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Purpose: To prospectively implement high-temporal-resolution cine
magnetic resonance (MR) imaging protocol to compare
cardiac preejection contraction (PEC) and prefilling relax-
ation (PFR) times between heart failure (HF) patients and
healthy control subjects and to assess accuracy of PEC
times to stratify HF patients, with ejection fraction (EF)
and New York Heart Association (NYHA) symptom class
as reference standards.

Materials and
Methods:

Following institutional review board approval of this
HIPAA-compliant study and written informed consent, 18
healthy volunteers (10 women, eight men; mean age, 43
years � 14 [standard deviation]) and 18 HF patients (five
women, 13 men; mean age, 49.8 years � 3) were imaged
(breath-hold true fast imaging with steady-state preces-
sion, with temporal resolution of 5.6 msec at 1.5 T). By
using left ventricular (LV) outflow tract acquisition, PEC
phase was defined as time at QRS trigger to immediately
before aortic valve opening. PFR was defined as time from
initial aortic valve closure to immediately before mitral
valve opening. Group means were compared (unpaired
Student t test). Accuracy of PEC parameters in stratifying
participants with severe systolic HF on the basis of EF and
NYHA symptom class was assessed (receiver operating
characteristic curve analysis).

Results: Compared with control subjects, HF patients had pro-
longed mean PEC time (40.4 msec � 11.8 vs 91.3 msec �
26, P � .001) and mean PFR time (68.3 msec � 26.8 vs
103.7 msec � 41.8, P � .01). PEC time correlated with
global EF (r � �0.73, P � .001) and LV mass (r � 0.69,
P � .001). For identification of patients with severe LV
systolic dysfunction (EF � 35%), PEC time was highly
accurate (area under the curve [AUC], 0.900 [P � .001]).
For identification of patients with moderate-to-severe HF
symptoms (NYHA class � 2), PEC time had good accuracy
(AUC, 0.875 [P � .001]).

Conclusion: It is feasible to assess isovolumic PEC and PFR phases of
the cardiac cycle with high-frame-rate cine MR images,
and PEC time is a surrogate measure of moderate-to-
severe systolic HF.
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Current clinical assessment of myo-
cardial performance relies heavily
on traditional indexes of cardiac

function that are subject to change with
altered conditions of load (1–5), as well
as derangements in ventricular geome-
try (6,7). Furthermore, patients with
ventricular dysfunction are often prone
to such alterations. Accordingly, it is
desirable to assess myocardial function
during a temporal window in which the
cardiac valves are closed (ie, the iso-
volumic preejection contraction [PEC]
and prefilling relaxation [PFR] phases)
when the ventricles are relatively load
independent. Although investigators have
long appreciated the need to interrogate
these isovolumic phases of the cardiac
cycle, these indexes have generally re-
lied on invasive catheter-derived mea-
surements (2,8–10) or have been de-
pendent on lengthy mathematic deriva-
tions (11–15).

Tissue Doppler imaging has been
used to derive surrogate indexes with
good correlation to invasive measure-
ments (16,17). However, although tis-
sue Doppler imaging possesses very
good temporal resolution, it may be lim-
ited by acoustic access and spatial reso-
lution. Magnetic resonance (MR) imag-
ing is regarded as the noninvasive refer-
ence standard for the determination of
global myocardial function because of
its spatial resolution and independence
from geometric restrictions (18–20).
However, when compared with tissue
Doppler imaging, conventional cardiac
cine MR imaging has poor temporal res-
olution, with typical frame durations on
the order of 50 msec for breath-hold
measurements (21,22), and such dura-
tions are insufficient for interrogation of
the PEC and PFR phases of the cardiac
cycle.

Thus, the purpose of our study was
to prospectively implement a high-tem-

poral-resolution cine MR protocol to
compare the cardiac PEC and PFR
times between heart failure (HF) pa-
tients and healthy control subjects and
to assess the accuracy of PEC times to
stratify HF patients, by using ejection
fraction (EF) and New York Heart Asso-
ciation (NYHA) symptom class as refer-
ence standards.

Materials and Methods

Two authors (G.L., V.S.D.) are employ-
ees of and one author (J.P.F.) served as
a consultant to Siemens Medical Solu-
tions (Malvern, Pa), the manufacturer
of the MR system used in this study.
However, Siemens Medical Solutions
did not fund this study nor did it provide
equipment. All authors who were not
employees and/or consultants of Sie-
mens Medical Solutions had control of
the data and information included in
this study.

Study Group
Our prospective Health Insurance Port-
ability and Accountability Act–compli-
ant study was approved by the institu-
tional review board of the University of
California, Los Angeles, Calif. All partic-
ipants signed an informed consent. Eli-
gible participants were healthy volun-
teers between 18 and 85 years of age
who had no previous or current history
of HF or cardiac disease (including ische-
mic or idiopathic cardiomyopathies).
Inclusion criteria for patient partici-
pants were an age of 18 years or older, a
documented history of systolic HF, an
EF of less than 45% that was indicated
at some point in the medical history and
that was based on results of any imaging
modality, and a currently stable status
with optimal HF medications. Exclusion
criteria for both volunteers and patients
were as follows: Subjects were excluded
who were younger than 18 years; who

were pregnant; who were actively lac-
tating; who had severe claustrophobia;
who were unable to lie still in the mag-
net; and who had contraindications to
MR imaging, such as a pacemaker, defi-
brillator, and metallic implants in the
brain, eye, or ear. Patients with atrial
fibrillation or frequent ectopy were also
excluded.

All study data were collected at the
University of California Los Angeles
Medical Center, Los Angeles, Calif. A
total of 39 individuals were contacted
during a 1-year period (October 1,
2004, to October 1, 2005). Of these,
three HF patients declined to participate
or did not respond (all 18 healthy volun-
teers agreed to participate). Thirty-six
participants who met inclusion criteria
were serially enrolled in a consecutive
manner (Fig 1). Eighteen were healthy
volunteers, and 10 were women and
eight were men (mean age, 43 years �
14 [standard deviation]). Eighteen were
HF patients, and 13 were men and five
were women (mean age, 49.8 years �
3). The causes of the cardiomyopathies
included 12 idiopathic (nonischemic)
and six ischemic conditions. The mean
NYHA symptom class for HF was 2.6 �
0.8. All volunteers (control subjects)
had no symptoms and were classified as
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Abbreviations:
AUC � area under the curve
EF � ejection fraction
HF � heart failure
LV � left ventricle
NYHA � New York Heart Association
PEC � preejection contraction
PFR � prefilling relaxation
ROC � receiver operating characteristic
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Advance in Knowledge

� High-temporal-resolution cine
true fast imaging with steady-state
precession MR imaging can be
used to evaluate the isovolumic
phases of left ventricular
contraction.

Implication for Patient Care

� Isovolumic indexes, which give
information about cardiac func-
tion, independent of cardiac load,
can now be detected by using MR
imaging.
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having NYHA symptom class 1. Baseline
characteristics such as age, body sur-
face area, heart rate, mean blood pres-
sure, and MR cardiac volumetric assess-
ments were obtained. Twelve-lead elec-
trocardiograms were obtained from the
HF patients’ last clinic visit or hospital-
ization, and the QRS duration was re-
corded but volunteers did not undergo
12-lead electrocardiography.

Study and Imaging Protocol
Imaging was performed with a 32-
channel 1.5-T MR imaging system
(Magnetom TIM Avanto; Siemens
Medical Solutions), with multielement
phased-array receiver coils. The patient
was imaged in the supine position. Pro-
spectively gated vector electrocardiog-
raphy was used for cardiac triggering.
A combination of anterior surface-
array coils (six elements) and poste-
rior coils (six elements) was routinely
used. A shared-echo breath-hold true
fast imaging with steady-state preces-
sion sequence (21,23), with repetition
time msec/echo time msec of 2.8/1.1
and flip angle of 60°, was implemented
to obtain cine images of the heart in
the short axis (six sections with vari-

able distance factors for coverage
from base to apex), the left ventricular
(LV) outflow tract, the vertical long
axis, and the horizontal long axis. Sec-
tion thickness was 7 mm, and parallel
imaging (24) with an acceleration fac-
tor of two was used to achieve a pixel
dimension of 2.8 � 1.4 mm (Table 1).
The applied protocol is based on a
256 � 256 matrix with 50% phase res-
olution and 60% phase field of view.

Effectively, 76 lines need to be
measured to create the cine images.
The k-space is divided into three seg-
ments, with the center segment com-
prising 20 lines. The center segment is
imaged with two lines per segment at a
rate of 2.8 msec. Therefore, the tem-
poral resolution is 5.6 msec, and it takes

Figure 1

Figure 1: Flow diagram of subject recruitment.

Figure 2

Figure 2: Breath-hold 1.5-T true fast imaging with steady-state precession MR images (2.8/1.1; flip angle,
60°; voxel size, 2.8 � 1.4 � 7 mm; section thickness, 7 mm; bandwidth, 975 Hz/pixel; field of view, 281 �
360; lines per segment, four; effective temporal resolution, 5.6 msec; parallel acquisition factor, two) of long
cardiac (LV outflow tract) axis of the isovolumic cardiac phases in healthy control subject. (a) PEC phase,
defined as time from initial electrocardiographic trigger to acquisition of image immediately prior to
initial opening of aortic valve (arrow). (b) PFR phase, defined as time after initial closing of aortic valve
(double arrow) to image acquisition immediately prior to initial opening of mitral valve (triple arrow).
TT � trigger time.

Table 1

Imaging Parameters

Parameter Value

Repetition time (msec) 2.8
Echo time (msec) 1.1
Flip angle (degrees) 60
Lines per segment with

echo sharing 4
Section thickness (mm) 7
Acquisition Parallel
Acceleration factor 2
Pixel dimension (mm) 2.8 � 1.4
Temporal resolution

(msec) 5.6
Breath-hold time (sec)* 18 � 4
Frames acquired per

cardiac cycle* 133 � 25

Note.—Imaging was performed with 1.5-T true fast
imaging with steady-state precession breath-hold
cine MR.

* Data are the mean � standard deviation.
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10 heartbeats to measure the center k-
space. The peripheral k-space is under-
sampled by a factor of two, which leaves
28 ([76 � 20]/2 � 28) additional lines to
measure. The missing lines are recon-
structed by using the generalized autocali-
brating partially parallel acquisitions algo-
rithm. The 28 lines in the peripheral k-
space segment are imaged with four lines
per segment (11.2 msec) and echo shar-
ing to create an update rate of 5.6 msec,
similar to the temporal resolution of the
center segment. Therefore, it takes an-
other seven heartbeats to measure the
peripheral k-space lines. In total, the im-
age time is 17 heartbeats, plus one addi-

tional heartbeat before data acquisition to
get the magnetization into steady state.

This data acquisition provides a
true temporal resolution of 5.6 msec,
as the center segment which contrib-
utes the bulk of image information on an
MR image is updated every 5.6 msec. The
imaging protocol was implemented by
one author (J.P.F.), and its accuracy was
confirmed by two authors (G.L., V.S.D.,
with a range of cardiac MR imaging ex-
perience from 10 to 20 years) and was
reviewed and approved by all authors.
The mean number of frames acquired
per cardiac cycle was 133 � 25 during a
mean breath-hold time of 18 seconds �

4. All participants were able to hold
their breath successfully.

Image Analysis and Postprocessing
All images were analyzed at a worksta-
tion (Leonardo; Siemens Medical Solu-
tions) by one author (H.V.D., with 5
years of cardiac MR imaging experi-
ence) with the use of commercially
available cardiac analysis software (Ar-
gus; Siemens Medical Solutions). Data
were collected in a prospective, non-
blinded manner requiring approximately 1
hour of processing per patient. The PEC
phase (measured in milliseconds) was
defined as the total time from the acqui-
sition of the initial image (at QRS trig-
ger) to the acquisition of the image im-
mediately prior to the frame showing
initial cephalad movement of the aortic
valve leaflets, as viewed from the LV
outflow tract cine orientation (Fig 2a).
The PFR phase was defined as the total
time (in milliseconds) starting from the
acquisition of the image obtained at the
initial closing of the aortic valve (end
systole) to the acquisition of the image
immediately prior to the frame showing
the mitral valve leaflets beginning their
apical descent (Fig 2b). Complete volu-
metric segmentation (evaluated by H.V.D.
and J.A.) was also performed for the
entire cardiac cycle to derive standard
global functional parameters, such as
LV EF, LV mass, stroke volume, and
cardiac index (Fig 3).

Statistical Analysis
All statistical analyses were performed
by using software (SPSS version 13.0;
SPSS, Chicago, Ill). Significance was de-
fined as a difference with P � .05.
Group mean differences were com-
pared by using a two-tailed Student t
test for two independent samples. Pear-
son product-moment correlation coeffi-
cients were calculated from linear re-
gression analysis. The area under the
curve (AUC) was calculated from re-
ceiver operating characteristic (ROC)
analysis, with P values representing
AUC comparison with the reference (ie,
AUC � 0.500). For the ROC analysis,
the outcome variable, severe systolic
HF, was based on a binary outcome,
with a positive value defined as an EF of

Figure 3

Figure 3: Top:PECandPFRphases in relationship tovolumetriccurveofentirecardiaccycle inhealthyvolunteer.
Bottomleft:Close-upofPECphase.Bottomright:Close-upofPFRphase.
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35% or less and a negative value for EF
as more than 35%. The outcome vari-
able, a moderate-to-severe HF symp-
tom, was based on a binary variable
with a positive value defined as an
NYHA class greater than 2 and a nega-
tive value defined as an NYHA class 2 or
less. These cutoff values were chosen
because of their clinical importance and
influence on HF treatment in current
clinical practice.

Results

Baseline Subject Characteristics
There were no significant differences
between the control subject and the HF
patient groups in terms of age, mean
blood pressure, and heart rate at the
time of MR imaging (Table 2). How-
ever, HF patients had higher body sur-
face area, cardiac mass, and cardiac
volumes but lower LV EF and cardiac
index, consistent with severe systolic
dysfunction and LV hypertrophy and di-
latation. HF patients also had prolonged
QRS duration.

MR Image Isovolumic Indexes in HF
Patients versus Control Subjects
Isovolumic parameters were signifi-
cantly different between HF patients
and control subjects. Figure 4 summa-
rizes the differences between the two
groups. On average, compared with
control subjects, HF patients had longer
mean PEC time (91.3 msec � 26 vs 40.4
msec � 11.8, P � .001), and longer
mean PFR time (103.7 msec � 41.8 vs
68.3 msec � 26.8, P � .01).

Correlations Study with Global Indexes
The linear Pearson product-moment
correlation between the MR image iso-
volumic parameters was assessed in
relation to the global parameters of LV
EF and LV mass. PEC time showed a
strong negative correlation with LV EF
and a strong positive correlation with
LV mass (Fig 5). PFR times showed a
slight negative correlation with LV EF
(r � �0.4, P � .02) and no correlation
with LV mass (r � 0.21, P � not sig-
nificant).

Figure 4

Figure 4: Box plots of MR image isovolumic indexes. (a) PEC time and (b) PFR time in HF patients versus
control subjects.

Figure 5

Figure 5: Linear correlation between PEC time and (a) LV EF and (b) LV mass, with 95% confidence
intervals.

Table 2

Baseline Participant Characteristics

Characteristic
Control Subjects
(n � 18)*

HF Patients
(n � 18)* Mean Difference P Value

Age (y) 43 � 14 49.8 � 3 �6.7 NS
Body surface area (cm2) 1.84 � 0.23 2.02 � 0.27 �0.19 .03
Heart rate (beats/min) 67.6 � 13.8 72 � 15 �5 NS
Blood pressure (mm Hg) 94.5 � 12.2 82.8 � 25 11.6 NS
LV EF (%) 63 � 7.4 26.8 � 14 36 �.001
LV mass (g) 94.7 � 31 219.9 � 90 �125 �.001
End-diastolic volume (mL) 105 � 28 266 � 149 �161.6 �.001
End-systolic volume (mL) 39.5 � 15.2 208 � 149 �168.7 �.001
Cardiac index (L/min/cm2) 2.84 � 0.73 2.07 � 0.7 0.76 �.01
QRS duration (msec) . . .† 123.2 � 35‡

Note.—NS � not significant.

* Data are the mean � standard deviation.
† Twelve-lead electrocardiograms were not obtained in healthy participants.
‡ Data were obtained from patients’ clinic or hospital charts.
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ROC Analysis
PEC time assessed by using ROC analy-
sis to define cutoff values to stratify pa-
tients on the basis of the presence of
severe LV systolic dysfunction revealed
an AUC of 0.900 (P � .001) (Fig 6a).
With a PEC time of 70.65 msec, sensi-
tivity is 100% and specificity is 83% for
detection of severe systolic dysfunction
in patients (Fig 6b).

PEC time assessed by using ROC
analysis to define cutoff values to strat-
ify patients on the basis of the presence

of HF symptoms revealed an AUC of
0.875 (P � .001) (Fig 7a). With a PEC
time of 70.65 msec, sensitivity is 100%
and specificity is 76% for detection of
moderate-to-severe HF symptoms in
patients (Fig 7b).

Discussion

The results of our initial study confirm
the feasibility of using high-temporal-
resolution cine MR imaging to evaluate
the isovolumic phases of myocardial

contraction and relaxation in patients
with HF. Load-independent cardiac
function accurately reflects myocardial
performance (1–5). However, invasive
catheterization with high-fidelity micro-
manometer-tipped catheters is usually
required to obtain such measurements.
Doppler echocardiography with tissue
Doppler imaging is a useful noninvasive
surrogate (25), albeit with the limita-
tions inherent in echocardiographic im-
aging. In this study, we used a breath-
hold true fast imaging with steady-state
precession cine MR sequence with echo
sharing that helps to achieve a high ef-
fective temporal resolution that is ade-
quate to assess myocardial function in
the theoretic load-independent window.
We demonstrated that MR-derived iso-
volumic indexes strongly correlate with
standard global cardiac imaging indexes
and help to distinguish clearly between
advanced HF patients and healthy vol-
unteers.

The potential value of isovolumic as-
sessment of myocardial performance
has been previously validated in the set-
ting of cardiac allograft function (26),
following surgical repair for congenital
heart disease (27), and postmyocardial
infarction (28) by using Doppler echo-
cardiographic imaging. The indexes de-
rived from our study represent another
mode in which these clinical scenarios
may be evaluated, independently of he-
modynamic load. Furthermore, with
the current view of chronic HF as a clin-
ical syndrome that encompasses an
asymptomatic stage in which the heart
has already undergone pathologic re-
modeling, it is highly desirable to recog-
nize such patients before irreversible
structural changes develop. The detec-
tion of such early changes is a potential
application of these techniques in future
studies.

Several groups of patients at risk for
developing HF (eg, those with hyperten-
sion, diabetes, metabolic syndrome,
coronary artery disease) have neuro-
hormonal derangements that affect vas-
cular tone. At times, these patients also
may have preclinical volume shifts
(without pulmonary congestion or pe-
ripheral edema). These factors, among
other physiologic derangements, con-

Figure 6

Figure 6: (a) ROC analysis for PEC time for stratification of LV EF of 35% or less with calculated AUC.
(b) Sensitivity and specificity are at chosen variable cutoff points that yielded highest accuracy.

Figure 7

Figure 7: (a) ROC analysis for PEC time for stratification of moderate-severe HF symptoms (NYHA
class � 2) with calculated AUC. (b) Sensitivity and specificity are at chosen variable cutoff points that yielded
highest accuracy.
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tribute to the structural remodeling that
is characteristic of progressive HF. This
finding emphasizes the need for the
noninvasive quantification of load-inde-
pendent indexes to detect abnormalities
that precede negative structural model-
ing, which would putatively help to pre-
dict poor outcome. A precedent for the
use of high-temporal-resolution tissue
Doppler imaging to identify preclinical
structural changes exists in genetically
identified hypertrophic cardiomyopathy
patients who do not yet display clinical
HF symptoms (29,30).

The risk factors that predispose a
patient to HF are well known, and the
use of MR imaging to identify patients at
high risk for progression to unfavorable
structural remodeling is easier to under-
take. One of the characteristics of struc-
turally remodeled hearts is decreased
ventricular compliance. This finding
was confirmed by the indexes that we
described. Both PEC and PFR times
were delayed in HF patients. Although it
would be expected that PFR times
would be shorter in HF patients com-
pared with healthy volunteers, reflect-
ing impaired ventricular filling (and
thus, more rapid rise of the ventricular
pressure to aortic pressure ratio), the
finding of longer PFR times in HF pa-
tients may be explained by reasoning
similar to that which explains the longer
PEC times observed. That is, greater ef-
fort is required to achieve the sufficient
pressure gradients across the ventricle-
aorta and ventricle–left atrium in the
noncompliant failing myocardium to
produce valve opening. However, elec-
trical-mechanical delays in depolariza-
tion and repolarization may be an alter-
native explanation, as evidenced by the
prolonged QRS duration of the HF co-
hort (mean, 123.2 msec � 35). Because
we did not directly compare QRS dura-
tion between the two groups, further
studies are needed to clarify this issue.

Our study had limitations. The par-
ticipants (volunteers, patients) were de-
liberately chosen to have likely differ-
ences in systolic cardiac function to as-
sess the capability of the methods to
help detect such differences. It would be
desirable that future studies also include
patients with less severe cardiac dys-

function or asymptomatic patients with
known risk factors for cardiac disease.
This factor would allow assessment of
the sensitivity and specificity of these
indexes in the spectrum of cardiac man-
ifestations. Furthermore, a population
of patients with normal LV EF but ab-
normal diastolic function would be an
ideal cohort to assess whether the de-
scribed indexes are useful in the assess-
ment of pure diastolic dysfunction. It
would be most rigorous to have concur-
rent invasive data of volume and pres-
sure changes as the reference standards
for comparison with the noninvasive
surrogate indexes. However, in a clini-
cal context, the invasiveness of obtain-
ing such data renders them impractical
or unethical, given the recent strides in
noninvasive imaging technology.

A potential technical limitation was
the breath-hold times required for the
cine sequence, but all the HF patients
were able to perform the breath holds
adequately (approximately 18–20 sec-
onds). However, these patients were
medically stable and minimally symp-
tomatic at rest. Applications of such
techniques to sicker or dyspneic pa-
tients would require further enhance-
ment of speed, as with higher parallel
acquisition acceleration factors (24,31).
Another potential limitation was the
compromise in spatial resolution in
achieving a high temporal resolution.
Therefore, the effective temporal reso-
lution of 5.6 msec was used because
visualization of valvular leaflets is still
possible, especially when frame-by-
frame cine imaging was used by experi-
enced readers. Limitations in spatial
resolution also prevented us from accu-
rately assessing mitral valve annular dis-
placement and velocities during the iso-
volumic phases. With future application
of higher acceleration factors, a more
favorable temporal-to-spatial–resolution
compromise may allow for this potential
line of investigation to be feasible.

Another limitation was that we were
unable to assess the volumic changes
during the brief isovolumic contraction
and relaxation phases because of limita-
tions of voxel size (2.8 � 1.4 � 7 mm),
the use of only six short-axis sections,
and the use of view sharing, which may

invoke some error in the quantification
of volumic changes (23,32,33). How-
ever, these changes were minimal when
considering the total volumic changes of
the entire cardiac cycle. Moreover, be-
cause the main purpose of this study
was to derive noninvasive surrogate
markers of isovolumic timing as an indi-
cation of cardiac systolic dysfunction,
we believe that the derived isovolumic
indexes are valid.

The effect of heart rate variability
resulting in wide differences in R-R in-
tervals may affect the PEC and PFR du-
rations, and such an effect was another
study limitation. Studies with the use of
tissue Doppler imaging show conflicting
reports in regard to the extent to which
the isovolumic indexes are substantially
altered, with modest R-R interval differ-
ences (34,35). To prevent this result,
patients with atrial fibrillation and fre-
quent ectopy were excluded. Arrhyth-
mia rejection protocols were not used in
this study to avoid use of excessive pro-
longed breath-hold times. The differ-
ence in heart rates between the two
groups was not significant, but, conceiv-
ably, isovolumic times may be influ-
enced by heart rate. Further studies are
needed to clarify this issue.

In conclusion, imaging of the iso-
volumic contraction and relaxation
phases of the cardiac cycle is feasible
with cine MR imaging by using high
frame rates through echo sharing and
parallel acquisition; these MR-derived
indexes may serve as surrogates for car-
diac systolic function in the theoretic
load-independent phases and can help
distinguish between normal and severe
systolic cardiac dysfunction.
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