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Aims Patients with mild heart failure (HF) who are clinically compensated may have normal left ventricular (LV) stroke
volume (SV). Despite this, altered intra-ventricular flow patterns have been recognized in these subjects. We hypothe-
sized that, compared with normal LVs, flow in myopathic LVs would demonstrate a smaller proportion of inflow volume
passing directly to ejection and diminished the end-diastolic preservation of the inflow kinetic energy (KE).

Methods In 10 patients with dilated cardiomyopathy (DCM) (49 + 14 years, six females) and 10 healthy subjects (44 + 17

and results years, four females), four-dimensional MRI velocity and morphological data were acquired. A previously validated
method was used to separate the LV end-diastolic volume (EDV) into four flow components based on the
blood’s locations at the beginning and end of the cardiac cycle. KE was calculated over the cardiac cycle for each
component. The EDV was larger (P = 0.021) and the ejection fraction smaller (P < 0.001) in DCM compared
with healthy subjects; the SV was equivalent (DCM: 77 + 19, healthy: 79 + 16 mL). The proportion of the total
LV inflow that passed directly to ejection was smaller in DCM (P = 0.000), but the end-diastolic KE/mL of the

direct flow was not different in the two groups (NS).

Conclusion Despite equivalent LVSVs, HF patients with mild LV remodelling demonstrate altered diastolic flow routes through
the LV and impaired preservation of inflow KE at pre-systole compared with healthy subjects. These unique flow-spe-
cific changes in the flow route and energetics are detectable despite clinical compensation, and may prove useful as
subclinical markers of LV dysfunction.

Keywords 4D flow e Heart failure ® Magnetic resonance imaging e Stroke volume

Introduction normal range. Despite normal LVSV, the prognosis and clinical out-

Heart failure (HF) represents the end stage of the continuum of
cardiovascular diseases. This disorder is common, and creates an
enormous health-care burden. The prognosis of HF patients is
dismal, with 5-year survival rates worse than many of the most
common cancers.”’

Cardiac remodelling is a key component of HF that progresses
from adaptive to maladaptive as the disease worsens, and is asso-
ciated with increased risks of symptoms and mortality.” Patients
with early or mild HF are often clinically compensated and their
left ventricular (LV) stroke volume (SV) may be within the

comes of such patients are impaired compared with healthy
comparators.

Blood flow through the heart and vessels is a fundamental aspect
of cardiovascular function.>* In HF, altered intra-cardiac flow pat-
terns have been recognized.s'6 Three-dimensional, time-resolved
flow encoded MRI provides comprehensive velocity data of the in-
trinsically three-dimensional and time-varying (3D+time = 4D)
flow patterns within the beating heart.” "> Recently, the four-
dimensional (4D) flow within the LV has been quantified and
separated into different functional flow components.””'® These
components have been used to demonstrate component-specific
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routes and energetics in healthy hearts that may represent import-
ant aspects of normal ventricular function, including an improved
preservation of LV inflow kinetic energy (KE) for effective and
rapid systolic ejection.

We hypothesized that compensated HF patients, despite having
comparable LVSVs to healthy subjects, would manifest their func-
tional LV impairment as less LV diastolic inflow KE preservation
and a diminished percentage of the flow component that transits
the LV in a single cardiac cycle. Such discrepancies in LV diastolic—
systolic coupling may represent important pathophysiological
aspects of occult LV dysfunction. Accordingly, we measured LV 4D
flow-specific measures in patients with compensated HF and com-
pared them with those in healthy subjects.

Methods

Study population

Ten patients with clinically compensated dilated cardiomyopathy
(DCM) and ten healthy subjects were included in the study
(Table 1). At the time of diagnosis, DCM was defined as the presence
of symptoms and signs of HF in the presence of echocardiographic
findings of ventricular enlargement and systolic myocardial dysfunction
by parameters of depressed ejection fraction and mitral annular
descent. The patients were recruited from outpatients seen at the
Department of Cardiology, Linképing University Hospital. Seven of
the patients and seven of the controls were matched for age and
gender. All subjects were in sinus rhythm. Inclusion criteria for
(i) healthy subjects: normal electrocardiographic and echocardio-
graphic examinations; and (i) DCM patients: <65 years of age.
Exclusion criteria for (i) all subjects: contraindications to MRI examin-
ation; (ii) normal subjects: a history of prior or current heart disease or
the use of cardiac medication, and (iii) DCM patients: significantly
irregular cardiac rhythm, a history of myocardial infarction, >moderate
arterial hypertension, as well as >moderate valvular disorder, <mild
LV dilatation, and <mild LV systolic dysfunction defined by echocardi-
ography. Three of the DCM patients were included in a prior method
validation study.” All subjects gave written informed consent before
participation and the study was approved by the regional ethical
review board. The study complies with the declaration of Helsinki.

Data acquisition

All subjects underwent MRI examination to acquire 4D flow data and
morphological images. The 4D flow data were acquired during free-
breathing, using an ECG-triggered, retrospectively navigator-gated,
three-dimensional, three-directional, time-resolved phase contrast
MRI sequence on a clinical 1.5 T Philips Achieva scanner (Philips
Healthcare, Best, the Netherlands). The acquisition and post-processing
of the 4D flow data were performed as described previously.”
Scan parameters included: velocity encoding (VENC) = 100 cm/s, flip
angle = 8%, echo time = 3.7 ms, repetition time = 6.3 ms, parallel
imaging (SENSE) speed-up factor =2, and k-space segmentation
factor = 2. These settings gave a temporal resolution of 50.4 ms. The
spatial resolution was 3 x 3 x 3 mm? and the field-of-view (FOV) was
adjusted for each subject to cover the left heart. The mean scan time, in-
cluding the navigator efficiency and arrhythmia rejection for the Carte-
sian 3DcinePC sequence, was 31 min (range 16—57, median: 30, std:
8). The mean time required to acquire all k-space lines required for
the 4D flow data, excluding navigator efficiency and arrhythmia rejection,

Table | Demographical and clinical data of the study
population

Parameter DCM Healthy P-value
(n=10) (n=10)
Gender (female:male) 6:4 4:6 —
Age (years) 49 + 14 44 +17 0.54
Weight (kg) 82 +18 72+ 8 0.172
Heart rate (bpm) 61+ 11 68 + 10 0.129
Systolic BP (mmHg) 122 + 14 129+ 11 0.269
Diastolic BP (mmHg) 77+ 9 80 + 4 0.439
LV end-diastolic 179 + 33 147 + 22 0.021
volume (mL)
LV sphericity index 0.75 + 0.12 0.57 + 0.06 0.001
LV ejection fraction 4245 5446 0.000
LV diastolic function according to echo Doppler indices
Normal diastolic 5 10 —
function
Relaxation 2 — —
abnormality
Pseudonormal filling 1 — —
Restrictive filling 2 — —
Medication
ARB/ACE-| 10 0 —
Beta-blocker 10 0 —
Diuretic 3 0 —
Aldosterone | 2 0 —
Statin 3 0 —
Warfarin 4 0 —
Aspirin 2 0 —
Digoxin 1 0 —

Allvalues are mean =+ 1 SD unless otherwise stated. P-values <0.05 are significant.
LV, left ventricle; BP, blood pressure; ARB, angiotensin Il receptor blocker; ACE-I,
angiotensin-converting enzyme inhibitor.

was ~12 min (std: 2, median: 12, and range: 9-18). After post-
processing, where corrections were made for concomitant gradient
fields, phase-wraps, and background phase errors, the first of a set of
data quality control steps was applied as in Eriksson et al.” This consists
of emitting pathlines continuously throughout the cardiac cycle from an
emitter grid positioned in the left atrium. A pathline shows the path that
an imaginary mass-less particle would take through the time resolved vel-
ocity field. If pathlines leave the blood pool at locations incompatible with
the actual blood flow, e.g. leaving the LV through the ventricular apex,
this is an indication of data imperfections. All data sets passed this
quality control.

Morphological long-axis and two stacks of short-axis images were
acquired in 30 time frames during end-expiratory breath holds, using
cine-balanced steady-state free-precession. Slice thickness was 8 mm.
The acquired and reconstructed pixel size for the short-axis images
was 2.19 x 1.78 and 1.37 x 1.37 mm?, respectively.

Echocardiography was performed using a Vivid 7 scanner and a
2.0 MHz probe (GE, Vingmed Ultrasound, Horten, Norway), and
used for enrollment criteria. In addition, LV diastolic function at
rest was characterized according to conventional echo Doppler
indices."®
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Data analysis

All data sets were analysed using a previously presented and validated
method.” In short, this consists of a manual segmentation of the LV
from short-axis images at time of end-diastole (ED) and end-systole
(ES) using freely available software (Segment).!” The segmentation at
ED is resampled to give a volume with isotropic voxels of the same
size as the flow data. From the centre of each voxel in the LV segmen-
tation, a pathline is emitted. Pathlines are created backwards and for-
wards in time until the preceding or subsequent ES, respectively. In
combination, these forwards and backwards pathlines represent the
entire LV end-diastolic volume (EDV) tracked over one complete
cardiac cycle. The positions of all pathlines at the time of ES relative
to the cardiac chambers defined by the ES segmentation are then
used to separate them into four different flow components: direct
flow, retained inflow, delayed ejection flow, and residual volume, per defini-
tions listed in Table 2 and Figure 1.°'° Further, the inflow components
direct flow and retained inflow were divided into early and late inflow
as in Eriksson et al.” The early and late diastolic phases were defined as
the interval from onset diastole until mid-diastasis and the interval
from mid-diastasis until ED, respectively. The time of mid-diastasis
was defined visually as the time frame at which the lowest number
of pathlines crossed the mitral valve plane. As each pathline represents
a volume of blood with a calculable mass (by using the density of
blood, puioed = 1060 kg/m?) and a known velocity at every point in
time, the KE for each pathline can be calculated at every point in
time by KE=1/2" pyio0q - Viathine * Vathines Where Voawine is the
volume that one pathline represents and Vpaine is the velocity of
the pathline at a given point in time. Each component’s KE is the
sum of the KE for each of its pathlines.” The KE for each component
was then divided by its volume. The KE of each component’s pathlines
at the time of ED were compared.

Statistical analysis

Inter-group comparisons of inflow and ejected volumes and of para-
meters in Table 1 were made using two-sample t-tests; a P-value
<0.05 was considered significant. Inter-group comparisons of compo-
nent volumes (Figure 3) and end-diastolic KE (Figure 5) were made
using two-sample t-tests, Bonferroni corrected for multiple compari-
sons, and hence a P-value <0.0125 was considered significant. For
intra-group comparison of components, a two-way analysis of variance
with the Tukey post hoc test was used, and a P-value <0.05 was

Table 2 Definition of LV blood flow components

Component Definition

Blood that enters the LV during diastole and
leaves the LV during systole in the analysed
heart beat; component of both inflow and
ejected volume

Direct flow

Retained inflow Blood that enters the LV during diastole but does
not leave during systole in the analysed heart

beat; component of inflow volume only

Delayed ejection Blood that starts and resides inside the LV during
flow diastole and leaves during systole in the
analysed heart beat; component of ejected
volume only

Blood that resides within the LV for at least two
cardiac cycles; not a component of inflow or
ejected volume

Residual volume

considered significant. For comparisons between early (E) and late
(A) inflow (Figure 6), the following was done: for intra-group compari-
son, i.e. E vs. A'in the same subject, Bonferroni-corrected paired t-tests
were used and a P-value <0.025 was considered significant. For inter-
group comparison, Bonferroni-corrected two-sample t-tests were
used, and a P-value <0.0125 was considered significant. Minitab 16.2
was used for statistical calculations.

Results

The analysis of clinical data at rest (Table 1) shows that there was
no statistically significant difference between the groups for age,
heart rate, weight, or blood pressure. There were differences in
LV morphological characteristics and global systolic function: the
EDV and the sphericity index were higher and the ejection fraction
was lower in the DCM patients compared with healthy subjects.
All healthy subjects and half of the patients showed normal LV dia-
stolic function. All patients were in NYHA class Il. Two of the
patients had a left bundle branch block.

Visualizations were created of all flow data sets. These were
inspected as an initial data quality assurance check. Confirmation
of adequate data quality required pathline constraint to anatomical
structures via visual inspection (Figure 2 and Supplementary data

Figure | Blood flow component definitions: illustration
showing the components defined in Table 2. Direct flow, green;
retained inflow, yellow, delayed ejection flow, blue; and residual
volume, red. LA, left atrium; LV, left ventricle.
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Figure 2 Blood flow visualization: pathline visualization of the four flow components (direct flow, retained inflow, delayed ejection flow, and
residual volume). (A—C) a healthy 50-year-old woman with normal LV diastolic function; (D—F) a 62-year-old male with DCM and LV relaxation
abnormality; (G—/) a 61-year-old female with DCM and restrictive LV filling. Semi-transparent three-chamber images provide anatomical orien-

tation. Ao, aorta; LA, left atrium; LV, left ventricle.
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online, Movies $1—S3). A second data quality check was performed
by comparison of quantitative inflow and outflow LV volumes to
assure equivalence. No data sets were rejected based on visualiza-
tion, and there was no significant difference in inflow volume vs.
ejected volume in either the DCM patients or the healthy subjects
(P=10.99 and P = 0.73, respectively).

LV stroke volumes

While the LVSVs in the DCM group and the healthy group were
equal (inflow volume: 77 + 18 mL in DCM vs. 80 + 17 mL in
healthy; ejected volume: 77 + 19 mL in DCM vs. 79 + 16 mL in
the healthy, P =0.73 and P = 0.81, respectively) the direct flow
was significantly smaller in DCM compared with healthy (35 +
11 vs. 56 + 14 mL, P =0.002), resulting in a smaller direct flow

Figure 3 Blood flow components: blood flow components
presented as a percentage of end-diastolic volume
(mean + SD). Top panel: DCM patients (n = 10); lower panel:
healthy subjects (n=10). *Components with a P-value
<0.0125 compared with the corresponding component in the
healthy group. Intra-group comparison: [P-value <0.0002
among DCM patients vs. residual volume. *P-value <0.005 vs.
direct flow in healthy subjects. $P-value =0.000 vs. residual
volume in healthy subjects.

to total inflow ratio in DCM compared with healthy subjects
(46 +9 vs. 70 + 6%, P=10.000). The KE was calculated over
time for all components (Figure 4). At ED there was no significant
difference between the KE/mL of the direct flow in DCM patients
compared with healthy subjects. The KE/mL for the other three
components was significantly larger in the DCM group than in
normals (Figure 5).

The direct flow volume was divided into early and late inflow in
order to study the impact of atrial contraction.” The ratio of early
diastolic direct flow/total inflow volume was equal in the groups,
whereas the late diastolic direct flow volume/total inflow volume
ratio was smaller in the DCM group compared with healthy
(P<0.001) (Figure 6A). The direct flow KE/mL at ED was
smaller for the early diastolic sub-volume in healthy subjects
(P =0.003), whereas there was no difference between the diastol-
ic phases in DCM (NS) (Figure 6B).

LV residual volume

Although the EDV was significantly larger in the DCM group (P =
0.021) (Table 1), the amount of the residual volume relative to the
EDV did not differ between the DCM group and the healthy sub-
jects (NS) (Figure 3). The residual volume possessed a significantly
larger KE/mL at ED in DCM patients compared with healthy sub-
jects (P =0.002, Figure 5).

Discussion

It is straightforward to assume that ventricular remodelling and
dysfunction in patients with HF would be associated with altera-
tions in flows through the heart chambers. In this study, we
apply a previously validated 4D flow method” in patients with
compensated HF and an equal number of healthy subjects. This
novel method allows the separation of the total LV volume into
functionally distinct components. Comparison of the volume,
timing, and KE of those components in these two states clarifies
those differences, and yields some surprises.

The present study shows that, despite mild LV remodelling asso-
ciated with DCM, the SV in these compensated HF patients is
similar to normals. The composition of the SV is different,
however: a smaller proportion of the flow transits the LV in a
single cardiac cycle (direct flow). Although the volume of the
direct flow is lower in these HF patients, on a per mL basis its
KE at the time of ED does not differ from normal subjects. The
percentage of the total EDV that consists of a re-circulating re-
sidual volume was also similar between DCM patients and
normals, but in contrast, on a per mL basis the residual volume
had a greater end-diastolic KE compared with normals. Finally,
the late diastolic inflow in normal LVs had a larger proportion of
the direct flow compared with DCM.

These observed differences may be relevant to the function and
remodelling of the LV. The normal interaction between flowing
blood and the developing heart in utero stimulates a continuous
positive remodelling process that creates an optimal geometry
for efficient flow.>*"®"? The same responses to flow-induced
forces may also play a role in the pathophysiology of HF.218:20

The KE of inflowing blood has several possible consequences in
the receiving ventricle. The KE of the entering blood may be (i)


http://ejechocard.oxfordjournals.org/lookup/suppl/doi:10.1093/ehjci/jes159/-/DC1
http://ejechocard.oxfordjournals.org/lookup/suppl/doi:10.1093/ehjci/jes159/-/DC1
http://ejechocard.oxfordjournals.org/lookup/suppl/doi:10.1093/ehjci/jes159/-/DC1

422

J. Eriksson et al.

Figure 4 Kinetic energy over diastole: for each individual in the study kinetic energy per mL of blood (J/mL) is shown over the diastolic inter-
val, normalized by the length of diastole, left panels: DCM patients; and right panels: healthy subjects. Direct flow (A and B), retained inflow (C

and D), delayed ejection flow (E and F), and residual volume (G and H).

translated into motion of the blood already residing in the LV, (ii)
converted into potential energy stored in the myocardium, (iii) dis-
sipated as heat, or (iv) decelerated with the elevation of LV diastol-
ic pressure. Less deceleration of flow in the LV may be an
important component of normal diastolic function. A computa-
tional fluid dynamics study of the vortical flow in the right ventricle
during filling, for example, suggested that the early diastolic
vortices’ KE prevented inflow-impeding pressure rise within the
RV.2" Higher KE of intra-ventricular blood resulting from altered
LV myocardial properties, such as impaired active relaxation or
increased stiffness, will likely lead to elevated filling pressures as
elevated velocities decelerate.

The differences in the volumes and diastolic energetics of the
four functional flow components observed between myopathic
and normal LVs can be considered in the light of the diastolic
impact of the KE. The volume of the direct flow component is sig-
nificantly less in DCM than normals, so that while the end-diastolic
KE/mL is equivalent in both groups, the total direct flow KE at ED
is smaller in the myopathic LVs. As this is volume destined for ejec-
tion during the subsequent systole, a lower KE at ED may indicate
that incremental contribution from systolic contraction will be
required for its ejection. In contrast, the retained inflow has a
larger KE/mL at ED in DCM compared with normal LVs. This sug-
gests a shift in the specific effects of inflow KE on the myopathic
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Figure 5 Pre-systolic kinetic energy: the kinetic energy (KE) at
end-diastole, in m)/mL, for each flow component in DCM patients
(left) and healthy subjects (right). Bars show group mean and
standard deviation. *P-value <0.0125 vs. the corresponding com-
ponent in healthy subjects. Intra-group comparison: P-value
<0.0001 vs. direct flow. *P-value <0.0001 vs. residual volume.

Figure 6 Early vs. late inflow: characteristics of direct flow
during early (E) and late (A) diastole. At end-diastole (A) the
direct flow volume as a percentage of the total inflow for E
and A. The sum of the values at E and A, for each group, gives
the direct flow to total inflow ratio for the entire diastolic
filling phase (DCM: 46 + 9% vs. healthy: 70 + 6%, P = 0.000).
(B) The kinetic energy at E and A. Data are presented as
mean and standard deviation. (A) *P-value =0.000 for direct
flow A in DCM vs. direct flow A in healthy subjects. (B)
TP-value =0.003 for direct flow E in healthy subjects vs. direct
flow A in healthy subjects.

ventricle, with increased interaction between the inflowing blood
and the resident volume (delayed ejection flow and residual
volume) and surrounding myocardium. Separation of inflow into
early and late diastolic phases demonstrates that the end-diastolic
KE/mL of the direct flow volume was smaller for the early diastolic
portion compared with the late diastolic portion in healthy sub-
jects, whereas there was no difference between the diastolic
phases in DCM. This may reflect impaired active relaxation of
the myocardium in myopathic LVs. Late diastolic differences
were also observed between the two groups: the proportion of
the direct flow following atrial contraction was smaller in DCM
compared with normal LVs. This shift might correlate with
impaired diastolic—systolic coupling since the direct flow contribu-
ted by atrial contraction in normal hearts preserves inflow KE par-
ticularly well. The loss of organized atrial contraction, which is
clinically related to increased symptoms in HF patients, may elim-
inate this advantageous KE preservation. The degree to which late
diastolic inflow augments LV outflow might be a parameter that
could influence target heart rates and optimal pacing strategies
also in patients with HF.

The residual volume outlines the periphery of the LV chamber
and appears to provide a fluid—fluid interface that impacts the
flow paths of the retained inflow and delayed ejection flow. Al-
though there was no significant difference in the relative amount
of the non-exchanging residual volume between the groups, the
exchanging components (retained inflow and delayed ejection
flow) were relatively larger in the DCM patients. This is in agree-
ment with preliminary data suggesting that decompensated HF
patients have a larger residual volume than compensated
patients.”” In the current study, the KE/mL of the residual
volume at ED was higher in patients compared with healthy sub-
jects, which may reflect the impact of stiffer and less compliant
myocardium. Moreover, converting motion of inflowing blood to
motion of the residual volume may offer advantages in terms of
less diastolic pressure rise, as well as in avoidance of thrombosis.
A large amount of the residual volume with low velocities may
create conditions promoting intra-ventricular thrombus formation.
This is supported by an echo-Doppler study that demonstrated
lower apical blood velocities in DCM patients with LV thrombus
compared with DCM patients without thrombus.>*

Study limitations

Meticulous quality control of the post-processed data was funda-
mental in this study and evidence of aberrant pathlines indicating
data imperfections was carefully sought.” Accuracy of pathline
computation is dependent on a large number of factors, such as
temporal and spatial resolution, VENC, field strength, MRI hard-
ware, and intra-voxel dephasing due to turbulence. Errors in path-
lines computation will propagate from one time frame to the next
and accumulate over time. Eddy currents and concomitant gradient
fields may also hamper the accuracy of 4D PC-MRI flow data. The
potential effects of these factors were anticipated and minimized
by the acquisition design and by tailored post-processing.

The data acquisition was optimized for the blood flow through
the left ventricle, with VENC targeted to the range of diastolic
inflow velocities. As systolic velocities downstream from the aortic
valve can exceed the upper limit of the velocity scale used, aliasing
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artefacts may occur there and data from that region were not
studied.

The scan times in this study were relatively long. However, new
MRI sequences®® as well as improvements in MRI hardware con-
tinue to decrease scan times. The morphologic images and the
3DcinePC velocity data were acquired in two separate acquisitions;
hence, there is a risk of mismatch due to patient movement. Mis-
match would be detectable as a large difference in inflow and
outflow volumes, and visible offsets between the morphologic
images and the contrast poor magnitude data taken from the
flow data acquisition. This problem was addressed by acquiring
morphological images both before and after the 3DcinePC velocity
data. In the future, registration algorithms might improve matching
of the 3DcinePC velocity data to the underlying morphological
data and further reduction in the potential for this type of error.

The present findings relate only to a relatively small number of
patients and healthy subjects in the supine position at rest and in
sinus rhythm with no significant valvular disorder. It is reasonable
to assume that different flow patterns and energetics would be
seen with altered rhythm, valve disease, and at stress with higher
heart rates and different loading conditions. The residual volume
is likely to be the most inaccurately assessed component, due to
partial volume effects at the chamber boundaries and imperfect
segmentation, which may inadvertently include some myocardium.
This fact may partly explain the relatively low flow-based LV ejec-
tion fraction values observed in the healthy subjects. The same
methodology was used in both groups, however.

Conclusion

Although total LVSV is equal in healthy subjects and HF patients
with mild LV remodelling, the SV’s transventricular flow paths to
ejection and diastolic energetics are significantly different in the
two states. Late filling facilitates a direct transit of blood through
the normal LV, but this aspect of diastolic—systolic coupling is
less pronounced in myopathic LVs. These multi-dimensional flow-
based abnormalities are detectable despite clinical compensation,
and may prove useful as subclinical markers of impaired LV function.

Supplementary data

Supplementary data are available at European Journal of Echocardiog-
raphy online.
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