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Three-dimensional cardiac magnetic resonance perfusion
imaging is promising for the precise sizing of defects and for

providing high perfusion contrast, but remains an experimen-
tal approach primarily due to the need for large-dimensional
encoding, which, for traditional 3DFT imaging, requires either

impractical acceleration factors or sacrifices in spatial resolu-
tion. We demonstrated the feasibility of rapid three-dimen-
sional cardiac magnetic resonance perfusion imaging using a

stack-of-spirals acquisition accelerated by non-Cartesian k-t
SENSE, which enables entire myocardial coverage with an in-

plane resolution of 2.4 mm. The optimal undersampling pat-
tern was used to achieve the largest separation between true
and aliased signals, which is a prerequisite for k-t SENSE

reconstruction. Flip angle and saturation recovery time were
chosen to ensure negligible magnetization variation during

the transient data acquisition. We compared the proposed
three-dimensional perfusion method with the standard 2DFT
approach by consecutively acquiring both data during each

R–R interval in cardiac patients. The mean and standard devi-
ation of the correlation coefficients between time intensity

curves of three-dimensional versus 2DFT were 0.94 and 0.06
across seven subjects. The linear correlation between the
two sets of upslope values was significant (r 5 0.78, P <
0.05). Magn Reson Med 69:839–844, 2013. VC 2012 Wiley
Periodicals, Inc.
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For robust and accurate identification of myocardial is-
chemia, cardiac magnetic resonance (CMR) perfusion
sequences need to meet several technical requirements,
including high spatial resolution, large spatial coverage,
high contrast-to-noise ratio, and high temporal resolution
(1). Two-dimensional (2D) multislice saturation-prepared

acquisition with parallel imaging has been the most estab-
lished method. With this approach, three to four short-
axis slices with 2–3 mm in-plane spatial resolution can be

obtained per R–R interval on clinical scanners (2).

Recently, the spatial coverage and spatial resolution have

been improved by using advanced acceleration techniques

such as k-t sensitivity encoding (SENSE), compressed

sensing, and highly constrained backprojection (3–5).
Three-dimensional (3D) CMR perfusion imaging has

been sought as an alternative to the 2D multislice

approach due to its potential advantages (6–8). Three-

dimensional volumetric imaging of the entire myocardium

enables more accurate quantification of the extent of myo-

cardial ischemia, which has been shown to be the most

important prognostic factor (9,10). Three-dimensional

CMR also inherently provides higher signal-to-noise ratio

and contrast-to-noise ratio, as well as a greater potential

for high rates of acceleration due to increased sensitivity

encoding capacity and spatiotemporal sparsity.
Despite the aforementioned potential advantages, 3D

CMR perfusion imaging has remained as an experimental

method mainly due to the requirement of large-dimen-

sional encoding during a limited acquisition time. The

feasibility of 3D perfusion imaging was demonstrated

using parallel-imaging-accelerated 3DFT acquisition, but

only moderate spatial resolution (2.8 � 4.2 � 10 mm3)

was achievable as a tradeoff for complete left ventricular

(LV) coverage (6,7,11). Recently, Vitanis et al. reported

high-resolution (2.3 � 2.3 � 10 mm3) 3D CMR perfusion

imaging using compartment-based k-t principal compo-

nent analysis, which improved reconstruction accuracy

by further exploiting signal correlation within each of

the right ventricle (RV), LV, and myocardium (8).

While Cartesian readout has been used predomi-

nantly in CMR perfusion sequences, a spiral trajectory
is a promising alternative, particularly for 3D, due to

its high readout efficiency. Potential issues in using

spiral readout for CMR perfusion include data incon-
sistency artifacts caused by spiral k-space modulation

during the transient data acquisition, image blurring

caused by field inhomogeneity, and susceptibility arti-
facts. Recently, Salerno et al. demonstrated that these

potential artifacts could be abated through careful

choice of imaging parameters (12) by acquiring high-
quality three-slice perfusion images in patients. In our

study, stack-of-spirals readouts combined with non-

Cartesian k-t SENSE were used for rapid acquisition of

3D perfusion data. We developed a whole-heart 3D-spi-
ral CMR perfusion imaging method with a spatial reso-

lution of 2.4 � 2.4 � 9 mm3 and evaluated its perform-

ance in comparison with standard 2D-multislice
perfusion imaging.
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METHODS

Pulse Sequence

The pulse sequence consisted of two saturation recovery
acquisition modules for consecutive 3D spiral and sin-
gle-slice 2DFT perfusion imaging per each R–R interval
(Fig. 1). The 3D spiral imaging consisted of a saturation
preparation, saturation recovery time (TSR,spr), a fat satu-
ration pulse, and a 3D stack-of-spirals data acquisition.
Immediately after the 3D spiral acquisition, a saturation
recovery 2DFT acquisition was carried out in an analo-
gous manner. Four-chamber-view cine images were used
to identify the start of quiescent diastolic phase relative
to the R-wave. The 3D spiral acquisition was synchron-
ized to the stable diastolic phase by detecting the R-
wave at every TR of the 2DFT acquisition and adjusting
the subsequent delay to the saturation pulse for the next
spiral acquisition (TD in Fig. 1). During the first cardiac
cycle, low-resolution images were acquired at two differ-
ent echo times with the saturation pulse turned off and
used to compute a field map.

k-t SENSE Sampling and Reconstruction

A set of 10 dual-density spiral trajectories was designed
for a given in-plane field-of-view (FOVr) and spatial reso-
lution such that inner k-space was 5-fold oversampled
and outer k-space was fully (Nyquist) sampled with a
transition centered at 18% of the k-space radius (Fig.
2a). Two interleaves were acquired out of the 10 inter-
leaves per kz encoding step, with the net effect being full
sampling of the inner k-space and 5-fold undersampling
of the outer k-space. Images were reconstructed from the
undersampled k-space data using non-Cartesian k-t
SENSE reconstruction (13).

In time-resolved 3D undersampling, aliased signals
can be described by a convolution between a fully
sampled signal and a point spread function (PSF) in x-y-
z-f space. A large separation between the main lobe and
side lobes is generally favored to minimize the overlap
between the true signal and its aliases (14). In searching
for an optimal sampling function that achieves the larg-
est separation, we restricted paired sampling indices of
spiral interleaves and kz encoding to conform to a lattice
structure, as in Ref. 14 with Cartesian sampling. Figure 2
represents the selected undersampling strategy in kx-ky-
kz-t domain (b), and the corresponding PSF in x-y-z-f do-
main (c). The sampled spiral interleaves were rotated by
two interleaves (72�) in the kz direction, and were also
rotated by four interleaves (144�) over cardiac cycles. For
instance, at the (5m � 4)th cardiac cycle (m ¼ integer),
sampled spiral indices were [1,6], [2,7], [3,8], and [4,9] at
kz ¼ 1, 2, 3, and 4, respectively. The distance between
the main-lobe and the first side-lobe was 0.4 � FOVr on
the x–y plane, 0.4 � FOVz in the z-direction, and 0.4
fNyq in the frequency direction. The distance between
the main-lobe and the second side-lobe was 0.2 � FOVr

on the x-y plane, 0.2 � FOVz in the z-direction, and 0.8
fNyq in the frequency direction.

FIG. 1. Schematic of the pulse sequence for whole-heart 3D spi-
ral and single-slice 2DFT perfusion imaging. The pulse sequence
consists of two consecutive modules of a saturation RF pulse, a

saturation recovery time, a fat saturation RF pulse, and a GRE ac-
quisition. The 3D spiral acquisition was synchronized to mid-dias-

tole by using ECG gating and adjusting the delay time between
the 2DFT acquisition and the saturation preparation for the next
spiral imaging (TD).

FIG. 2. a: Dual density spiral interleaf. Inner k-space was 5-fold over-sampled and outer k-space was fully (Nyquist) sampled, with a
Fermi function-based transition centered at 18% of the k-space radius. b: Temporal sampling scheme of 5-fold undersampled stack-of-

spirals acquisition in kx-ky-kz-t domain. With respect to ten interleaves per kz for full FOV, two acquired interleaves were rotated by two
interleaves in the kz direction (72�), and were rotated by four interleaves over cardiac cycles (144�). c: Illustration of the resultant point
spread function (PSF) in x-y-z-f domain. The PSF is non-zero at only five temporal frequencies (DC, 60.4 fNyq, 60.8 fNyq) due to the lat-

tice structure of the sampling pattern. Four ring-shaped side-lobes are maximally displaced from the main-lobe, which significantly
reduces potential overlap between a true object and its aliases.
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k-t SENSE reconstruction with linear off-resonance
correction was performed by solving the following sys-
tem equation iteratively using the conjugate gradient
(CG) method (15).

D AHs�2
kt AþM2

xf

� �
D D�1rxf

� �
¼ DAHs�2

kt dkt ½1�

where rxf and dkt are an unknown 4D image in x-y-z-f
space and stack-of-spirals data measured by multiple re-
ceiver coils, respectively. The encoding matrix A is
defined as A ¼ FFx!kSFf!t

� �
where Ff!t,S, and Fx!k

denote 1D inverse Fourier transform from f to t, multipli-
cation by coil sensitivities, and 3D Fourier transform
from x to k, respectively, and U denotes phase modula-
tion of k-space samples by the estimated DC value of
field inhomogeneity, f0. Mxf represents approximated sig-
nal distribution in x-y-z-f space learned from the low re-
solution training data. To speed up convergence of the
conjugate gradient algorithm, a diagonal preconditioner
D was used whose entries are the inverses of the diago-
nal elements of the system matrix AHs�2

kt AþM2
xf

� �
.

The reference single-slice 2DFT perfusion imaging was
accelerated by Cartesian k-t SENSE. Fifteen phase encod-
ing lines at k-space center were always sampled to be
used for training data, and the remaining outer k-space
was undersampled sequentially in kx-ky-t space by a fac-
tor of three.

Selection of Sequence Parameters

Perfusion imaging with a non-Cartesian acquisition is
prone to k-space amplitude modulation during the tran-
sient data acquisition, which may cause severe distortion
of PSF and thus noticeable image artifacts (12). Sequence
parameters were selected to ensure a negligible magnet-
ization variation while maintaining high perfusion con-
trast in the following way.

Transverse magnetizations during a saturation recovery
acquisition were simulated as a function of saturation re-
covery time TSR, readout flip angle a, and T1 values of
the myocardium and blood pool. The concentration of
the contrast agent [C] was assumed to range from 0 to 1
mmol/L in the myocardium and from 0 to 4 mmol/L in
blood pool, and was converted to T1 values using a
relaxivity of 3.9 L/mmol/s (16). Figure 3 shows the
standard deviation of magnetization as a function of TSR

and a when [C] is 0.2 mM (a), 1 mM (b) in the myocar-
dium, and 4 mM (c) in blood pool, respectively. Despite
large T1 difference among the three cases, the region of
small magnetization variations (dark areas) does not sig-
nificantly change. Candidates of paired parameters (TSR,
a) were restricted to ones that produce standard devia-
tions smaller than 0.01 M0 for all tested T1 values.
Among these candidates, (TSR, a) was selected to pro-
duce the largest perfusion contrast defined as the differ-
ence between myocardial magnetization at [C] ¼ 1 mM
and myocardial magnetization at [C] ¼ 0. Figure 3d
shows the region of small magnetization variation
(enclosed by dotted contours), and the selected pair of
parameters (white asterisk), on top of the color map of
the simulated perfusion contrast. The magnetization
response simulated using the selected (TSR, a) confirms

only slight variation in a wide range of T1 values (Fig.
3e).

Imaging Protocols

The dual imaging of 3D spiral and 2DFT perfusion was
performed on a GE 1.5 Tesla scanner, using an eight-
channel cardiac coil array for signal reception. Rest per-
fusion scans were performed in 7 patients (2 males, age
¼ 54 6 15) who were undergoing clinically ordered

FIG. 3. Selection of flip angle a and saturation recovery time TSR.
Transverse magnetizations from saturation recovery imaging were

simulated over a range of a, TSR, and the concentration of the
contrast agent [C]. The standard deviation (SD) of the magnetiza-
tion response exhibits weak dependency on contrast concentra-

tion as shown in (a–c) with [C] ¼ 0.2, 1, and 4 mM, respectively.
Among candidate sets of (a, TSR) that generate SDs smaller than

0.01 M0 (enclosed by dotted contours), we selected one that pro-
duced the largest perfusion contrast defined as differential trans-
verse magnetizations between [C] ¼ 1 mM and [C] ¼ 0 mM. The

selected pair is denoted by white asterisk on top of color visual-
ization of the perfusion contrast in (d). The resultant magnetization
responses using the selected parameters show only marginal var-

iations over a range of contrast concentration (e). Furthermore,
only two spiral interleaves are acquired per kz encode and thus,

the in-plane modulation along spiral trajectories will be negligible.
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CMR examinations. Written informed consent as
approved by the Institutional Review Board was obtained
from all participants.

The 3D spiral imaging parameters included saturation
recovery time ¼ 140 ms, flip angle ¼ 17�, spatial resolu-
tion ¼ 2.4 � 2.4 � 9 mm3, FOV ¼ 38 � 38 � 90 cm3, 10
section slices (after discarding two edge slices), TR ¼ 9.8
ms, spiral readout time ¼ 7.1 ms, readout bandwidth ¼
125 kHz, acquisition time ¼ 230 ms, and the number of
time frames ¼ 40. The 2DFT imaging parameters were
chosen for a standard perfusion sequence based on Ref.
2: saturation recovery time ¼ 40 ms, flip angle ¼ 12�,
spatial resolution ¼ 2.4 � 2.4 mm2, FOV ¼ 33 � 33 cm2,
slice thickness ¼ 9 mm, TR ¼ 2.8 ms, readout bandwidth
¼ 62.5 kHz, and acquisition time ¼ 157 ms. 2DFT data
were acquired at the location of the center slice of 3D
spiral images. Contrast media (0.1 mmol/kg, Multi-
Hance) was injected at a rate of 3–4 mL/s followed by 20
mL saline. Subjects were instructed to hold their breath
as long as possible.

Image Registration and Analysis

The time series of 3D perfusion images was registered to
compensate for respiratory drift. A 2D polygonal region-
of-interest (ROI) was specified on a mid-short-axis slice,
and was copied to the center eight slices to generate a
3D-cylindrical ROI. Three-dimensional translations were
iteratively found that produced the largest correlation
between consecutive cardiac cycles. Because of signal
changes in blood pools and the myocardium over time,
mutual information was used as a correlation measure,
which calculates a degree of similarity based on image
contrast (17).

Region-based time intensity curve (TIC) analyses were
performed for a comparison between 2DFT perfusion
image and the center slice of 3D spiral image. Prior to
analyses, raw perfusion images were divided by precon-
trast images obtained by averaging data from the fourth
through seventh cardiac cycles, to compensate for the
different sequence parameters between the two acquisi-
tions. First, correlation coefficients between the time in-
tensity curves (TICs) of 3D spiral and 2DFT images were
calculated to investigate similarity of overall temporal
dynamics captured by the two acquisitions. This calcula-
tion excluded data at the first two and the last two time
frames, which tend to suffer from filtering effects of k-t
SENSE reconstruction. Second, upslope values were
computed by linear fitting of the TIC during signal
enhancement to investigate similarity of a semi-quantita-
tive perfusion index. Peak signal-to-noise ratio and per-
fusion contrast-to-noise ratio were computed for 3D spi-
ral perfusion (18,19).

RESULTS

Figure 4 contains representative 3D spiral and 2DFT per-
fusion images from a patient without perfusion defects.
Images at peak RV enhancement, peak LV enhancement,
and peak myocardial enhancement are shown from the
top to the bottom rows in Fig. 4a,b. Contrast enhance-
ment is homogeneous over the entire myocardium, con-

sistent with normal perfusion. k-t SENSE reconstruction
effectively suppressed aliasing artifacts of the 5-fold spi-
ral undersampling. The 2DFT images and the corre-
sponding center slice of the 3D data (denoted by the dot-
ted rectangle) exhibit nearly the same contrast uptake
and wash-out through the RV, LV, and myocardium.
This is confirmed by the TICs from the two data sets
(Fig. 4d,e). The number of conjugate gradient iterations
in the image reconstruction varied from 7 to 15 over
seven datasets, which resulted in reconstruction time of
16–34 min on a desktop computer equipped with a 2.67
GHz Intel processor and 8 GB RAM.

The mean and standard deviation of the correlation
coefficients between TICs of 2DFT images and TICs of
the center slice of 3D images were 0.94 and 0.06 across
42 myocardial segments from seven subjects. This dem-
onstrates excellent correlation between the temporal dy-
namics of the contrast enhancement captured by 2DFT
and 3D spiral perfusion imaging. Figure 5 is a scatter
plot of the TIC upslopes of 3D spiral and 2DFT data. All
42 upslope pairs across seven subjects (six per subject,
open circle) as well as seven pairs of per-subject average
upslope (solid circles) are shown. The linear correlation
of the seven pairs of average upslopes was significant (r
¼ 0.78, P < 0.05). The slope of the linear fit of the seven
pairs was slightly smaller than 1.0, presumably due to
the nonlinear relationship between the saturation recov-
ery time and signal intensity, which cannot be com-
pletely compensated by the precontrast normalization.
Peak signal-to-noise ratio and contrast-to-noise ratio of
3D spiral images were 66.7 6 22.8 and 20.2 6 8.7.

DISCUSSION

We have demonstrated the feasibility of k-t SENSE accel-
erated 3D spiral cardiac perfusion MRI with a compari-
son to 2DFT perfusion MRI. With the interleaved under-
sampling scheme that maximizes the distance between
the main-lobe and side-lobes, aliases from 5-fold under-
sampled data were effectively suppressed using the itera-
tive non-Cartesian k-t SENSE reconstruction, which
resulted in high-quality perfusion images covering the
entire LV. The reference 2DFT perfusion images and 3D
spiral perfusion images at the same slice location
showed high correlation in overall temporal dynamics as
well as TIC upslopes.

The contiguous 3D coverage may be advantageous for
the registration of perfusion images, which can expedite
subsequent quantitative perfusion analyses. We observed
that the 3D translation-based registration significantly
improved the continuity of TICs in a few data sets that
involved small to moderate respiratory drifts. However,
the accuracy of the motion compensation needs to be
investigated further though systematic studies in a large
number of data sets containing different levels of respira-
tory motion. Another practical issue of the registration
used in this study is the need for manual ROI specifica-
tion, which is a fundamental drawback of rigid registra-
tion methods. Application of fully automatic registration
methods based on nonrigid models may improve the
consistency of registration results and reduce the proc-
essing time (20,21).
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The sensitivity to respiratory motion is a practical
issue of the presented 3D perfusion imaging. Respiratory
motion reduces spatiotemporal correlation of perfusion
data and thus increases k-t SENSE reconstruction error,
which may appear as spatiotemporal blurring and ghost-
ing artifact (or whirling artifact in spiral imaging)
(22,23). All patients in the present study were able to
maintain a good breath-hold at least until the peak myo-
cardial enhancement (about 25 cardiac cycles). In a few
patients, significant respiratory motion occurred after the
peak enhancement, but images during contrast enhance-
ment in the LV and the myocardium were not severely
affected (mild blurring), allowing qualitative and TIC-
based assessment of perfusion. Temporally constrained k-t
reconstruction using principal component analysis was
recently shown to improve robustness to respiratory
motion, and its application to 3D spiral perfusion may be
promising to reduce the respiratory motion sensitivity (23).

A limitation of this study is that only rest perfusion
scans were performed as subjects were recruited from
those who were undergoing routine clinical CMR exami-

nations. All seven patients who participated in this
study showed normal first-pass contrast enhancement in
both 3D and 2DFT perfusion images. To validate the
clinical utility of the proposed 3D perfusion imaging
technique, stress perfusion studies in patients with is-
chemic defects would be necessary. The main goal of
this study was to demonstrate the performance of k-t
SENSE reconstruction of undersampled stack-of-spirals
perfusion data by a comparison with the reference 2DFT
perfusion.

A relaxivity of 3.9 L/mmol/s was assumed in the Bloch
simulation for determining the saturation recovery time
and flip angle as Gd-DTPA (Gadopentetate dimeglumine;
Magnevist) was routinely used at the time of preliminary
studies. It is acknowledged, however, that perfusion
scans on patients were performed with Gd-BOPTA
(Gadobenate dimeglumine; MultiHance), which meant
the sequence parameters were less optimal for the higher
relaxivity (8.1 L/mmol/s). However, a Bloch simulation
showed that the standard deviation of magnetization and
perfusion contrast were minimally affected by the less

FIG. 4. Representative 3D spiral perfusion images (a) and single-slice 2DFT perfusion images (b) in a patient without perfusion defects.

Peak RV enhancement, peak LV enhancement, and peak myocardial enhancement are shown from the top to the bottom rows. Less
cropped versions of 3D spiral images are also shown for the fourth, fifth, and sixth slices (c). Because of the normal perfusion, contrast

enhancement is homogeneous over the entire myocardium. The 2DFT perfusion images and the corresponding center slice of 3D perfu-
sion images (denoted by dotted rectangle) show nearly the same dynamics of contrast uptake, as validated by their time intensity
curves (d and e). The temporal filtering effects of k-t SENSE reconstruction caused errors in the first few and last few time frames

(denoted by arrows), yet their effects on the depiction of contrast enhancement appear to be negligible. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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optimal parameters, due to weak dependency of Gadolin-
ium concentration on transient magnetization response.
The standard deviation was still smaller than 0.01 M0 for
all tested Gadolinium concentrations when simulated
with a relaxivity of 8.1 L/mmol/s and the parameters
used in this study. Also, simulated perfusion contrast
was smaller than the optimal case by only 6% (0.17 M0

versus 0.18 M0).

CONCLUSIONS

We have demonstrated the feasibility of a high-resolution
whole-heart first-pass 3D perfusion imaging method
using a k-t SENSE accelerated stack-of-spirals acquisi-
tion. An optimal undersampling scheme was used for
the maximal separation of true and aliased signals, and
sequence parameters were carefully chosen to minimize
transient data inconsistency artifacts. As a result, high-
quality images were acquired across the entire LV with a
2.4-mm in-plane spatial resolution, as validated by excel-
lent correlation with the reference 2DFT perfusion
images in terms of overall temporal dynamics and
upslope values of TICs.
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