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FULL PAPER

Spatial Heterogeneity of Four-Dimensional Relative
Pressure Fields in the Human Left Ventricle

Jonatan Eriksson,1,2* Ann F. Bolger,1,3 Carl-Johan Carlh€all,1,2,4 and Tino Ebbers1,2,5

Purpose: To assess the spatial heterogeneity of the four-
dimensional (4D) relative pressure fields in the healthy human

left ventricle (LV) and provide reference data for normal LV rel-
ative pressure.
Methods: Twelve healthy subjects underwent a cardiac MRI

examination where 4D flow and morphological data were
acquired. The latter data were segmented and used to define

the borders of the LV for computation of relative pressure
fields using the pressure Poisson equation. The LV lumen was
divided into 17 pie-shaped segments.

Results: In the normal left ventricle, the relative pressure in
the apical segments was significantly higher relative to the
basal segments (P<0.0005) along both the anteroseptal and

inferolateral sides after the peaks of early (E-wave) and late
(A-wave) diastolic filling. The basal anteroseptal segment

showed significantly lower median pressure than the opposite
basal inferolateral segment during both E-wave (P<0.0005)
and A-wave (P¼0.0024).

Conclusion: Relative pressure in the left ventricle is heteroge-
neous. During diastole, the main pressure differences in the LV

occur along the basal–apical axis. However, pressure differen-
ces were also found in the short axis direction and may reflect
important aspects of atrioventricular coupling. Additionally, this

study provides reference data on LV pressure dynamics for a
group of healthy subjects. Magn Reson Med 74:1716–1725,
2015. VC 2014 Wiley Periodicals, Inc.

Key words: relative pressure; magnetic resonance; 4D flow;
physiology; cardiac function; ventricular pressure

INTRODUCTION

Blood flow throughout the cardiovascular system is
driven by pressure differences generated by the contrac-

tion and relaxation of the heart, causing blood to acceler-
ate from high to low pressure areas. Consequently, the
distribution of intracardiac pressure is a fundamental
aspect of cardiac function that underlies many clinical
findings. For example, elevated left ventricular (LV) fill-
ing pressure at end diastole is an indicator of LV dys-
function and an increased risk of fluid retention in the
lungs, and the pressure loss over a stenosis is an impor-
tant measure of its severity.

Intracardiac pressure can be assessed in the cardio-
vascular system invasively using pressure transducers
(1,2), or noninvasively by computation using governing
equations and imaging data (3–6). Using invasive pres-
sure measurements, the absolute pressure can be
obtained, while non-invasive approaches typically
yield relative pressures or pressure differences (3). In
an invasive study in canine hearts, Courtois et al. (1)
found that pressure in the left ventricle (LV) is hetero-
geneous along the LV’s long axis. Starting with a cathe-
ter at the apex, they measured pressure at three
specific points by retracting the catheter basally two
centimeters at a time. The LV pressure heterogeneity in
other directions has not been assessed using this tech-
nique. The 2D relative intra-cardiac pressure field has
been studied in the apical long axis three-chamber
view using echocardiography (5), acceleration MRI (7)
and phase contrast MRI (4). Relative pressure along a
line between the left atrium (LA) and the LV has been
calculated from three-directional, time-resolved veloc-
ity data in a three-dimensional volume (four-dimen-
sional [4D] flow data) in a healthy subject and in one
patient with dilated cardiomyopathy (8). The 4D LV
relative pressure fields have been examined in one
healthy subject (3).

Diastolic ventricular filling is a complex hemodynamic
process resulting from the atrioventricular pressure dif-
ferences during active relaxation, diastasis, and atrial
contraction (3,9–12). Previous 4D flow MRI studies
(timeþ three-dimensional [3D]¼ 4D) have shown that the
blood entering the LV during early filling (E-wave) takes
a different route through the chamber compared with the
blood entering during late filling (A-wave) (13,14). From
this knowledge it is reasonable to assume that the pres-
sure distribution in the left ventricle differs between the
early and late diastolic phases.

The aim of the present study was to elucidate the spa-
tial heterogeneity of the intracardiac time-resolved,
three-dimensional relative pressure fields in the human
heart and to provide reference data on LV relative pres-
sure in a group of normal subjects. We hypothesized that
the 4D relative pressure maps will show heterogeneity
along both long and short axes. Given the differences in
flow characteristics between early and late diastolic
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filling, we further hypothesized that the spatial pressure
distributions will differ between these two diastolic
phases.

METHODS

Study Population

Twelve healthy subjects were included in the study
(Table 1). All subjects met the inclusion criteria of nor-
mal echocardiographic and electrocardiographic exami-
nations, and none was excluded based on the exclusion
criteria (current or previous history of heart disease,
medication for heart disease, or contraindications for
MRI examination). The study was approved by the
regional ethics committee, and all subjects provided
written informed consent.

Data Acquisition

All subjects underwent an MRI examination on a clinical
1.5T scanner (Philips Achieva, Philips Medical Systems,
Best, the Netherlands) where 4D flow data were acquired
during free-breathing using a navigator gated gradient-
echo pulse sequence with interleaved three-directional
flow-encoding and retrospective, vector cardiogram–con-
trolled cardiac gating (15,16). The following acquisition
parameters were used for the 4D flow data: velocity
encoding¼ 100 cm/s; flip angle¼ 8�; echo time¼ 3.7 ms;
and repetition time¼ 6.3 ms. Sensitivity encoding factor
2 was used for parallel imaging in order to shorten the
scan time. A k-space segmentation factor of 2 was used
to further reduce scan time (i.e., in each cardiac cycle,
two lines of k-space were acquired); this reduced the
scan time by a factor of 2. These settings rendered a tem-
poral resolution of 50.4 ms. The spatial resolution was
set to 3 � 3 � 3 mm3. The data were reconstructed into
40 time frames via a temporal sliding window with indi-
vidual nonlinear stretch of each R-R interval. The mean
scan time for the 4D flow data was 28 6 5 (standard devi-
ation) min.

Additionally, morphological cine balanced steady state
free precession short and two-, three-, and four-chamber
long axis images were acquired. The short axis (SA)
images were acquired and reconstructed into 30 time
frames with a pixel size of 1.37 � 1.37 mm2 and a slice
thickness of 8 mm. The SA images were acquired to

encompass the LV as well as the LA in order to provide
anatomical data for both the ventricle and the atrium. In
order to avoid mismatched data, two sets of SA images
were acquired, one before the 4D flow acquisition and
one after. This way, if the subject moved before or after
the 4D flow scan, one stack would still fit better.

All subjects underwent clinical echocardiographic
examination to confirm that they met the inclusion crite-
ria. Standard echo data were acquired, using a Vivid 7
scanner with a 2-MHz probe (GE Vingmed Ultrasound,
Horten, Norway).

Postprocessing and Data Analysis

Correction of the flow data for concomitant gradient field
effects was performed on the scanner. The acquired data
were postprocessed using customized software imple-
mented in MATLAB (MathWorks Inc., Natick, Massachu-
setts, USA), where velocity data were corrected for
background errors via a fourth-order, weighted least
squares fit to static tissue in the 4D flow data (17). Fur-
thermore, data were corrected for phase wraps (18).

Short axis morphological images were used to segment
the LV and left atrial endocardium during diastole, and
the LV endocardium during systole using freely available
software Segment (19) (v1.9R2046, Medviso, Lund, Swe-
den). After the automatic segmentation, the endocardial
contours were visually inspected and corrected as
needed.

The segmentation was used as boundary conditions for
computing the relative pressure fields p by solving the
pressure Poisson equation using a multigrid solver (20).
The pressure gradients g¼ (@g/@x, @g/@y, @g/@z) were cal-
culated from the velocity field v using g ¼ �r @v

@t �
rvrv þ mr2v, in which the first right side term is the
transient inertia (representing temporal derivative), the
second term is the convective inertia (the spatial deriva-
tive), and the third term represents the viscous forces.
The flow is assumed to be laminar and Newtonian, q is
the density of blood (which is assumed to be 1060 kg/
m3), and m is the viscosity of blood (0.004 Ns/m2). Rela-
tive pressure computations have been validated in numer-
ical phantoms (20), in vitro flow phantoms (4,6,21), in
vivo studies in humans (4,21), and a canine model (4).

Different phases of the cardiac cycle were defined by
extracting the velocity over time at the aortic valve (AV)
and the mitral valve (MV) from the 4D flow data (Fig. 1).
After computation of the relative pressure fields, the rel-
ative pressure data along with morphological and flow
data were converted to a format compatible with the
commercial visualization software Ensight (CEI Inc.,
Research Triangle Park, North Carolina, USA), and the
data were assessed visually.

Data were assessed at specific time points relative to
the early (E) and late (A) waves in the diastolic inflow
velocity curve: at the time frames corresponding to half
the upslope of the E and A-waves; at the time of the
peaks of the E- and A-waves; and at the timeframe corre-
sponding to half of the downslope of E- and A-waves
(Fig. 1). At each of the time frames, sample lines were
created extending from the center of the mitral valve
opening at the level of the mitral annulus to the

Table 1
Demographic and Clinical Data for the 12 Healthy Subjects

Demographics Values

Sex, female/male (n) 5/7
Age, y 44 6 17

Weight, kg 72 6 7
Heart rate, bpm 68 6 10
Blood pressure, mmHg

Systolic 127 6 11
Diastolic 78 6 7

LVEF, % 61 6 3
LVEDV, mL 143 6 25

Data are presented as the mean 6 standard deviation unless

noted otherwise. bpm, beats per minute; LVEDV, left ventricular
end-diastolic volume; LVEF, left ventricular ejection fraction.

Spatial Heterogeneity of 4D LV Pressure 1717



LV apex; relative pressure data were extracted along
those lines.

The LV lumen was divided into 17 segments in each
time frame with use of an in-house developed analysis
tool. The segments were based on the segmentation and
nomenclature of the American Heart Association’s stand-
ardized 17-segment myocardial segmentation model (22)
(segment numbering in Fig. 2). In this case, as we focus

on the LV volume rather than the wall, the segments
were pie-shaped and contained only the blood pool,
from the wall to the center of the LV lumen (Fig. 2). In
each segment, the median and range of relative pressure
were calculated. The apical (i.e., the seventeenth) seg-
ment was used as a reference point in the comparisons,
and the segments are presented as the median in that
segment relative to the median of the apical segment.

To further assess the spatial heterogeneity in the SA
direction, the basal and mid-level regions of the long axis
were divided into three half-circle segments, and the apical
region was divided into two half-circle areas as defined in
Table 2. The differences between the median relative pres-
sures in these segments were plotted over time and com-
pared at times of downslope E-wave and A-wave.

Statistical Analysis

In order to assess relative pressure heterogeneity along
the LV short axis, the median pressures on the antero-
septal side in the 17-segment model were compared with
the medians on the opposite inferolateral side (i.e., 2 ver-
sus 5 at the base, 8 versus 11 at mid-level, 14 versus 16
at the apical region) by using Wilcoxon signed rank test.
Furthermore, in order to assess heterogeneity along the
long axis, the basal, mid-level, and apical segments from
either the anteroseptal or inferolateral sides of the LV
were compared (i.e., segments 2, 8, 14 and 5, 11, 16,
respectively) using a Wilcoxon signed rank test. The

FIG. 1. Schematic image of the velocities at the aortic valve
(dashed line) and mitral valve (solid line). The time frames where

snapshots of data are shown are defined by the velocity curves:
1) half upslope E-wave; 2) peak E-wave; 3) half downslope

E-wave; 4) half upslope A-wave; 5) peak A-wave; and 6) half
downslope A-wave.

FIG. 2. Schematic view of the pie-
shaped segments. A: Three-chamber
image with schematic sketch of the

basal segments (white, (1–6), mid-level
segments (blue, 7–12), apical segments

(red, 13–16), and apex (yellow, 17). B–
D: The basal (B), mid-level (C), and api-
cal (D) segments are shown in short

axis images. LA, left atrium; LV, left
ventricle; RV, right ventricle.
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comparisons made at the same time frame were
Bonferroni-corrected. Hence, a P value less than 0.05/
9¼ 0.0056 was considered significant, as there were nine
separate comparisons. All statistical calculations were
performed in MATLAB. A Wilcoxon signed rank test
was also used for comparisons between E- and A-wave
time frames. In this comparison, pressure values for early
diastole from the first 16 segments less the pressure from
the seventeenth segment were compared with the same
calculated values taken at the time of the A-wave. Bon-
ferroni correction was used, so a P value of 0.05/
16�0.0031 was considered significant. The half-circle
segments (Table 2) were compared at times of half down-
slope E-wave and A-wave using a Wilcoxon signed rank
test. Because eight comparisons at each time frame were
made, the Bonferroni correction meant that a P value
0.05/8�0.0063 was considered significant. Nonparamet-
ric statistics were used because of the relatively large
spread within the segments. Of note, when performing
the tests with a parametric paired test, the same levels of
significance were found.

RESULTS

The relative pressure fields in the healthy subjects fol-
lowed a typical pattern in early diastole. Along the LV
long axis, during inflow acceleration and the upslope of
the E-wave velocity curve (Fig. 1), the base to apex rela-
tive pressure difference is almost linear, with the highest
value in the basal LV region (Figs. 3, 4A, and 5A). At
time of the peak velocity of the E-wave, the relative pres-
sure difference shifts such that the relative pressure is
highest at the apex (Figs. 3, 4B, and 5A). At the time of
half the downslope of the E-wave, the relative pressure
was higher in the apical two thirds of the LV (Figs. 3,
4C, and 5A). Along the long axis, the basal segments 2
(P< 0.0005 versus segment 8 and 14) and 5 (P< 0.0005
versus segment 11 and 16) had significantly lower rela-
tive pressure. Relative pressure values for segments 8
and 11 were significantly lower than those in segments
14 and 16, respectively (P< 0.0005) (Fig. 6A). Heteroge-
neity can also be demonstrated in the short axis direc-
tion during the downslope of the E-wave: at this point in
time, the median relative pressure in the basal anterosep-
tal segment (segment no. 2) was significantly lower than
the contralateral basal inferolateral segment (segment no.
5) (P< 0.0005; Fig. 6A). At time of half downslope E-
wave, component A (Table 2, Fig. 5B), indicated lower
pressure on the anteroseptal side (P¼ 0.0015) and com-

ponent G indicated that the apical inferolateral pressure
was significantly lower than the anteroseptal pressure
(P¼ 0.0005).

In late diastole, at the time of half the upslope of the
diastolic A-wave when inflow accelerates due to atrial
contraction, (Figs. 1, 4A, and 7) the relative pressure dif-
ference between the higher values at the LV base and
lower values at the apex was similar to that at upslope
of the E-wave but with smaller standard deviations for
each point compared with the E-wave (Fig. 4A). At peak
atrial contraction the distribution of relative pressure
reverses, with the largest differences along the long axis.
The late diastolic relative pressure differences are
smaller than those measured during early diastole, with
less standard deviation at each point. At the time of half
the downslope of the late diastolic A-wave, when the
late inflow is decelerating, the basal LV has lower pres-
sure relative to the apical and mid-level parts of the LV
(Figs. 3, 4C, and 6). Along the long axis, the basal seg-
ments 2 (P<0.0005 versus segment 8 and 14) and 5
(P< 0.0005 versus segment 11 and 16) had significantly
lower relative pressure. The relative pressure values for
segments 8 and 11 were significantly lower than 14 and
16, respectively (P< 0.0005) (Fig. 6B). When comparing
the medians of the segments relative to the apex at
downslope E-wave to the same segments at downslope
A-wave, 9 of the 16 comparisons showed significant dif-
ferences (Fig. 6). Short axis heterogeneity can be seen at
half downslope A-wave between the anteroseptal and
inferolateral basal regions (segments 2 and 5; P¼0.0024);
other contralateral segments were not significantly differ-
ent. At time of half downslope A-wave, the pattern is
similar to that at E-wave, the basal anteroseptal half of
the LV had significantly lower pressure than the infero-
lateral side (P¼ 0.0005) (component A). The apical
inferolateral pressure was significantly lower than
the anteroseptal pressure (P¼ 0.0024) (component G)
(Fig. 5B).

At the onset of the systolic phase, the area in proxim-
ity to the LV outflow tract demonstrated the lowest rela-
tive pressure values. At end systole, the direction of the
relative pressure differences shifts with the anteroseptal
side of the basal LV having the highest relative LV pres-
sure, leading to a deceleration in the outflow area.

DISCUSSION

In this study, we assessed the time-varying relative pres-
sure fields in the LV of 12 healthy subjects. We

Table 2
Definitions of Further Component Division to Further Assess Spatial Heterogeneity in the Short Axis Direction

Component Combination of segments Long axis segment Description

A (1, 2, 3)–(4, 5, 6) Basal Anteroseptal versus inferolateral
B (1, 2, 6)–(3, 4, 5) Basal Anterior versus inferior

C (2, 3, 4)–(1, 5, 6) Basal Inferoseptal versus anterolateral
D (7, 8, 9)–(10, 11, 12) Mid-level Anteroseptal versus inferolateral
E (7, 8, 12)–(9, 10, 11) Mid-level Anterior versus inferior

F (8, 9, 10)–(7, 11, 12) Mid-level Inferoseptal versus anterolateral
G (13, 14)–(15, 16) Apical Anteroseptal versus inferolateral

H (14, 15)–(13, 16) Apical Inferoseptal versus anterolateral

The segments are differences between half circles of each long axis region.
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demonstrated that normal LV relative pressure fields are
spatially heterogeneous not only along the long axis
from base to apex, but along the short axis as well. Fur-
thermore, the diastolic LV relative pressure field differs
between the phases of early filling and atrial contraction.

Earlier findings have indicated that LV relative pres-
sure is heterogeneous from the base to apex, while heter-
ogeneity in the short axis direction had not been
studied. Courtois et al. (1) studied the pressure differen-
ces in the LV of a dog and found a pressure gradient
from base to apex during diastole. In this study, we have
further shown that intracardiac relative pressure is also
heterogeneous in the short axis direction, albeit to a
smaller extent. Short axis heterogeneity is mostly seen in

the basal regions of the LV and demonstrates a relatively
lower pressure region in the vicinity of the LV outflow
tract (LVOT). These differences are small but potentially
important. Rodriguez et al. (23), studying the change of
the LVOT volume in an ovine model, found that during
isovolumetric contraction, the LVOT increased in vol-
ume, suggesting that intracardiac blood serves as a con-
nector between different anatomical regions of the heart.
The small differences in relative pressure in the infero-
lateral to anteroseptal direction in the basal LV shown in
the present study may exemplify this. Our data show
that pressure in the outflow segment is lower relative to
the rest of the LV in the pre-ejection phase prior to the
onset of systole (3), facilitating early acceleration of

FIG. 3. Relative pressure maps at early

diastolic phase in a healthy 59-year-old
man with a heart rate of 58 bpm. The
left column shows a three-chamber

image with streamlines to demonstrate
the instantaneous flow field at the

upslope, peak, and downslope phases
of the E-wave. The middle column
shows the 3D pressure distribution in

the long axis view with a three-
chamber morphological image for ana-
tomical orientation. The right column

shows pressure distribution in a basal
short axis view. Definitions of the

phases are made from velocity curves
over the mitral and aortic valves. The
white dashed lines in the three-

chamber and SA images at the top row
outline the intersections between the

two images. LV, left ventricle; LA, left
atrium; RV, right ventricle.

1720 Eriksson et al.



blood toward the LVOT. This lower pressure in the
LVOT can be observed during late diastolic inflow, prior
to the time of LVOT reshaping described by Rodriguez
et al. (23); therefore, we speculate that diastolic inflow
patterns also play a role in this phenomenon. During
early systole, an increase in this pressure difference is
observed. This can be explained not only by the
increased pressure gradient between the LV and the
aorta due to the contraction of the LV, but also by a
localized pressure minimum resulting from the higher
blood velocity in the LVOT. During late systole, the pres-
sure gradient between the LV and the aorta will reverse,
initiating deceleration of the outflow. This elevation of
pressure in the LVOT is partly compensated for by per-
sistently high velocity and kinetic energy in the LVOT,
however. These two effects together can explain the late
systolic reversal of the pressure gradient along the basal
anteroseptal–inferolateral axis (component A in Fig. 5).

During both early and late diastolic phases, the basal
outflow segment (segment no. 2 in Fig. 2) demonstrated
significantly lower median relative pressure compared
with the inferolateral basal segment. This phenomenon
can be seen in component A of Figure 5B; the anterosep-
tal half of the basal LV demonstrated lower pressure
than in the inferolateral side. This may result in part
from decelerating inflowing blood being mainly directed
along the inferolateral wall, resulting in an increase in
pressure along that side at the end of the filling phases.
In addition, the presence and strength of the mitral vor-
tex ring, which is strongest at the anteroseptal side,
could influence the regional differences in the short axis
direction, as a vortex creates a local pressure minimum
that is lowest in its core region. During the deceleration
of the inflow phases, a small but significant pressure dif-
ference is seen in the apex, with a higher anteroseptal
than inferolateral pressure (component G). This reversed
pressure difference may be related to the deceleration of
the blood in the apex, flowing from the inferolateral to
the anteroseptal wall.

With respect to differences between early and late dia-
stolic phases, Courtois et al. (1) suggested that the early
inflow would extend more apically than the inflow dur-
ing the A-wave. This regional flow difference has been
confirmed by flow visualizations (13,14). Eriksson et al
(14) determined that, despite the greater volume of
inflow during early versus late diastole, the absolute
amount of inflow passing directly to systolic ejection in
a single cardiac cycle (called direct flow) is similar for
the early and late filling. Early inflow that progresses
deepest toward the apex will therefore likely remain
within the LV until the following systole. Late inflow
will tend to take a shorter and more rapid route to the
LVOT compared with the apically positioned blood,
which will have to overcome longer distance and greater
inertia. The area of low pressure behind the anterior leaf-
let may be setting the blood in motion toward the LVOT
prior to the aortic valve opening, aiding in overcoming
the inertia delaying the actual flow toward the LVOT.
This is a heretofore unrecognized aspect of atrioventricu-
lar coupling.

The intersubject variability in pressure heterogeneity
among normal subjects was greater for early than for late

FIG. 4. Lines from left ventricular base to apex at half upslope (A),

peak (B), and half downslope (C) of the diastolic flow velocity
waves over the mitral valve. The group mean 6 1 standard devia-
tion of relative pressure (mmHg) relative to the apex for E-wave

(circular markers) and A-wave (triangular markers) is shown. The
x-axis shows the relative distance from the mitral valve (0) to the
apex (1).

Spatial Heterogeneity of 4D LV Pressure 1721



diastolic phases (Fig. 4). This is in agreement with a pre-
vious study, where comparisons of inflow characteristics
in both healthy subjects and dilated cardiomyopathy
patients showed equivalent preservation of A-wave end
diastolic kinetic energy, while E-wave was more variable
between the two groups (24). Diastolic inflow is driven by
different mechanisms during the two phases. The E-wave
is dependent on ventricular recoil and relaxation, which
decrease the LV pressure below that of the LA. These
aspects of ventricular diastolic function can be influenced
by dynamic load and contractility; these may vary within
the spectrum of normal conditions. In contrast, the A-
wave is driven by atrial contraction resulting in accelera-

tion of late inflow, diminution of the mitral annulus size,
and the accompanying excursion of the mitral annular
plane toward the left atrium (3). Annular motion may
account for a significant portion of late diastolic filling, as
blood in the low LA is effectively transferred to the LV as
filling when the mitral annulus moves past it. The deter-
minants of annular excursion and atrial contractility are
less likely to reflect changes across the normal spectrum
of load, instead changing when loads exceed normal val-
ues and when the function and material properties of the
atrium and ventricle have been altered by disease. In a
group of healthy subjects, the late diastolic features may
be less heterogeneous as a result.

FIG. 5. Median pressures (mmHg) (A, B) and mean velocity (C) from all 12 subjects over a mean cardiac cycle (s). Pressure and velocity

data were normalized in systole and diastole separately and combined to fit a mean cardiac cycle length. The black vertical line at time
0.34 s represents end-systole. A: Each segment is represented by the median pressure in that segment; the 16 lines represent the
median pressure relative to the apex segment over time. The y-axis shows the median pressure in each segment relative to the median

pressure in the apical segment over time. The pressures from the basal segments (1–6), mid-level segments (7–12), and apical segments
(13–16) are shown in black, blue, and red, respectively. B: Pressure differences between the half-circle segments defined in Table 2. C:

Mean velocity (m/s) over time at the mitral valve (solid line) and the aortic valve (dashed line).

1722 Eriksson et al.



The differences in mechanisms underlying early and
late diastolic LV filling may also be relevant to the tim-
ing of pressure gradients relative to inflow acceleration
and deceleration. The peak heterogeneity in LV pressure
occurs at the time of peak early inflow velocity in most
subjects (Fig. 4B). Given the abrupt acceleration in early
diastole due to rapid and transient ventricular untwist
and recoil, deceleration of the inflow begins early and
precedes the peak of the E-wave. In contrast, maximal
heterogeneity in the late diastolic phase tends to occur at
the time of the downslope of the A-wave. This late
inflow is “pushed” in contrast to early diastole. The
inflowing blood that follows atrial contraction may there-
fore be more gradual in its deceleration within the LV,
such that the largest intraventricular relative pressure
differences occur after the peak velocity is achieved.

The relative pressure field results shown here may
provide new perspectives on catheter-based measure-
ments of absolute pressure. Noninvasive assessment of
the relative pressure can be performed throughout the
entire LV volume, with differentiation relative to anat-
omy and timing. Invasive measurement of absolute pres-
sures is not readily repeated over the patient’s course,
and the actual position of the catheter tip is difficult to
control or ascertain. Given the spatial heterogeneity of
the 4D relative pressures in the left heart, it can be
anticipated that catheters may sometimes be subopti-
mally positioned for best assessment of valvular or ven-
tricular disorders. Moreover, the relative pressure is
more relevant than absolute pressure from a flow-driving
perspective, and in that sense may permit a more com-
prehensive approach to the analysis of intracardiac blood
flow dynamics in health and disease.

Limitations

The present study has some limitations. The temporal
resolution was defined as 50.4 ms, even though it is

slightly higher in practice due to view-sharing alike
properties in the retrospective gating. A temporal resolu-
tion that is too low can result in an underestimation of
the transient inertia term in the pressure Poisson equa-
tion. Thompson and McVeigh (4) investigated the effect
of temporal resolution in a dog heart and came to the
conclusion that much higher temporal resolution is nec-
essary to resolve all frequencies in the pressure, but that
for normal blood flow patterns, a minimum temporal
resolution of about 44 ms is sufficient to avoid signifi-
cant underestimation of the local acceleration contribu-
tion to the total intracardiac pressure differences.

Because that study was performed in a canine model

with pacing rates of 100–150 beats per minute, a tempo-

ral resolution of 50 ms as used in the present study

should be sufficient for normal human hearts at much

lower heart rates. Furthermore, the present study focused

primarily on relative pressures during diastole, where

less acceleration and longer filling time should diminish

the impact of temporal resolution compared with systolic

assessments.
The 4D flow data and the SA images were acquired

separately. These two data sets may be spatially mis-
matched as a result of patient movement or due to the
fact that the SA images were acquired at end-expiratory

breath holds while the 4D flow data are acquired using a

navigator at end-expiration. Ideally, the segmentation

would be made directly on the 4D flow data. However,

the contrast between blood pool and myocardium are too

poor to do that with sufficient accuracy. Our group is

constantly working to improve our data pipeline, but

registration between these two completely different data-

sets is far from trivial. In-plane registration of the two-

dimensional short axis images might be feasible in some

cases, but it will not always result in better data and will

introduce a new source of error. Therefore, our current

approach is to acquire two SA stacks, one before the 4D

FIG. 6. Bull’s-eye plots showing the median pressure (mmHg) relative to the apex. In each subject, each of the 17 segments is repre-

sented by the median. The first number in each segment represents the median of the 12 values from the included subjects, and the
number in parentheses represents the range of medians from the 12 healthy subjects, at half of the downslope of the E-wave (A) and A-

wave (B). *P<0.0031 for comparisons of the same segment number at E-wave versus A-wave. yP<0.0056 for comparisons in short
axis direction (i.e., segment 2 versus 5, 8 versus 11, and 14 versus 16) at the same time frame. Anteroseptal (i.e., segments 2 versus 8
and 14 and 8 versus 14) and inferolateral (i.e., segments 5 versus 11 and 16 and 11 versus 16) long axis comparisons at the same time

frame all yielded P<0.0005.
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flow acquisition and one after. This approach provides

the opportunity to determine whether significant move-

ment of the subject has occurred, as well as an extra

stack to segment if the data prove to be severely

mismatched.
The term representing the viscous forces in the Navier-

Sokes equation is a second derivative and is probably
the least trustworthy due to the limited resolution. How-
ever, in the final analysis, it will not affect the pressure
fields to a great extent, as this term is about a factor of
10�3 lower than the transient and convective inertia.

The data were acquired during rest in a supine posi-
tion, so the body forces were not included in the pres-
sure field computation. The pressure field can be
expected to differ in a standing person (3).

This computational method cannot be applied to data
where disturbed or turbulent flow appears, such as
through an aortic coarctation or in a heart with stenotic
valves. In such settings of turbulent flow, energy losses
due to dissipation will lower the pressure recovery. We
did not expect significant turbulence in the healthy sub-
jects used in this study, as they had normal valve and
myocardial function (25).

CONCLUSIONS

In the normal left ventricle during diastole, the predomi-
nant relative pressure differences in the LV occur along
the long axis from base to apex. 4D relative pressure
measurements throughout the entire LV allow the

FIG. 7. Late diastolic pressure field vis-
ualization. Relative pressure maps at
late diastole in a healthy 59-year-old

man with a heart rate of 58 bpm. The
first column shows a three-chamber

view with a morphological three-
chamber image providing anatomical
orientation and streamlines showing the

instantaneous velocity field. The center
column shows the 3D pressure fields in
a three-chamber view. The right column

shows the pressure fields in a basal
short axis slice. Definitions of the

phases are made from velocity curves
over the mitral and aortic valves. The
white dashed lines in the three-

chamber and SA images outline the
intersections between the two images.

LA, left atrium; LV, left ventricle; RV,
right ventricle.
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additional detection of smaller but potentially important
pressure differences between contralateral segments in
the short axis direction. The distribution and variability
of 3D pressure fields differ between early and late dia-
stolic filling phases, but common to both phases is a rel-
atively lower pressure in the outflow segment. This
aspect of atrioventricular coupling may assist in prepara-
tion for ejection of the stroke volume and contribute to
ventricular efficiency, and can be assessed noninvasively
and serially using this MRI-based technique. Further-
more, the data presented in this study provide a refer-
ence describing normal left ventricular pressure
dynamics.
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