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An ungated spiral phase-contrast (USPC) method was used to
measure cardiac output (CO) rapidly and conveniently. The
USPC method, which was originally designed for small periph-
eral vessels, was modified to assess CO by measuring flow in
the ascending aorta (AA). The modified USPC used a 12-inter-
leaf spiral trajectory to acquire full-image data every 283 ms
with 2-mm spatial resolution. The total scan time was 5 s. For
comparison, a triggered real-time (TRT) method was used to
indirectly calculate CO by measuring left-ventricular (LV) vol-
ume. The USPC and TRT measurements from all normal volun-
teers agreed. In a patient with patent ductus arteriosus (PDA),
high CO was measured with USPC, which agreed well with the
invasive cardiac-catheterized measurement. In normal volun-
teers, CO dropped about 20–30% with Valsalva maneuvering,
and increased about 100% after exercise. Continuous 28-s cy-
cling between Valsalva maneuvering and free-breathing
showed that USPC can temporally resolve physiological CO
changes. Magn Reson Med 56:432–438, 2006. © 2006 Wiley-
Liss, Inc.
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Cardiac output (CO), the total blood output from the left
ventricle (LV) into the ascending aorta (AA), can be a key
indicator for assessing patients with cardiovascular dis-
ease and can be an essential factor in monitoring the post-
surgical or -medicated condition of patients (1). However,
no gold standard exists for measuring CO. In current clin-
ical settings, invasive methods using catheterization are
generally used to measure CO, although they are not per-
fect. We propose here a novel noninvasive MRI approach
to measure CO based on an ungated spiral phase-contrast
(USPC) sequence. It was previously shown that USPC can
rapidly, accurately, and reproducibly measure time-aver-
aged flow rates in the femoral and renal arteries (2,3).

However, measuring CO or flow in the AA using USPC
presents different challenges compared to measuring flow
in the small peripheral vessels. AA flow is faster and has
even higher pulsatility and acceleration (4), and adjacent
static material, which is helpful for correcting phase-offset
errors in PC imaging (5), does not exist. In this study we
show that modified USPC can rapidly and conveniently
measure CO. For comparison we used a triggered real-time
(TRT) imaging method (6,7) to indirectly calculate CO
from an LV-volume measurement.

MATERIALS AND METHODS

Pulse Sequences

USPC (2,3) is a non-cardiac-synchronized PC technique (5)
that uses interleaved spiral k-space trajectories (8). Figure
1 shows one example of the USPC pulse sequence, played
out continuously with a short TR. The two flow encodings
(FEs) in the through-plane direction are alternated every
excitation, and the spiral readouts are rotated every odd
excitation. In USPC, interleaved spiral trajectories (as op-
posed to Cartesian trajectories) provide significant flow-
artifact suppression even with high spatial resolution,
leading to accurate measurement of both velocity and ves-
sel cross section (2). Moreover, by using a pseudo-random-
ized interleaf ordering (9) and a minimum-first-moment FE
scheme (M1 � � �M1/2) (5), flow artifacts can be further
reduced (2).

For successful application of USPC to CO measurement,
we carefully modified the original USPC method based on
various in vivo and pulsatile-flow-phantom (Pump–1421,
Harvard Apparatus, MA, USA) experiments. The resulting
scan parameters of the modified USPC are summarized in
Table 1. The modified USPC uses a 12-interleaf spiral
trajectory to acquire full-image data every 283 ms with
2-mm spatial resolution. The rationales for the modifica-
tions are detailed in the Discussion section. The actual
values of the scan parameters, such as maximum-velocity
encoded (Venc) and spatial resolution, were measured with
the phantom scans before the in vivo experiments. We
manually ordered the trajectories to have consecutive ac-
quisitions maximally separated in k-space. If the spiral
trajectories in k-space are numbered from 1 to 12 in terms
of their consecutive rotation, the trajectories used in tem-
poral order are as follows: {1, 7, 4, 10, 2, 6, 11, 3, 8, 12, 5,
9}. To achieve a spoiled-gradient-echo-type behavior, we
used RF spoiling and a gradient spoiler on the slice-select
gradient.
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In the postprocessing stage of USPC, one must average
over an integer multiple of cardiac cycles to acquire the
appropriate time-average of periodic arterial flow. The
proper integration interval can be extracted from a graph
called a cumulative-average velocity plot (CAVP), which is
constructed by using the same USPC raw-data sets for
measuring CO (2). Each point of a CAVP is a velocity
average acquired by using all the data collected up to that
point in time. Figure 2 shows two examples of a CAVP that
exhibit periodic-like behavior. Note that the CO measure-
ment is acquired by averaging the data only from a certain
interval, not necessarily including the data from the begin-
ning of the scan, and thus the CO measurement may not be
equal to the value in the cumulative plot. After the CAVP
was constructed we chose the excitations that corre-
sponded to the low-to-low dips of a CAVP covering an
integer multiple of cardiac cycles. We then temporally
averaged those selected excitations to produce two images
with different FEs. Finally, we performed conventional PC
postprocessing, i.e., we computed the phase difference
and performed region-of-interest (ROI) segmentation on
those two images to produce the CO measurement.

To reduce observer variability in segmenting ROIs for
the CO measurement, we used a semiautomated process
with thresholding (5) in a spatially interpolated magnitude
image. First, a two-times-interpolated magnitude image
was reconstructed with zero-padding (10). The interpola-

tion reduces the influence of the position of the recon-
struction grid without altering the accuracy of the flow
quantification (11), and increases the number of pixels
over the AA cross section, which can decrease inter- and
intraobserver variability. Next, an approximate ROI was
manually drawn around the AA in the color-scaled mag-
nitude image. A color scale, rather than a gray scale, was
used to help the observer draw the approximate ROI, and
enhance the consistency among different data and differ-
ent observers. Finally, we used a conventional threshold-
ing technique that uses the peak magnitude pixel inside
the lumen as a reference (5) to exclude unwanted pixels
inside the ROI. We chose the threshold that produced the
final ROI with a smooth circular vessel-boundary line. The
inter- and intraobserver variability resulting from this ROI-
segmentation scheme was measured with three observers.

TRT imaging provides high-temporal-resolution images
and can automatically advance to a different slice position
based on cardiac triggers (6,7). Using TRT with a fully-
balanced steady-state free precession (SSFP) technique,
one can measure LV volumes with multiple slices perpen-
dicular to the long axis of LV within a single breath-hold of
10 R-R intervals (6). Hence, in a subject with no regurgitant
flow at the valves, one can use TRT to indirectly calculate
CO (L/min) by multiplying the stroke volume (L/beats)
with the heart rate (beats/min), where the stroke volume is
the difference between an end-diastolic volume and an
end-systolic volume of LV. In our experiment, TRT used
20 interleaved spiral readouts and a TR of 5.9 ms to
achieve an FOV of 20 cm and a spatial resolution of 1.8 �
1.8 mm2. Other scan parameters for TRT were a flip angle
of 60°, slice thickness of 10 mm, and no interslice gap.

Experimental Methods

We performed studies on a 1.5 T GE Signa CV/I whole-
body scanner (GE Healthcare, Milwaukee, WI, USA) with
gradients capable of 40 mT/m amplitude and 150 mT/
m/ms slew rate, and a receiver capable of 4 �s sampling.
We used a body coil for the RF transmission and a 5-inch-
diameter surface coil for the signal reception. The surface
coil was placed anteriorly with the subject in a supine
position. Nine normal volunteers (six males and three
females, age range � 24–40 years) and one patient (female,
28 years old) with patent ductus arteriosus (PDA) were
scanned. Approval from the institutional review board and
informed consent from the subjects were obtained before
the scans were performed.

In three normal volunteers, we also measured abnormal
(decreased or increased) CO that was intentionally in-
duced by physiological maneuvers. The first subject un-

FIG. 1. USPC for CO measurement. The dashed line in the Gz-axis
shows the alternate FE. A short Kaiser-windowed RF-pulse of
0.48 ms, a high gradient slew rate of 145 mT/m/ms, and the com-
bination of the FE gradients with the slice-rephasing gradient
enabled a TEmin of 2.2 ms for a 3-mm slice thickness and a
250-cm/s Venc.

Table 1
USPC Scan Parameters for Measuring CO (USPCCO) and the Original Scan Parameters for Measuring Peripheral-Artery Flow (USPCo)

Indexa 1 2 3 4 5 6 7 8 9 10
N TR FOV �x �z � TE (TEmin) Slice Venc Tread

USPCCO 12 11.8 ms 24 cm 2 mm 3 mm 10o 3.0 (2.2) ms Axial 250 cm/s 4.8 ms
USPCo 40 15 ms 30 cm 1 mm 10 mm 30o 3.5 (3.5) ms Oblique 100 cm/s 7.4 ms

a1 � number of interleaved spiral trajectories, 2 � pulse repetition time, 3 � field of view, 4 � spatial resolution, 5 � slice thickness, 6 �
flip angle, 7 � TEmin � minimum-possible-TE defined in Fig. 1, 8 � imaging-slice orientation, 9 � maximum-velocity encoded, 10 � readout
time.
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derwent Valsalva maneuvering (1) to decrease CO. On the
second subject we performed a continuous 28-s Valsalva
on-off experiment to show that USPC can temporally re-
solve physiological changes. In this experiment the subject
continuously alternated between Valsalva maneuvering
and free-breathing, while being scanned with USPC. Fi-
nally, the third subject performed a 5-min running exer-
cise after the normal CO was measured, and the postexer-
cise CO changes were continuously measured with USPC
for 4 min.

The study protocol was as follows: First, TRT measured
LV volumes using an interactive real-time imaging system
(9). All measurements were done with a breath-hold at a
neutral respiratory position except for the cases in which
Valsalva maneuvering was performed. The scan time for
each measurement with TRT was 9–15 s, depending on
the heart rate (6). Next, we repositioned the coil and the
subject for USPC scans using the same interactive real-

time system to orient the AA perpendicular to the axial
imaging plane at isocenter. Note that the small amount
(�5–10%) of blood flow into the coronary artery (1) is
neglected by placing the imaging slice as described above.
CO with free-breathing was also measured with USPC in
all normal subjects. As an additional reference measure-
ment, the cardiac-catheterized Fick method was used in
the PDA patient. The scan time for USPC was 5 s for each
measurement except for the continuous Valsalva on-off
and postexercise scans.

RESULTS

Figure 3a shows the CO measurements obtained. The error
bars for each measurement represent the standard devia-
tions (SDs) of repeated measurements for each subject in a
single session. Figure 3b and c show the differences be-
tween USPC with breath-holding and TRT, and USPC with

FIG. 2. Examples of a CAVP constructed from the same USPC raw-data sets for CO measurement in two normal subjects. To show that
a CAVP eventually approaches the time-averaged velocity of interest, the scan time was extended to 14 s. The arrows show possible
intervals for the final data set covering an integer multiple of cardiac cycles.

FIG. 3. CO measurements. a: USPC and
TRT measured CO obtained in each subject
three and two times, respectively. For the
patient with PDA, the catheterized method
was also used as a reference. b and c:
Differences in the mean values of USPC and
TRT measurements for normal subjects
are plotted against their average. The Val-
salva-maneuvering result shown in Fig. 5a
is also included in b.

434 Park et al.



free-breathing and TRT, respectively, in a Bland-Altman
plot (12). In all normal subjects, USPC with breath-holding
and TRT measurements agreed, as shown in Fig. 3b. USPC
measurements with free-breathing showed slight overesti-
mation (Fig. 3c) compared to those with breath-holding. In
the PDA patient, USPC with breath-holding measured high
abnormal CO, which agreed well with the Fick measure-
ment (Fig. 3a). (The USPC measurement with free-breath-
ing could not be collected on this patient due to early
termination of the study.) Figure 4 shows a USPC magni-
tude image exhibiting minimal flow artifacts.

As expected, CO dropped about 20–30% with Valsalva-
maneuvered breath-holding compared to normal breath-
holding (Fig. 5a). The continuous 28-s Valsalva on-off
experiment showed that USPC can temporally resolve
physiological changes (Fig. 5b). Moreover, CO increased
about 100% after the exercise, as expected, and gradually
decreased while the subject rested inside the scanner (Fig.
6). Even with the extensive chest movement from breath-
ing during the resting period, only a slight increase of
measurement fluctuation was seen.

Three observers independently segmented ROIs on the
data sets for normal subjects, each consisting of three
CO-measurement data per subject. Figure 7 shows that the
interobserver variability (�10%) was similar to the in-
traobserver variability, which suggests that measurement
variability is not likely to increase with different observ-
ers.

DISCUSSION

The results show that normal and abnormal (high or low)
CO can be rapidly, accurately, and consistently measured
using USPC. However, in subjects 5 and 8, the normal CO
measured with USPC was about 20% higher than the CO
calculated with TRT (Fig. 3). Although the exact cause of
this discrepancy is unknown, note that only subjects 5, 7,
and 8 underwent Valsalva in addition to normal breath-
holding. (Valsalva data for subject 7 are not shown, be-
cause the results are similar to those in Fig. 5.) Further
investigation is needed to explain this discrepancy with
respect to the complicated study protocol involving phys-
iological maneuvering. Note that for most clinical applica-
tions, the precision and reproducibility in CO measure-
ment are more important than the absolute accuracy.

The scan time of USPC depends on how many cardiac
cycles are used to measure the appropriate time-average.
Partial-averaging errors occur in the postprocessing stage
when the number of excitation sets selected to reconstruct
the final temporally-averaged image does not equal an
integer multiple of N (2). With typical flow waveforms of
AA, data over at least three to four cardiac cycles should be
temporally averaged to lower partial-averaging errors
down to �5%, which can be shown by simulations. Thus,
we chose a 5-s scan time to produce CAVPs showing more
than three to four cardiac cycles (Fig. 2). One can choose
longer scan times to minimize the SD, as can be inferred
from the fact that a CAVP eventually approaches the time-
average of interest. However, a scan time of 14 s does not
show noticeable improvement (Fig. 8). This is most likely
due to the fact that in four cardiac cycles at 60 beats per
minute, k-space data are already averaged 14 or 15 times.
Note that one can use scan times shorter than 5 s, but the
measurement error may increase.

The rationales for the modified USPC scan parameters in
Table 1 are as follows: It is possible to achieve higher
spatial resolution (�2 mm) and a larger FOV (�24 cm)

FIG. 4. Example of a USPC magnitude image with twofold interpo-
lation.

FIG. 5. Valsalva-maneuvering results. a: USPC-
measured Valsalva-maneuvered CO of subject 5 in
Fig. 3. b: CO changes measured by USPC corre-
sponded well with the Valsalva maneuvering per-
formed by subject 8 in Fig. 3.
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with USPC (2). However, we used a smaller imaging-ma-
trix size to reduce the total scan time for one complete
image (N � TR) because a short N � TR can also reduce flow
artifacts, which are likely to increase in AA compared to
peripheral vessels. The higher peak velocity in AA can
cause overestimation due to more pronounced in-flow en-
hancement of fast-moving spins, i.e., the higher signal
contribution from in-flowing spins (2,13). In-flow en-
hancement can cause overestimation when the signals are
complex-averaged (13). With USPC this complex averag-
ing happens during the temporal averaging process before
PC processing. However, a lower flip angle decreases the
in-flow enhancement (13), and a thinner slice further de-
creases the RF saturation of slow-moving spins. From
flow-phantom and in vivo experiments with a slice thick-
ness of 1–10 mm and flip angles of 5–45°, we found that a
3-mm slice and 10° flip angle produced the most accurate

flow measurement. We compensated for the loss of SNR
due to the thin slice and low flip angle by temporally
averaging the data over more than 3 s. The short minimum-
possible TE (TEmin) significantly reduced the second-order
gradient moment before the readout, and thus minimized
phase errors caused by high acceleration. A less sharp slice
profile caused by a short RF pulse had a minimal effect on
the through-plane-flow quantification since the slice was
thin relative to the size and curvature of typical AAs. A
relatively large Venc reduces the error caused by in-flow
enhancement and by asymmetry of the velocity distribu-
tion in a voxel (2,16,17). However, if Venc is large, the
measurement becomes more sensitive to phase errors be-
cause smaller phase shifts are induced by flow (5). Thus,

FIG. 6. Stress-study results. USPC measured CO of subject 9 in Fig. 3 before and after the 5-min running exercise. The straight dashed
line is fitted over the CO measurements in a least-squares sense. Note the different scale of the horizontal axis compared to Fig. 5b.

FIG. 7. Inter- and intraobserver variability in segmenting ROIs for
CO measurement. Three observers independently segmented the
ROIs on normal subject data.

FIG. 8. Comparison of 5-s and 14-s USPC scan times. The 14-s
scans were also performed on the first six subjects in Fig. 3, and the
measurements were obtained by temporally averaging more than 10
cardiac cycles from the 14-s CAVPs.
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we performed in vivo and flow-phantom experiments us-
ing Venc’s of 150–500 cm/s, and found that 250 cm/s
provided an adequate balance between the reduced asym-
metry and in-flow errors and the reduced phase errors.

In PC imaging, if the eddy-current-induced phase offset
is corrected by extrapolating (rather than interpolating) a
linear phase fit from static material not surrounding the
vessel, a large error can result when slight inaccuracy
exists in the first-order term of the fit. This is the case for
CO measurement (Fig. 4). Scans of a large ball phantom with
our specific scanner showed that the physical Z-gradient
caused the least eddy-current-induced fields, and especially
minimized the first-order term of the phase offsets. Thus,
although oblique slices can be used with USPC, we used an
axial slice, i.e., the FEs were only on the physical Z-gradient.
This was to minimize the eddy-current-induced phase offset
in the first place rather than to postcorrect the offset. Note
that we were always able to find the slice location in which
the axial slice was relatively perpendicular to AA. The use of
a thin slice and relatively short TE also minimized possible
errors from oblique vessel orientation (5). Moreover, the use
of an axial slice also reduced phase errors from the unequal
concomitant fields of the two FE gradients because the low-
est-order concomitant-field equation reduced to a single
term, which is four times smaller than other terms (14). By
placing the imaging region at isocenter, we further reduced
the concomitant phase errors (14) and also reduced any im-
age blurring that may result from the concomitant fields of
spiral readout gradients (15).

In most spiral PC methods for quantifying through-plane
flow, TE is usually set equal to TEmin in order to minimize
TR (2,7). However, if TE equals TEmin, then the start of the
readout gradients, corresponding to the k-space-origin,
overlaps in time with the eddy-current-induced fields.
This overlap distorts data near the k-space origin, and thus
the amplitude and linear variation of the induced phase
offsets across the image are likely to be increased. To
prevent this overlap, we used a TE slightly longer than
TEmin. From phantom scans using increments of 0–2 ms,
only a small increment (0.8 ms) was needed with our
USPC implementation. Phantom scans also showed that
the combined use of this dead-time and the isocentered
axial slice reduced the eddy-current-induced phase errors
to a level that obviated the need for any postcorrection.
Note that considering the scan parameters and the charac-
teristics of AA, a TE of 3 ms was sufficiently short to
prevent the displacement of the fast moving spins from
causing measurement errors.

An alternative to USPC is real-time spiral PC imaging
(7). Both of these methods involve ungated acquisitions
with a short TR; however, USPC uses more interleaves to
achieve higher spatial resolution for reducing partial-vol-
ume averaging (5). For example, two- and 12-shot spiral
trajectories achieve an approximately 6.5- and 2-mm spa-
tial resolution, respectively, assuming the same FOV and
TR. The cost of improved spatial resolution is a longer N �
TR, which can lead to motion artifacts. Spiral trajectories,
however, help reduce these artifacts compared to Carte-
sian trajectories (2,3). A longer acquisition window may
lead to flow measurement errors from temporal averaging,
an effect similar to partial-volume averaging. In general, a
measurement error can occur when a pixel contains a

distribution of velocities that is asymmetric about the de-
sired mean velocity (velocity-dependent in-flow enhance-
ment exacerbates this error) (5,16,17). With partial-volume
averaging, a velocity distribution exists because of differ-
ent velocities present in a relatively large pixel (5). Simi-
larly with temporal averaging, a velocity distribution ef-
fectively exists in a pixel if velocity changes occur (typi-
cally from through-plane flow) occur over the course of the
long acquisition window. In our implementation of USPC,
a relatively thin slice, low flip angle, and large Venc re-
duced the errors from this temporal-averaging effect.

In-plane vessel motion, which can change the velocity
seen by a particular pixel, is another issue of concern
because of the long acquisition window. However, the
effect of such motion can be modeled as the temporal-
averaging effect as well, and is thus reduced by our imple-
mentation. Moreover, the localizing scans in all subjects
showed that the position and diameter of AA changed by
only a few pixels. The minimal effect of vessel motion is
further illustrated by the close agreement between the breath-
holding and free-breathing results. However, if the intralu-
minal signal overlaps the empty pixels near the AA during
the scan because of increased AA movement, flow rates are
overestimated in those pixels (5,16,17), similar to partial-
volume averaging with empty surrounding pixels. The slight
overestimation of the free-breathing results from subjects 3
and 7 is likely the result of increased AA movement.

A real-time PC technique can temporally resolve AA
flow changes within a cardiac cycle (7,18,19). In a study
using a single-shot EPI k-space trajectory, a recent real-
time PC method showed the potential to measure CO in
pediatric patients (19), and agreement with a cardiac-syn-
chronized PC method was seen. However, although a short
TR (19.4 ms) and scan time (9.5 s) were used, an overesti-
mation was observed. Using the analyses in this paper, one
can show that the overestimation is likely caused by rela-
tively low in-plane spatial resolution (2.7 mm), thick slice
(8 mm), high flip angle (40°), and low Venc (200 cm/s). A
cardiac-synchronized PC technique can also temporally
resolve AA flow changes within a cardiac cycle, and thus
can measure CO (20). However, this technique is more
prone to errors from irregular heartbeats and the require-
ment of longer breath-holds.

CONCLUSIONS

This paper shows that in vivo CO can be rapidly, accu-
rately, and consistently measured without cardiac syn-
chronization by using USPC. In addition to normal CO,
high abnormal CO in a PDA patient was also accurately
and consistently measured with USPC. Changes of CO in
normal subjects with physiological maneuvering were also
clearly shown with USPC. Finally, the short scan time of
USPC enabled the continuous monitoring of CO changes.
As suggested by the result from continuous USPC scan-
ning, the sensitivity and high temporal resolution of USPC
to physiological CO changes may provide insights into the
pathophysiology and response to therapy for a diverse set
of patients. Using USPC in combination with an LV-vol-
ume measurement, the regurgitant volume may be quanti-
fied in patients with aortic valvular disease.
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