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easibility of Tissue Magnetic Resonance Imaging
Pilot Study in Comparison With Tissue

oppler Imaging and Invasive Measurement
ernard P. Paelinck, MD,* Albert de Roos, MD, PHD,‡ Jeroen J. Bax, MD, PHD,§

ohan M. Bosmans, MD, PHD,* Rob J. van Der Geest, MSC,‡ Dominique Dhondt, MSC,*
aul M. Parizel, MD, PHD,† Christiaan J. Vrints, MD, PHD,* Hildo J. Lamb, MD, MSC, PHD‡
ntwerp, Belgium; and Leiden, the Netherlands

OBJECTIVES This research was intended to determine the feasibility of tissue magnetic resonance (MR)
imaging in comparison with tissue Doppler imaging and its potential implications for the
estimation of filling pressure, in comparison with invasive measurement.

BACKGROUND Evaluation of diastolic function using MR imaging is commonly confined to the study of
transmitral flow. However, transmitral flow is unreliable for the estimation of left ventricular
(LV) filling pressures in hypertrophy and normal systolic function. Normalizing early mitral
velocity (E) for the influence of myocardial relaxation by combining E with early diastolic
mitral septal tissue velocity (Ea) provides better Doppler estimates of filling pressures.

METHODS Eighteen patients with hypertensive heart disease (LV mass index: 114 � 21 g/m2), absence
of valvular regurgitation, and with normal or mildly reduced systolic function (LV ejection
fraction: 57.6 � 6.5%) referred for cardiac catheterization, underwent consecutive measure-
ment of mitral flow and septal tissue velocities with phase-contrast MR and Doppler. These
data were compared with mean pulmonary capillary wedge pressure (PCWP).

RESULTS There was a strong relation between MR (11.6 � 4.3) and Doppler-assessed (12.1 � 3.5)
E/Ea (95% confidence interval of �1.5 to 0.5) (r � 0.89, p � 0.0001). In addition, E/Ea
related strongly to invasively measured PCWP (MR: r � 0.80, p � 0.0001 and Doppler: r
� 0.85, p � 0.0001).

CONCLUSIONS Tissue MR imaging is a feasible method to assess Ea. Combining E and Ea allowed similar
estimation of filling pressure by MR and Doppler, in good agreement with invasive measurement.
The potential confounding effect of valvular regurgitation needs further study. (J Am Coll

ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.12.051
Cardiol 2005;45:1109–16) © 2005 by the American College of Cardiology Foundation
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ssessment of left ventricular (LV) filling pressures is
mportant for the interpretation of symptoms, optimization
f unloading therapy, and prediction of prognosis in heart
isease (1). Doppler echocardiography of the transmitral
ow has been used as a noninvasive alternative for determi-
ation of LV filling pressures (2,3). Doppler-derived in-
exes have been correlated with both phase-contrast
agnetic resonance (MR) velocity and volumetric measure-
ents of transmitral flow (4–7). Transmitral flow results

rom the instantaneous atrioventricular pressure gradient
nd, therefore, reflects the level of left atrial pressure, hence,
lling pressure. However, besides dependence on left atrial
ressure, transmitral flow is also affected by different degrees
f LV elastic recoil, myocardial relaxation, chamber and
trial compliance, and the presence of valvular regurgitation.
herefore, the transmitral filling pattern is a dynamic
henomenon restricting its use as a single parameter,
specially in patients with LV hypertrophy (8,9) and normal
ystolic function (10). Normalizing early mitral velocity (E)
or the influence of myocardial relaxation by combining E with
arly mitral septal tissue velocity (Ea) provides better Doppler
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ntwerp, Antwerp, Belgium; and Departments of ‡Radiology and §Cardiology,
eiden University Medical Center, Leiden, the Netherlands. Dr. Paelinck was

upported by a grant of the Fund for Scientific Research Flanders.
(
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004, accepted December 13, 2004.
stimates of filling pressure (Fig. 1). This method has been
uccessfully applied in subsets of patients including those with
ormal systolic function and LV hypertrophy (11–15).
Phase-contrast MR allows velocity encoding of flow but

lso moving structures (tissue MR imaging) in any chosen
irection at near echocardiographic frame rates (16). How-
ver, MR evaluation of diastolic filling has been limited to
he analysis of the transmitral filling pattern only. The
urpose of the present study was to determine the feasibility
f tissue MR imaging to assess early diastolic septal veloc-
ties in comparison with tissue Doppler imaging and its
otential implications for the estimation of filling pressures
n comparison with invasive measurement. To avoid the
onfounding influence of valvular regurgitation, only pa-
ients without valvular regurgitation were studied.

ETHODS

ubjects and study design. Eighteen consecutive patients (11
en and 7 women, 62.2 � 10.4 years) with hypertension-

nduced LV hypertrophy (mass index 114 � 21 g/m2) (Table
) referred for clinically indicated heart catheterization were
ncluded in the present study. Selection criteria were normal
inus rhythm, LV ejection fraction �45%, absence of valvular
isease, and no contraindication for MR. All patients succes-
ively underwent an MR and Doppler echocardiographic study

time frame 68 � 21 min) followed by invasive pressure
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easurement (time frame 102 � 37 min). The patients
resented in a fasting state, and neither fluid infusion nor
edation was administered during the whole protocol (170 �
0 min). The study protocol was approved by the medical
thical committee of the University Hospital of Antwerp,
elgium, and all patients gave informed consent before
articipation.

R. ACQUISITION TECHNIQUE. Subjects were examined
y using a Sonata MR scanner (Siemens, Erlangen, Ger-
any). Data were acquired using a commercially available

2-channel body array surface coil. The entire heart was
maged in the short-axis orientation with breath-hold True-
sp imaging. From the endocardial and epicardial tracings,

igure 1. Diagram of mitral filling pattern, mitral annulus velocities, and
orresponding four-chamber view during early diastole. (Left side) Left
entricular (LV) diastole is characterized by swift myocardial relaxation and
lastic recoil. As a result, normal transmitral flow is characterized by a
rominent and rapid early (E) filling wave (arrow) due to passive suction, and
y a diminutive late (A) atrial filling wave due to atrial contraction. During
iastole, the LV expands longitudinally resulting in a descent of the mitral
alve annulus (open arrow) as opposed to the relatively fixed apex. As the
elocity of the earliest diastolic motion of the mitral valve annulus (Ea) relates
o the rate of myocardial relaxation, Ea is prominent in normal hearts. (Right
ide) When diastolic dysfunction occurs, myocardial relaxation is impaired; LV
ressure falls slowly, reducing early transmitral driving pressure. As a result, E
s decreased (arrow), and, because of increased atrial preload, A is increased.

ue to decreased myocardial relaxation velocity, Ea is reduced (open arrow).
s disease progresses, LV compliance also becomes impaired, and LV filling
ecomes dependent on increased left atrial (LA) or filling pressure (dashed
rrow). This results in an increased E. As the underlying impaired relaxation
s masked and because the pattern resembles the normal filling pattern, it is
alled pseudonormalized pattern. Combining E, which is dependent on both
lling pressure and myocardial relaxation, with Ea, which is mainly dependent
n myocardial relaxation, allows differentiation of a normal from a pseudo-

Abbreviations and Acronyms
A � peak mitral velocity at atrial contraction
CI � confidence interval
E � peak mitral velocity in early diastole
Ea � early diastolic tissue velocity
LV � left ventricle/ventricular
MR � magnetic resonance
PCWP � pulmonary capillary wedge pressure
ROI � region-of-interest
t
ormal signal and better evaluation of filling pressures (see equation). E �
eak mitral velocity in early diastole; Ea � early diastolic tissue velocity.
V end-diastolic volume, end-systolic volume, stroke vol-
me, ejection fraction, mass, and mass-index were calcu-
ated using MASS analytical software package (Medis,
eiden, the Netherlands) as described previously (17).
Transmitral flow was measured using a retrospectively

lectrocardiographically triggered Flash phase-contrast MR
echnique with a velocity sensitivity of 130 cm/s (18). The
enter of the slice was positioned in the middle of the mitral
alve at the level of the valve tips during early diastole with the
maging plane perpendicular to mitral inflow, using both
wo-chamber and four-chamber images (Fig. 2A, upper
anel). In order to cover late diastolic filling, acquisition was
erformed throughout the cardiac cycle with a retrospective
eriod of 1.2. Imaging parameters included the following:
0/3.2 (repetition time ms/echo-time ms), 5-mm section
hickness, 240 � 256 matrix, 380 � 380 mm field of view, 1.6

1.5 mm in-plane spatial resolution and 30-degree flip angle.
wo signals were averaged, and temporal resolution was 16 to
8 ms.

Myocardial tissue velocities were measured by repeating
his phase-contrast MR sequence with velocity encoding of
0 cm/s and a different image slice position. The image slice
as positioned at two-thirds of the long axis, planned on

arly diastolic two- and four-chamber images, perpendicular
o the interventricular septum (Fig. 2A, lower panel).

MAGE ANALYSIS. Analysis was done offline by tracing a
egion-of-interest (ROI) on the modulus images and trans-
erring this ROI to the paired phase images, using the
LOW analytical software package (Medis, Leiden, the
etherlands).
For assessment of transmitral flow, tracings were per-

ormed manually on the images acquired with a velocity
ncoding of 130 cm/s along the borders of the mitral valve
rom opening to closing. From the reconstructed velocity
ersus time curves of LV filling, peak velocity in early
iastole (E) and peak velocity at atrial contraction (A) were
etermined (18). From these peak velocities, the ratio E/A
as calculated.
In order to define the most optimal ROI for assessment of

able 1. Baseline Characteristics

Parameter (n � 18)

ender (M/F) 11/7
ge (yrs) 62.2 � 10.4
V mass (g) 211 � 44
V mass index (g/m2) 114 � 21
V end-diastolic volume (ml) 148 � 35
V end-systolic volume (ml) 63 � 20
V stroke volume (ml) 84 � 21
ardiac output (l/min) 6.7 � 2.4
ardiac index (l/min/m2) 3.6 � 1.1
V ejection fraction (%) 57.6 � 6.5
eft atrial volume/BSA (ml/m2) 41 � 12

ll values are mean � SD. Parameters of left ventricular (LV) dimensions and
unction were determined by magnetic resonance (MR).

BSA � body surface area.
issue velocities, a standardized circular ROI of 20 pixels was
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laced at different locations in the LV myocardium (Fig. 3).
or each ROI, peak early diastolic velocity (Ea) was measured,
nd E/Ea calculated (Fig. 2C). From these measurements, one
ptimal ROI was selected for comparison with invasive mean
ulmonary capillary wedge pressure (PCWP) and Doppler.
All tracings were performed blinded to invasive and
oppler data in random order by one observer (B.P.P.) and

epeated in the posteroseptal region in the first 10 consec-
tive patients by the same observer (B.P.P.) and by a second
ndependent observer (D.D.) at an interval of more than one

onth blinded to previous data.
oppler echocardiography. Doppler echocardiography
as performed with a Hewlett Packard Agilent Sonos 5500
hased-array scanner (Andover, Massachusetts) with a 2.5-
Hz transducer. A single investigator (B.P.P.), who had

chieved level 3 training in echocardiography (19), per-
ormed all Doppler studies. Recordings of transmitral flow
nd septal mitral annulus velocities were obtained during
elaxed end-expiration with the patient lying in supine left
ateral decubitus as previously described (20). Three consec-
tive cardiac cycles were acquired and stored for each

igure 2. (A) Planscan for acquisition of transmitral flow and tissue velo
equence was used, with a velocity encoding of 130 cm/s and the center of th
o assess tissue MR velocities, phase-contrast MR was repeated with a ve

ong axis, planned on early diastolic two- and four-chamber images, perp
mages of transmitral flow (upper panel) and tissue velocities (lower panel)
n the posteroseptal region. (C) Corresponding velocity versus time curves.
iastolic posteroseptal tissue velocity Ea � 8.9 cm/s and E/Ea � 11.6 we
arameter. w
Offline analysis was performed blinded to MR and
emodynamic data using the dedicated software of the
ltrasound machine. For the transmitral flow, peak veloci-
ies in early diastole (E) and at atrial contraction (A) were
easured, and their ratio (E/A) was calculated. From the

issue-Doppler recordings, early diastolic peak velocity (Ea)
as measured.
Measurements of E and Ea were repeated in random

rder in the first 10 consecutive patients by the same
bserver (B.P.P.) and by a second independent observer
D.D.) at an interval of more than one month blinded to
revious data.
nvasive measurement. Mean pulmonary capillary wedge
ressure has been shown to accurately reflect LV filling
ressure (21). Under fluoroscopic guidance, a 7-F balloon-
ipped pulmonary artery catheter was placed in pulmonary
edge position after inflation with 1 ml of air. PERCEP-
OR transducers (Boston Scientific Scimed, Boston, Mas-

achusetts, natural frequency: 225 MHz) were balanced
efore acquisition of hemodynamic data with zero level at
idaxillary line. Mean pulmonary capillary wedge pressure

. To assess transmitral flow, a phase-contrast magnetic resonance (MR)
e positioned perpendicular to mitral inflow, at early diastole (upper panel).
encoding of 30 cm/s, and the image slice positioned at two-thirds of the
ular to the interventricular septum (lower panel). (B) Velocity-encoded
tissue velocities are measured from a circular region-of-interest of 20 pixels

these curves, peak mitral velocity in early diastole (E) � 103 cm/s, early
rived. Ea � early diastolic tissue velocity; Venc � velocity encoding.
cities
e slic

locity
endic

. The
as measured automatically by the monitoring system
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Cathcor Siemens, Erlangen, Germany) after confirmation
f wedge position by observing a phasic change in waveform
nd a decrease of at least 5 mm Hg from mean pulmonary
rtery pressure. All measurements were made online by
veraging three consecutive cycles at end-expiration by an
bserver (J.M.B.) blinded to previous data. An elevated
CWP was defined clinically relevant if �15 mm Hg.
tatistical analysis. Hemodynamic data during different

maging modalities were tested by repeat measurements
nalysis of variance (ANOVA) after testing for normality of
istribution using the Kolmogorov-Smirnov test.
A paired sample two-tailed Student t test was used to

ompare, and 95% confidence intervals (CI) were calculated
o compare MR with Doppler-measured parameters. Linear
egression was used to assess whether selected variables were
ssociated with invasive measurements. We estimated a
orrelation coefficient between MR-measured E/Ea and
CWP of 0.8, with a power of 0.9 at alpha � 0.01.
ccordingly, yielding a sample size of 16 with 2 extra
atients was adequate to detect such a relation. Analysis of
he limits of agreement between MR and Doppler-
easured E/Ea and between MR phase-contrast-estimated

ressures and catheter-measured pressures was evaluated in
ccordance with the analysis advocated by Bland and Alt-
an (22). Intraobserver (B.P.P.) variability in MR-
easured E/Ea was calculated as the absolute difference in
/Ea between two analyses and divided by the mean E/Ea
f both analyses and depicted on a Bland-Altman plot. The
ame calculation was done for analyses by a second observer
D.D.) to assess MR interobserver variability. Significance

igure 3. A standardized circular region of interest (ROI) of 20 pixels was
laced at different locations around the circumference of the heart. A
eference line (II) was traced through the center of the left ventricle (LV),
nd the intersection of the posterior LV with the right ventricle (RV).
ased on this reference line, the LV myocardium was divided into three
qual triangular regions, corresponding with the coronary artery territories;
OIs were placed in the center of the myocardium at the following

ocations: posteroseptal (1), midseptal (2), anteroseptal (3), lateral (4), and
nferior (5). The posteroseptal ROI was positioned at 30 degrees posterior
o line I.
as set at p � 0.05. w
ESULTS

he Kolmogorov-Smirnov test indicated no significant
eviation from normality of heart rate (MR p � 0.9,
oppler p � 0.906, invasive p � 0.930), systolic blood

ressure (MR p � 0.905, Doppler p � 0.975, invasive p �
.766), and diastolic blood pressure (MR p � 0.946,
oppler p � 0.998, invasive p � 0.898) measured during

hree imaging modalities. Overall, heart rate was similar
uring all acquisitions with different imaging modalities
MR 64 � 11 beats/min, Doppler 63 � 10 beats/min,
nvasive 65 � 11 beats/min, p � 0.101) as determined by
epeat measurements ANOVA. The same was true for
ystolic (MR 159 � 17 mm Hg, Doppler 156 � 14 mm Hg,
nvasive 162 � 20 mm Hg, p � 0.272) and diastolic blood
ressure (MR 76 � 10 mm Hg, Doppler 77 � 10 mm Hg,
nvasive 74 � 8 mm Hg, p � 0.302).

The time necessary for offline analysis was, on average, 1
in for Doppler measurements and 10 min for MR tracings

nd measurements in each patient.
orrelation between MR and Doppler. Magnetic-

esonance-assessed E/Ea varied at different locations in the
V myocardium (Table 2). Although significant correla-

ions in all interventricular septum ROI with Doppler were
resent, best correlations were found with MR-assessed
osteroseptal E/Ea (r � 0.89, p � 0.0001). Magnetic
esonance and Doppler parameters of LV filling are pre-
ented in Table 3. There was a strong relation between
osteroseptal MR (11.6 � 4.3) and Doppler-assessed (12.1

3.5) E/Ea (95% CI �1.5 to 0.5) (r � 0.89, p � 0.0001).
esults of Bland-Altman analysis revealed good agreement
etween posteroseptal MR and Doppler E/Ea (Figs. 4A
nd 4B). Although measurements of A with the two
echniques were closely related, MR had a tendency to
nderestimate A (mean difference �12.1 � 25.7 cm/s with

95% CI of �24.9 to 0.7; p � 0.063). Therefore,
R-assessed E/A was higher than Doppler (mean differ-

nce 0.3 � 0.3 with a 95% CI of 0.2 to 0.5; p � 0.001). For
oth techniques, correlations between invasive PCWP and
/Ea were strong (MR: r � 0.80, p � 0.0001 and Doppler:
� 0.85, p � 0.0001).
orrelation between MR and invasive pressure. Figure 5

hows the correlation between MR flow parameters and
nvasive PCWP. Neither E nor E/A ratio correlated with
nvasive PCWP (Fig. 5A).

Although significant correlations in all interventricular
eptum ROI with PCWP were present (Table 2), best
orrelations were found with MR-assessed posteroseptal
/Ea (r � 0.80, p � 0.0001) (Fig. 5B). In the further

nalysis, therefore, posteroseptal E/Ea was used; E/Ea was
ested to determine the accuracy in identifying PCWP �15
m Hg; E/Ea �8 had 100% positive predictive value for
CWP �15 mm Hg, and E/Ea �15 had a 100% positive
redictive value for PCWP �15 mm Hg.
For the estimation of PCWP, a linear regression analysis
as performed. Results of Bland-Altman analysis showed
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ood agreement between MR-estimated and catheter-
easured PCWP (Fig. 5C).
eproducibility. Both intra- and interobserver variability
f MR and Doppler analyses were comparable. The mean
ntraobserver difference in MR-measured E/Ea was 0.5 �
.7 (95% CI of �0.7 to 1.7) (p � 0.374) and in Doppler-
easured E/Ea �0.4 � 0.9 (95% CI of �1.1 to 0.2) (p �

.183). The mean interobserver difference in MR-measured
/Ea was 1.1 � 2.3 (95% CI of �0.6 to 2.8) (p � 0.168)

nd in Doppler-measured E/Ea �0.4 � 0.8 (95% CI of
1.0 to 0.1) (p � 0.118). Results of Bland-Altman analysis

lso revealed good intra- and interobserver agreement for
issue MR imaging (Fig. 6).

ISCUSSION

he present study demonstrates that tissue MR imaging is
feasible method to assess early diastolic septal velocities

imilar to tissue Doppler imaging.
Transmitral parameters alone do not correlate with LV

lling pressure in patients with preserved systolic function
nd LV hypertrophy. Transmitral flow is affected by mul-
iple interrelated factors as filling pressure, LV elastic recoil,
yocardial relaxation, atrial and chamber compliance, as
ell as the presence of valvular regurgitation. Estimation of
lling pressure can be improved by the analysis of the
ulmonary venous flow including systolic, diastolic, and
trial reversal velocities and duration (2,3), by altering
reload (e.g., Valsalva maneuver, nitroglycerin administra-
ion) (23,24) and by identifying underlying impaired relax-
tion by recording the flow propagation velocity of early LV
lling with color M-mode echocardiography (25). Phase-

able 2. MR Determined Regional E/Ea

Region of Interest
(n) E/Ea

Mean Diffe
Posteroseptal and R

(95% Confidence

osteroseptal (1) 11.6 � 4.3 NA
idseptal (2) 8.6 � 3.2 3.0 (1.4, 4.
nteroseptal (3) 11.4 � 2.8 0.2 (�1.4,
ateral (4) 7.1 � 2.9 4.5 (2.3, 6.

nferior (5) 9.1 � 3.5 2.5 (0.7, 4.

alues are mean � SD. *p � 0.05 paired sample two-tailed Student t test regional
E � peak mitral velocity in early diastole; Ea � early diastolic tissue velocity; NA

Table 3. MR and Doppler Parameters of LV F

MR Dopple

E (cm/s) 74.5 � 16.8 75.9 � 19
A (cm/s) 65.4 � 31.7 77.5 � 14
E/A 1.3 � 0.5 1.0 � 0.
Ea (cm/s) 7.2 � 5.4 6.4 � 1.
E/Ea 11.6 � 4.3 12.1 � 3.

Values are mean � SD. *p � 0.05 paired sample two-t
†Significance of correlation p � 0.05.
A � peak mitral velocity at atrial contraction; E � peak mitral
tissue velocity; LV � left ventricular; PCWP � mean pulmonary
ontrast MR studies have included analysis of pulmonary
ein flow (4,26,27). Recently, tissue Doppler measurement
f the velocity of the earliest diastolic motion of the mitral
nnulus (Ea) has been proposed as a better predictor of LV
lling pressure (11–15). Phase-contrast MR allows velocity
ncoding of moving structures in any chosen direction at
ear echocardiographic frame rates (16). However, MR
valuation of filling pressures has not included Ea measure-
ents, but has commonly been limited to analysis of

ransmitral filling pattern only. Therefore, the use of tissue
R imaging is a new tool for the estimation of filling

ressures. To eliminate possible confounding effects of
alvular regurgitation, patients with valvular disease were
ot included in the study.
orrelation between MR and Doppler. Magnetic reso-
ance and Doppler measurements of transmitral flow (E
nd A) and Ea did relate closely. Because the sample volume
f tissue Doppler imaging is located in the posteroseptal
itral annulus, the MR-assessed posteroseptal E/Ea, as

ompared with neighboring LV myocardial ROIs, had the
trongest correlation with Doppler-assessed E/Ea. As com-
ared with Doppler, the A-wave values as measured by MR
ended to be lower. Consequently, the E/A ratio was higher
s measured by MR versus measured by Doppler. Similar
bservations were reported by Karwatowski et al. (6). The
igher variability of A and Ea values, as measured by MR,
ay be related to technical differences in measurements by
R versus Doppler. Doppler measures velocities by assess-

ng Doppler shifts that are displayed after fast Fourier
ransform as a real-time spectral Doppler pattern. Phase-
ontrast MR, on the other hand, measures velocities by the

al E/Ea
rval)

Correlation With
Invasive PCWP

r

Correlation With
Doppler Posteroseptal

E/Ea
r

0.80† 0.89†
0.64† 0.59†
0.52† 0.66†
0.08 0.38
0.55† 0.66†

versus posteroseptal E/Ea; †Significance of correlation p � 0.05.
ot applicable; PCWP � mean pulmonary capillary wedge pressure.

g

Mean Difference
MR and Doppler

(95% Confidence Interval) r

�1.4 (�9.9, 7.0) 0.56†
�12.1 (�24.9, 0.7) 0.60†

0.3 (0.2, 0.5)* 0.71†
0.8 (�0.5, 2.1) 0.49†

�0.5 (�1.5, 0.5) 0.89†

tudent t test magnetic resonance (MR) versus Doppler;
rence
egion

Inte

6)*
1.8)
7)*
3)*
illin

r

.1

.4
3
1
5

ailed S
velocity in early diastole; Ea � early diastolic posteroseptal
capillary wedge pressure.
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pin-phase shift principle that typically requires 2 to 3 min
f acquisition. The measured velocities represent the mean
elocities during the acquisition period in a defined ROI.

ith Doppler, the sample volume to measure flow and/or
elocity is markedly smaller than with MR, which measures
ow through the whole orifice.
These issues may contribute to the observed differences

etween measurements with MR versus Doppler. However,
espite the variability in measurements (as performed by
R and Doppler), there were no statistically significant

ifferences between parameters as measured by MR and
oppler.
orrelation between MR and invasive pressure. The

ransmitral filling pattern has a limited clinical value because
oth filling pressure and myocardial relaxation rate influence
ransmitral flow. In LV hypertrophy, impaired relaxation
ominates the transmitral filling pattern. Therefore, trans-
itral flow parameters (E and E/A) alone do not correlate
ith LV filling pressure in these patients.
However, when combining E and posteroseptal Ea, a

trong correlation was seen with LV filling pressure. Mag-
etic resonance provided excellent estimates of filling pres-

igure 4. (A) Correlation of magnetic resonance and Doppler-measured
esonance (MR) and Doppler-measured E/A and between posteroseptal M
etween two methods � 2 SDs. A � peak mitral velocity at atrial contractio
ure when E was normalized for the influence of myocardial f
elaxation by E/Ea. These observations are in close agree-
ent with reports on Doppler (8,9); Ea represents the

elocity changes of the heart base during early diastole in
V long-axis dimension and reflects the rate of myocardial

elaxation; Ea has been shown to be relatively independent
f left atrial pressure (9,28,29) and is not influenced by
ystolic function (11).

The E/Ea did correlate strongly with PCWP in both
echniques. Combining both transmitral flow and mitral
nnular velocities, MR provided similar prediction of filling
ressures as compared to Doppler echocardiography; E/Ea
8 accurately identified patients with a normal and E/Ea
15 patients with an elevated PCWP. In patients with

ntermediate values (�8 and �15), PCWP did vary widely
nd was similar for Doppler and MR estimates. These cutoff
alues have been used previously in echocardiographic
tudies (15). Although Doppler studies have shown that
/Ea improves evaluation of filling pressures, additional

nalysis of E/A ratio before and during Valsalva (24) and
ssessment of pulmonary venous flow (15) could have
elped in classifying the patients with intermediate E/Ea
alues. However, the present study was designed as a

and E/Ea. (B) Bland-Altman plot of the difference between magnetic
nd Doppler-measured E/Ea. Horizontal lines show the mean difference
� peak mitral velocity in early diastole; Ea � early diastolic tissue velocity.
E/A
R a

n; E
easibility study of tissue MR imaging; therefore further
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lassification of filling pressures in patients with intermediate
/Ea was not currently performed. Magnetic resonance dis-
layed minimal intraobserver and interobserver variability.
tudy limitations. The order of imaging was the same in
ll subjects, because of practical aspects, mainly the clinical

igure 5. (A) Correlation between magnetic resonance (MR)-measured
/A and invasive mean pulmonary capillary wedge pressure (PCWP). Note

bsence of correlation (p � 0.99). (B) Correlation between posteroseptal
R-measured E/Ea and invasive PCWP (R 2 � 0.65, p � 0.0001). (C)

land-Altman plot of the difference between MR-estimated and catheter-
easured PCWP. Horizontal lines show the mean difference between two
ethods � 2 SDs. A � peak mitral velocity at atrial contraction; E � peak
itral velocity in early diastole; Ea � early diastolic tissue velocity.
vailability of imaging modalities. Consequently, there is a a
heoretical possibility that results may be influenced by this
maging strategy. Although the study was carried out within
relatively short time interval while care was taken to avoid

ny fluid infusions, measurements could not be performed
imultaneously, introducing the potential for changes in
hysiological state. However, as apparent from hemodynamic
ata, no changes were observed during measurements.
Magnetic resonance phase-contrast measurement usually

as a duration of 2 to 3 min, and the result represents the
verage flow during the acquisition period. Retrospective
lectrocardiographic triggering is needed to acquire atrial
ontribution to LV filling. In this technique, images are
cquired irrespective of the electrocardiogram, while the
lectrocardiogram is recorded in parallel. The computer
etrospectively calculates the appropriate cardiac phases
ased on the stored electrocardiogram. Therefore, in con-
rast to Doppler, this sequence cannot be used, with the
resence of beat-to-beat variation in R-R interval and
ctopy. However, technical progress may allow the capture
f beat-to-beat variation using MR. For these reasons, the
se of MR remains confined to stable patients who do not
ave a contraindication for an MR study. In addition, MR
eeds time-consuming offline analysis.
Because myocardial velocities differ among the myocardium,

he position of the ROI could influence the variability of
easurements. Therefore, the position of the ROI was stan-

ardized based on the position of the center of the LV, and a
eference line through the RV-LV intersection (Fig. 3). In

igure 6. Bland-Altman plots illustrating good intraobserver and interob-
erver variability for posteroseptal magnetic resonance (MR)-measured E/Ea.

orizontal lines show the mean difference between two analyses � 2 SDs. E
peak mitral velocity in early diastole; Ea � early diastolic tissue velocity.
ddition, the ROI position was adjusted to in-plane rotational



m
t
p
p
i

t
p
h
L
p
r
g
f
t
e
a
(
C
a
c
e
p
v
m
r

R
L
L
C
d
E

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

1116 Paelinck et al. JACC Vol. 45, No. 7, 2005
Tissue MR Imaging April 5, 2005:1109–16
otion throughout the cardiac cycle. Finally, respiratory mo-
ion may have influenced the measurements. However, these
roblems also occur with Doppler. In the future, it may be
ossible to correct for breathing motion by using tissue MR
maging combined with respiratory navigator gating.

The present study was designed as a feasibility study, and
he data have been acquired from a small set of patients. The
atients had only mild LV hypertrophy, and only five patients
ad a PCWP of more than 15 mm Hg. One patient had an
V ejection fraction of �50%. Therefore, a much larger
rospective study is needed to assess if tissue MR imaging is
eproducible and clinically applicable in broad and different
roups of patients, including those with depressed systolic LV
unction and tachycardia. Further research is needed to classify
he observed estimation of filling pressure and to compare with
chocardiographic approaches, such as pulmonary venous flow
nd altered preload, in patients with intermediate E/Ea values
�8 and �15).

onclusions. Tissue MR imaging is a feasible method to
ssess early diastolic septal velocities (Ea). In addition,
ombining early mitral velocity (E) and Ea allowed similar
stimation of filling pressure by MR and Doppler in
atients with hypertensive heart disease and absence of
alvular regurgitation, in good agreement with invasive
easurement. The potential confounding effect of valvular

egurgitation needs further study.
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