16). The use of this technique also allows for computation of hemodynamic
energy loss (17) caused by complex non-turbulent 3D blood flow (18,19) as an alternative
measure of increased LV afterload. In addition, the quantification of myocardial T4
relaxation times before and after the administration of gadolinium contrast agent has been
used to assess cardiac tissue abnormalities (20). Specifically, pre- and post-contrast T-
mapping techniques can be employed to quantify myocardial extracellular volume fraction
(ECV) as marker of diffuse interstitial fibrosis (21-24). Previous studies have found elevated
diffuse fibrosis (25) and ECV (26) in myocardial tissue in HCM patients.

However, the interrelationship between tissue abnormalities and altered LVOT
hemodynamics is still poorly understood. The aim of this study was therefore to employ
both 4D flow MRI and pre- and post-contrast T{-mapping to investigate associations
between abnormal LVOT hemodynamics (peak systolic pressure gradient and energy loss)
and structural myocardial abnormalities (ECV). We hypothesized that there is a significant
relationship between altered LVOT hemodynamics and LV tissue abnormalities in patients
with HCM.
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Thirty-five patients (54+15 years, range: 18-80 years, 25 men) with asymmetric basal-septal
hypertrophy based on echocardiography were referred for cardiac MR as part of HCM
assessment. Additionally, 10 healthy volunteers (45+14 years, range: 21-69 years, 6 men,
age difference P-value = 0.11) were included. Patients were included in accordance with an
IRB protocol which permitted retrospective chart review. Informed consent was obtained
from all healthy volunteers.

Magnetic Resonance Imaging

All patients underwent a standard-of-care cardiac MRI exam on a 1.5T MRI system
(Magnetom Avanto and Aera, Siemens, Germany) including ECG gated time-resolved
(CINE) cardiac MRI for the evaluation of cardiac dimensions and function.

For the assessment of aortic blood flow, time-resolved 3D phase-contrast MRI with three-
directional velocity encoding (4D flow MRI) was employed to measure 3D blood flow
velocities with full volumetric coverage of the left ventricle, LVOT, and ascending aorta. 4D
flow data were acquired in 3-chamber orientation (24 subjects) or in a sagittal oblique
volume (11 subjects). 4D flow MRI was acquired during free breathing using respiratory and
prospective ECG gating as described previously(27). Pulse sequence parameters were as
follows: spatial resolution = 2.1-4.0x2.1-4.0x2.5-3.2mm?3; temporal resolution = 37-40ms;
field of view = 255-340mmx255-360mm?, slab thickness = 65-132mm, velocity sensitivity
(venc) = 150-250cm/s; echo time (TE) = 2.2-2.5ms; repetition time (TR) = 4.6-4.9ms; flip
angle = 15°. All 4D flow MRI scans were acquired with parallel imaging (GRAPPA) with a
reduction factor of R = 2 and 24 reference lines (net acceleration factor = 1.7).

T1-mapping was performed using a modified Look-Locker inversion recovery (MOLLI)
technique as described previously by Messroghli and co-workers, utilizing a 17 heart beat
acquisition comprising three Look-Locker cycles, separated by recovery periods of three
heart beats (28). The first and second Look-Locker cycles comprised three heartbeats and
the third comprised five heartbeats. Data for each slice (base, mid, apex) were acquired
during breath holding pre- and 10-25 minutes following the intravenous administration of a
contrast agent bolus. Imaging reconstruction included motion correction of the MOLLI
images with different inversion times, and the calculation of parametric LV T maps as
described previously (29,30). T1 mapping parameters were as follows: spatial resolution
(pixel size)=2.3x1.8mm, slice thickness=8mm, TE/TR=1.0-1.1ms/2.0-2.2ms; flip
angle=35°. Gadopentetate dimeglumine (Magnevist, Bayer Pharmaceuticals, Whippany, NJ)
was administered as a bolus infusion at a dose of 0.1mmol/kg. Patient hematocrit was
collected within 48 hours of the cardiac MRI exam.

Data Analysis - SAM and LVOT Dimensions

End-diastolic septal thickness, end-diastolic septum/free wall ratio and presence of SAM
were evaluated and quantified on 3-chamber CINE images. End-diastolic LVOT diameter
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was defined as the average of the outflow diameter measured in 3-camber and LVOT
orientation.

Data Analysis - LVOT Flow, Pressure Gradient, and Energy Loss

Data preprocessing included noise filtering and correction for eddy currents, Maxwell terms,
and velocity aliasing, as previously described by Bock et al. (31). 3D phase contrast (PC)
MR angiogram (MRA) images, weighted for the systolic time frames were derived from 4D
flow data by multiplication of the phase contrast magnitude images with the absolute
velocity images. The PC-MRA images were subsequently averaged over all cardiac time
frames and used to semi-automatically segment the L\VOT region using a commercial
software package (MIMICS, Materialise, Leuven, Belgium). 3D blood flow visualization
(Ensight, CEI, Apex, NC, USA) using streamlines was employed to depict peak systolic
blood flow patterns inside the 3D LVOT segmentation. Peak systole was defined as the
cardiac time frame with the highest mean LVVOT velocity. The maximum blood flow velocity
in the LVOT at peak systole was automatically detected and a 4D flow MRI-derived LVOT
pressure gradient was calculated using the simplified Bernoulli equation (32).

The rate of energy loss due to viscous dissipation ( E;) in the segmented LVOT volume was

calculated at peak systole using a recently reported approach (19). Briefly, EL was derived
using:

) N
E,=py _ Vite O

where |l is the dynamic viscosity of blood (3.2 cP), N is the number of voxels, Vis the
volume of a voxel and ¢,, is the viscous dissipation as given by (33):

2
N 1 3’01’ 8’Uj 2 B 517:1 fO?" Z:j
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where 7and jare the principal directions X, y, z and vis the velocity field as measured by 4D
flow MRI and filtered by a 3x3 median filter to reduce noise (19). The regional rate of peak
systolic energy loss was visualized using a maximum intensity projection (MIP) of the

dissipation field ( ¢,) and the cumulative EL was calculated by summing all voxels in the 3D
segmentation (equation 1).

Inter- and Intra-Observer Variability
To test the influence of semi-automatic 3D LVVOT segmentation on Bernoulli pressure

gradient estimation and calculation of EL data analysis was performed by two observers
(PvO and JG) with both two months of experience with the segmentation process for a
subset of 18 HCM patients and 7 controls (blinded to the results of the first observer) and
repeated by the first observer.
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Data Analysis - T1-Mapping and Extracellular Volume Fraction

Epi- and endocardial LV contours (base, mid, apex) were manually delineated (PvO and CC
with one month and two months, respectively, of experience with the T1-mapping process)
in the pre- and post-contrast Ty maps using Q Mass MR (version 7.5, Medis Inc, Leiden,
The Netherlands). In addition, regions of interest were drawn in the blood pool, in the
septum, and in the free wall. In all regions, myocardial ECV was calculated using (34,35):

Tl,[)ast - Tl
Tl,post - Tl

»PT€hlood

ECV=

x (1 — hematrocrit) (3

sPTCmyocardium

where T . and T} ,,,s; represent the T, values before and after Gd-contrast agent
administration. In addition, ECV of basal, mid and apical locations were averaged to yield
left ventricular ECV.

Statistical Analysis

Results are expressed as meanzstandard deviation (SD). Differences between groups were
assessed using Wilcoxon rank sum and Kruskal-Wallis tests as appropriate. Linear
regression was performed to assess correlations between variables of interest and the
coefficient of correlation (R2) was calculated. If one variable was discrete and one was
continuous, a point biserial coefficient of correlation R2 was calculated. P<0.05 was
considered statistically significant. Bland-Altman analysis was used to assess agreement
between observers and the mean difference and limits of agreement (LOA, £1.96 SD) were
calculated.

RESULTS

Patient Characteristics

Patient characteristics are summarized in table 1. In all patients, 4D flow MRI for the in-vivo
assessment of 3D blood flow velocities and calculation of LVOT pressure gradients and

energy loss E, was successfully performed. In a subset of 23 patients (18 men, age = 53+16
years) pre- and post Gd-contrast T1-mapping was performed and blood samples to calculate
the hematocrit were acquired.

LVOT Pressure Gradient and EL in HCM Compared to Controls

Figure 1 shows representative examples of LVOT flow patterns including normal
hemodynamics (figure 1a), abnormal helical flow in HCM without moderate obstruction
(figure 1b), and substantially elevated flow velocities for HCM with severe LVOT
obstruction (figure 1c). Compared to uniform outflow in the control subject, 3D streamlines
highlight the presence of helical flow in HCM (figure 1b) and a central velocity jet (figure
1c, orange-red color indicating velocity > 2m/s) caused by outflow obstruction. Altered flow
patterns in HCM patients were accompanied by increased peak systolic LVOT pressure

gradients (33 mmHg and 63 mmHg) and energy loss EL (6 mW and 10 mW) compared to a
healthy control (7 mmHg, and 2mW, respectively). Cumulative results for all 45 subjects are
summarized in figure 2 and demonstrated significantly elevated peak systolic LVOT pressure
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gradients (21+16mmHg versus 9+2mmHg, P<0.005) and energy loss EL (3.8£2.5mW versus
1.5+0.7mW, P<0.005) in HCM patients compared to age matched controls.

Relationship between LVOT Pressure Gradient, EL and ECV

Results of ECV quantification are summarized in table 2. Left ventricular, septal and free
wall ECV were similar and demonstrated moderate but significant correlations with pressure

gradients (R?=0.34-0.44, P<0.001) as well as energy loss £, (R?=0.31-0.46, P<0.001). The
strongest associations were found for left ventricular ECV (figure 3a and b). In addition,
univariate regression analysis revealed a strong and significant relationship between peak

systolic LVOT pressure gradient and energy loss EL (figure 3c, R?=0.86, P<0.001).

Relationship between LVOT Pressure Gradient, EL and Structural Parameters
Table 3 summarizes the results of linear regression analysis for peak systolic LVOT pressure

gradients and energy loss EL as compared to septal thickness, septal/posterior wall thickness
ratio, presence of SAM and LVOT diameter. Weak but significant relationships were found
between peak systolic LVOT pressure gradients and presence of SAM and LVOT diameter.

Inter- and Intra-Observer Variability

Bland-Altman analysis showed good intra-observer (mean difference = —-0.4mW, LOA=
+1.8mW) and inter-observer agreement (mean difference = —0.4mW, LOA=+1.3mW) for

peak systolic LVOT energy loss EL Relative to mean EL intra-observer variability was 13%
for controls and 17% for HCM patients. Inter-observer variability was 15% for both controls
and HCM patients. For all subjects, intra- and inter-observer Bernoulli pressure gradients
were identical except for one HCM patient (9% difference, 35 vs. 32 mm Hg).

DISCUSSION

The findings of this study demonstrate the potential of the combined application of pre- and
post-contrast T1-mapping and 4D flow MRI for the characterization of altered
hemodynamics and myocardial ECV in patients with HCM. 4D flow MRI could detect
altered pressure gradients and energy loss in patients compared to controls indicating
significantly elevated LV loading in HCM. In addition, the integration of 4D flow MRI with
T1-mapping in a subset of 23 subjects allowed for the evaluation of structure (myocardial
tissue) and function (blood flow) abnormalities in patients with HCM. ECV was
significantly associated with elevated peak systolic LVOT pressure gradients or energy loss

)

E

L.
These findings point towards a structure-function relationship between elevated LVOT

pressure gradient or energy 1oss EL (i.e. increased LV loading) and adverse myocardial
remodeling (i.e. elevated ECV). These findings are in good agreement with a recent study in
a murine animal model of hypertension and LV pressure overload from trans-aortic
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constriction by Coelho-Filho and co-workers (24). Results of this study demonstrated that
ECV could track myocardial tissue remodeling that resulted from LV pressure overload.

Previous studies have shown that septal thickness is associated with LV fibrosis and sudden
cardiac death(4-7). In our study cohort, however, changes in peak systolic pressure gradients

or energy loss EL in HCM patients were only mildly associated with standard metrics of
disease severity such as LVOT diameter, septal thickening or SAM. We speculate that altered
hemodynamics in HCM may be the result of more complex descriptors than left ventricular
and LVOT dimensions. Further longitudinal studies will be performed to further elucidate
these structure-function relationships and their development and associations with disease
progression and outcome.

In this study, changes in LVOT hemodynamics were quantified based on the commonly used
pressure gradient estimation based on the simplified Bernoulli equation. In addition, the full
volumetric coverage of the LVOT provided by 4D flow MRI allowed for the calculation of a

recently introduced new metric for elevated ventricular loading: peak systolic energy loss EL
(19). It is well known that pressure recovery is not accounted for with the Bernoulli
equation, which can result in misclassification when assessing aortic valve stenosis(36).

Therefore, we initially hypothesized that EL would allow for a better identification of
patients with increased cardiac loading compared to Bernoulli based pressure gradient
estimation. However, the results of our study showed that the peak systolic LVOT pressure

gradient was highly correlated to energy loss EL EL did not offer any statistical advantage
over peak systolic pressure gradient when assessing for a correlation with structural
parameters. Additional studies are needed to perform a more systematic evaluation of
differences in pressure gradients and energy loss and their relationship to LVOT out-flow
patterns.

It should be noted that the addition of 4D flow MRI to standard clinical cardiac MRI
protocols is still challenging due to limitations related to long total scan times on the order
of 10-15 minutes and the need for often complex post-scan data analysis. Recent advances
in imaging acceleration based on spatiotemporal undersampling methods such a k-t
GRAPPA or compressed sensing are promising for further scan time reductions to achieve
clinically more feasible scan times on the order of a few minutes (37-39). The analysis of
4D flow MRI data is typically based on multiple steps including corrections (eddy current
induced phase offsets, velocity aliasing), 3D flow visualization, and extraction of metrics of
cardiovascular hemodynamics (e.g. systolic pressure gradient). As a result, 4D flow post-
processing can be time consuming and cumbersome and is not standardized across different
institutions. Additional efforts are needed to develop streamlined 4D flow analysis
workflows and tools to permit the more widespread application of this technique.

The combination of pre- and post-contrast T1-mapping and 4D flow MRI allowed for a
comprehensive structure-function assessment incorporating the quantification of ECV,
outflow obstruction and LVOT hemodynamics. Specifically, the full 3D coverage afforded
by 4D flow MRI allowed for the volumetric quantification of peak systolic pressure gradient
based on the detection of peak velocity in the entire LVOT; an advantage compared to the
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limited coverage of standard 2D PC MRI techniques which may results on peak velocity
underestimation as demonstrated previously (40). Furthermore, assessment of combined
ECV and LVVOT hemodynamics is not possible with echocardiography. Thus, for patients
where diagnosis of HCM severity is inconclusive on echocardiography, an additional MRI
examination including T1-mapping and 4D flow MRI may be beneficial. Also, since HCM
is a hereditary disease, MRI examinations in family members of HCM patients may detect
the onset of the disease earlier than echocardiography. In these subjects where the severity of
the disease has yet to establish, relatively long analysis times of the T1-mapping and 4D
flow MRI data do not pose a problem.

This pilot study included a relatively small number of subjects and T1-mapping or
hematocrit was not available in all patients. In addition, T1-mapping MRI was not performed
in control subjects. Nevertheless, significant relationships between metrics of LVOT
hemodynamic and ECV indicate the potential of 4D flow MRI and T1 mapping for the
evaluation of changes in cardiac out-flow and tissue structure in HCM patients.

Conventional echocardiography and Doppler echo parameters were not obtained in our study
cohort at the time of MR imaging. We were thus not able to investigate correlations between
both modalities which could provide a better cross-modality understanding.

Late Gadolinium Enhancement (LGE) scans to distinguish between focal and diffuse
myocardial fibrosis were not performed. Brouwer et al. combined LGE and T1-mapping
measurements to quantify diffuse fibrosis and showed that there was no significant
difference between HCM patients and controls (41). Thus, the increased ECV in HCM
disease may not be a result of increased diffuse fibrosis, but a result of increased focal
fibrosis. By not performing LGE measurements in this study, we did not have the possibility
to show a similar relationship.

A further drawback of 4D flow MRI is related to limited spatial and temporal resolution
which may lead to underestimation of peak blood flow velocities due to partial volume
effects and/or temporal filtering (42). As a result, derived parameters such as peak systolic

pressure gradient and energy loss EL may also be underestimated. Nevertheless the spatio-
temporal resolution was similar for all subjects included in this study and relative differences
between cohorts (patients versus controls) or associations (hemodynamic metrics vs ECV)
are expected to be preserved.

The computation of peak systolic LVOT energy loss E; requires accurate 3D vessel
segmentation. Since EL is calculated using the spatial derivatives of the flow field, minor
differences in segmentation can lead to EL differences between observers, as expressed by

the 15% intra- and inter-observer errors for EL Based on these findings, a power analysis
indicates that the intra and inter-observer variability still allows for the detection of

differences in EL of ~0.75mW with a statistical power of 0.8 and P<0.05. These minimum

detectable EL changes are clearly beyond the observed peak systolic EL differences between
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cohorts (patients versus controls) detected in this study (3.8+2.5mW versus 1.5+0.7mW,
respectively)

In conclusion, the combined application of pre- and post-contrast T1-mapping and 4D flow
MRI allows for the characterization of altered hemodynamics and myocardial ECV in
patients with HCM. The correlation of peak systolic LVOT pressure gradient and energy loss

EL with ECV indicates a possible mechanistic link between HCM-related flow
abnormalities, increased LV afterload, and LV structural remodeling.
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Figure 1.
Peak systolic 3D streamlines (left column), velocity maximum intensity projections (mid

column) and EL maximum intensity projections (right column) in the LVOT of (a) a control
subject, (b) a HCM patient with helical flow and (c) a HCM patient with obstructed flow.
The arrows point to the location of maximum velocity used for Bernoulli pressure gradient
estimation. End diastolic LVOT diameters were smallest for the obstructive HCM patient (15
mm) compared to the HCM patient with helical flow (18 mm) and the age matched healthy
control (26 mm). Note that the color coding of the maximum velocity (red color)
corresponds to a pressure gradient of 30 mmHg. RV = right ventricle, AV = aortic valve, LA
= left atrium, MV = mitral valve, LV = left ventricle.

J Magn Reson Imaging. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

van Ooij et al.

MRI Pressure Gradient (mm Hg)
- ] w B W ()] ~
o o o o o o o

o
o

Page 13

§*12
* P<0.005 = + P<0.005
+ —
210 !
S
>
2 8
Q
L
2 6
o]
w
%)
s 4
(1]
[}
s 2
— 2 J_ I%
©
@ o
HCM Controls b HCM Controls
Figure2.

(a) Estimated peak systolic LVOT Bernoulli pressure gradients and (b) LVOT peak systolic

energy loss due to viscous dissipation EL in HCM patients and age matched normal controls.
The individual box plots illustrate the median and the 25th and 75th percentiles (edges), the
whiskers extend to the most extreme data points not considered outliers, outliers are plotted
individually as “+’.
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Figure 3.

Linear regression analysis between left ventricular ECV and (a) peak systolic LVOT
Bernoulli pressure gradients and (b) LVOT peak systolic energy loss EL in HCM patients

(n=23). (c) Correlation between peak systolic EL and pressure gradient in all HCM patients
(n=35) and age matched controls (n=10).
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Figure 4.

Bland-Altman analysis of (a) intra-and (b) inter-observer variability of EL in a subgroup of
n=25 subjects.
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Table 1
HCM patient characteristics
Patients Controls p*
age [years] 53.8+15.3 449+139 | 007
gender [male/female] 25/10 6/4 -
septal thickness [mm] 18.9+53 10.8+1.38 <0.001
free wall thickness [mm] 11.2+28 9.8+1.2 0.16
Septal/posterior wall thicknessratio 1.8+0.7 1.1+03 <0.001
LVOT diameter [mm] 21.5+33 24319 0.007
Presence of SAM 22 of 35 (63%) | 0 of 10 (0%) -

*
Wilcoxon rank sum test, P<0.05 considered significant
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