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To improve real-time control of interventional procedures such
as guidance of catheters, monitoring of ablation therapy, or
control of dosage during drug delivery, the image acquisition
and reconstruction must be high speed and have low latency
(small time delay) in processing. A number of different methods
have been demonstrated which increase the speed of MR ac-
quisition by decreasing the number of sequential phase-en-
codes. A design and implementation of the UNFOLD method
which achieves the desired low latency with a recursive tem-
poral filter is presented. The recursive filter design is charac-
terized for this application and compared with more commonly
used moving average filters. Experimental results demonstrate
low-latency UNFOLD for two applications: 1) high-speed, real-
time imaging of the heart to be used in conjunction with cardiac
interventional procedures; and 2) the injection of drugs into
muscle tissue with contrast enhancement, i.e., monitoring nee-
dle insertion and injection of a drug with contrast enhancement
properties. Proof-of-concept was demonstrated by injecting a
contrast agent. In both applications the UNFOLD technique was
used to double the frame rate. Magn Reson Med 44:933–939,
2000. © 2000 Wiley-Liss, Inc.
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Real-time MRI has now achieved the spatial and temporal
resolution necessary for monitoring interventions (1). To
improve real-time control of interventional procedures
such as guidance of catheters, monitoring of ablation ther-
apy, and control of dosage during drug delivery, the image
acquisition and reconstruction must be high speed and
have low latency (small time delay) in processing. A num-
ber of different methods (2,3) have been demonstrated
which increase the speed of MR acquisition by decreasing
the number of sequential phase-encodes. The UNFOLD
technique (2) is based on time interleaving of k-space lines
in sequential images and exploits the fact that the outer
portion of the FOV is relatively static. The SENSE tech-
nique (3) exploits the differences in spatial sensitivity of
multiple receiver coils to eliminate the aliased component
that results from undersampling k-space.

Application of the UNFOLD method to retrospective
cine imaging of the heart has been described (2). In this
paper, we describe a modified temporal filter designed
specifically for applications demanding low latency. In
non-breath-held applications, such as interventional MRI,
the assumption made by UNFOLD that the outer portion of
the FOV is relatively static is not always met, particularly

if chest wall motion occurs. As a result, alias artifacts are
not perfectly removed. We analyze this issue in greater
detail, present an example filter design, and discuss design
tradeoffs between desired temporal bandwidth and alias
artifact rejection. We present a design and implementation
of the UNFOLD method which achieves the desired low
latency with a recursive temporal filter. The recursive filter
design is characterized for this application and compared
with more commonly used moving average filters.

We present experimental results that demonstrate low-
latency UNFOLD for two applications. The first applica-
tion is high-speed, real-time imaging of the heart to be
used in conjunction with cardiac interventional proce-
dures such as angioplasty, catheter ablation, or injection of
drugs into the myocardium. This demonstration involved
imaging without an interventional procedure. The second
application is injection of drugs into muscle tissue with
contrast enhancement, i.e., monitoring needle insertion
and injection of a drug with contrast enhancement prop-
erties. Proof-of-concept was demonstrated by injecting a
contrast agent. In both applications the UNFOLD tech-
nique was used to double the frame rate.

METHODS

UNFOLD Method

The UNFOLD technique (2) is based on acquiring k-space
phase-encode lines in a time-interleaved fashion, i.e., the
sequence acquisition alternates even and odd lines to in-
crease the frame rate by a factor of R 5 2. The images
reconstructed from either the even or odd lines have alias-
ing, which results from halving the FOV. The sign of the
aliased component is alternating; thus the aliased compo-
nent is shifted in temporal frequency and may be rejected
by means of low-pass temporal filtering.

For a sequence of images, f (x, y, t), with corresponding
spatial Fourier transform (k-space data) F (kx , ky , t), the
sampled k-space data and reconstructed images are a Fou-
rier pair, which may be written as:

F~kx , ky , t! 3 ~1/Dk!comb~ky/Dk! N

f~x, y, t! p comb~y/FOV!, [1]

where Dk corresponds to the sample spacing along ky for a
full unaliased FOV 5 (1/Dk), and the asterisk denotes the
convolution operation. For R 5 2 UNFOLD, the sample
spacing is increased to 2 Dk. In this case, the phase of the
aliased images is a linear function of the k-space sampling
offset, dk. The Fourier pair may be written as:

F~kx , ky , t! 3 ~1/2Dk!comb@~ky 2 dk!/2Dk# N

f~x, y, t! p $comb~y/FOV/2!e2j2pdk y%, [2]
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where the sampling offset dk alternates between 0 and Dk
for acquisition of even and odd lines. For R 5 2 UNFOLD,
the phase shift of the aliased image centered at y 5 FOV/2
alternates between 0 and 2 p dk FOV/2 5 p. Within the
FOV, the sequence of images may be written more simply as:

f~x, y, t! 1 ~21!t @f~x, y 2 FOV/2, t!

1 f~x, y 1 FOV/2, t!#, [3]

where t 5 0, 1, 2, . . . is a discrete time index and provided
there is no aliasing within the full FOV, i.e., f (x, y, t) 5
0 outside the FOV.

The principle of UNFOLD is to separate the desired
component, f (x, y, t), from the undesired aliased compo-
nent, f (x, y 6 FOV/2)(–1)t by means of low-pass temporal
filtering. Each pixel is comprised of two components that
share the same bandwidth. The aliased component has
been shifted to the band edge and can be rejected by means
of low-pass temporal filtering. More bandwidth can be
allocated to the desired image component if the aliased
image region is relatively static with correspondingly less
temporal bandwidth. For example, if the dynamic region is
restricted to the center half of the FOV, and if the top and
bottom quarters of the FOV (which alias into the center)
are relatively static, then the bandwidth or low-pass cutoff
can be selected to give greater bandwidth to the desired
central region. Figure 1 illustrates temporal spectra of an
image pixel for a simulated example. In Fig. 1, the spectral
components of the aliased pixel have been shifted by
0.5 (normalized to the sample rate) due to the interleaved
acquisition, and have a lower bandwidth relative to the
desired component, based on the assumption that the
aliased region is relatively static. The magnitude response
of a specific temporal filter (to be discussed later) is over-
laid for comparison.

As an example, in cardiac MR applications in which the
beating heart is in the central portion of the FOV, and the
back and chest are at the edges of the FOV, the temporal
bandwidth of the back and chest are less than that of the
beating heart, and therefore may be rejected by low-pass
filtering, in which most of the temporal bandwidth can be
used to pass the heart motion. This assumption is reason-
ably valid provided the sampling rate is sufficiently high.

Temporal Filter Design and Characterization

Design criteria for the temporal low-pass filter used in the
UNFOLD application include standard spectral response
measures such as bandwidth, passband ripple, stopband

rejection, and group delay and distortion, as well as tem-
poral characteristics such as the impulse and step re-
sponses. For a given application, it is important to trans-
late the required imaging performance into these design
parameters. For applications such as interventional MRI
involving real-time control, it is important to minimize the
delay or latency in the reconstruction. Assuming that the
computation involved in reconstruction is not a limiting
factor, then the latency inherent in the temporal filter will
ultimately determine the minimum delay.

To design the temporal low-pass filter it is necessary to
first specify the passband and the stopband. While the
width of the filter impulse response (at half power) is
inversely proportional to the passband bandwidth, the
impulse response is actually much longer in duration due
to the small transition band between the passband and
stopband. For low-pass filter designs based on moving
average (finite impulse response) with symmetric weight-
ing, the longer duration impulse response, which results
from a sharp filter (narrow transition band), translates
directly into a long latency. However, by using a recursive
filter, the impulse response is asymmetric and the latency
is very small. The criteria for passband and stopband spec-
ification and filter performance and design tradeoffs are
presented in the following.

Performance measures such as bandwidth and stopband
rejection depend on image content and degree of motion,
and are thus difficult to specify. In practice, it is often
necessary to optimize the final parameters empirically;
nevertheless, insight is gained by considering an example.
First, specify the stopband rejection and cut-off required to
eliminate the aliased component (based on the temporal
bandwidth of this component). After steady state magne-
tization of the tissue (e.g., chest and heart) is reached, the
temporal bandwidth of the aliased component due to the
region at the periphery of the FOV is typically determined
by chest wall motion resulting from breathing (unless
breath-held imaging is used). In interventional MRI appli-
cations it may also include motion of the catheter or other
device. Blood flow in vessels at the edge of the FOV may
also contribute.

In this design example, assume that the temporal band-
width of pixels in the aliased region is a result of chest
motion. Chest wall motion has a large, relatively slow
component due to breathing, and a smaller, higher-rate,
more impulsive component caused by the motion of the
beating heart (4). It is necessary to determine the band-
width of these undesired components to specify the filter
stopband. In general, the temporal signal f (x, y, t) for a

FIG. 1. Illustration of temporal spectrum of a
pixel showing both desired and alias pixel com-
ponents, with low-pass temporal filter response
overlaid.
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given pixel is a complex signal with both amplitude and
phase, the latter resulting from off-resonance effects and
flow or motion. The resulting temporal bandwidth of the
chest wall motion is proportional to the rate of motion and
the depth of modulation, i.e., larger phase modulation
increases the temporal bandwidth. The degree or depth of
phase modulation is a complex function of many vari-
ables. The chest wall velocity and the gradient in the local
field inhomogeneity are both low. The dominant source of
phase modulation in this example arises due to the off-
resonance of chemical shift, which changes in pixels at the
moving boundary between fat and water.

For cardiac applications using surface coils, the chest
wall signal is very strong; therefore, a large stopband at-
tenuation is required to suppress these spectral compo-
nents. The aliased components are shifted in temporal
frequency to the band edge due to the interleaved k-space
sampling used in the UNFOLD method. A stopband fre-
quency of fsample/2–fh is required to suppress the funda-
mental frequency of the heart rate-induced chest wall mo-
tion, where fsample is the temporal sample rate (image
frame rate) and fh is the heart rate. For example, with a
heart rate of 60 bpm (1 Hz) and a frame rate of
30 frames/sec, a stopband frequency of 14 Hz is required.
It may be necessary to lower the stopband cutoff to sup-
press additional harmonics due to the impulsive nature of
the heart rate motion.

The stopband rejection must be sufficient to attenuate
the aliased components to a level below the noise. For a
maximum signal-to-noise ratio (SNR) of 40 dB (reasonable
at the stated 30 frames/sec), a stopband rejection of 50 dB
will ensure that the alias artifact is below the noise. For
digital filter design, the stopband frequency is first normal-
ized by the sample rate. In this example, using
30 frames/sec real-time imaging, a stopband of 14 Hz
equates to a normalized stopband frequency of 14/30 ;
0.47 (normalized by sample rate).

Given the specifications for the stopband frequency and
rejection, it is necessary to specify passband cutoff (and
flatness), which will determine the transition band. These
parameters, together with the filter type and order, will
determine the overall response. The filter order will be
dictated by the transition bandwidth in a reciprocal rela-
tionship (i.e., a smaller transition band requiring a larger
filter order). If the narrow transition band causes unaccept-
able distortion in impulse or step response, it may be
necessary to reduce the effective temporal resolution (by
decreasing the passband cutoff) or, if possible, increase the
sample rate. The level of acceptable distortion will depend
heavily on the application. For instance, quantitative anal-
ysis of the time intensity curves to determine regional
uniformity of contrast enhancement will place more strin-
gent requirements on the temporal response than real-time
feedback for control of catheter position.

In this design example, choose a passband cut-off of
0.4 (normalized to the sample rate), corresponding to 80%
of the available bandwidth. This is a somewhat arbitrary
tradeoff. A much lower cut-off defeats the purpose of using
UNFOLD to gain a twofold increase in speed, and increas-
ing the cut-off has diminishing returns and begins to in-
crease the filter order rapidly (as transition band decreas-
es). A flatness gain of 1.5 dB within the passband was

specified (again somewhat arbitrarily). Summarizing the
magnitude frequency response specification: fp 5
0.4 (passband cutoff), Rp 5 1.5 dB (passband flatness), fs 5
0.47 (stopband frequency), Rs 5 50 dB (stopband rejec-
tion), with all frequencies normalized by the sample rate.

There are a number of digital filter designs with various
attributes (5). It is common to use a symmetric, finite
impulse response (FIR) filter, also referred to as a moving
average, which has linear phase characteristics and thus
no delay distortion. However, the FIR design may have
considerable latency. Recursive filters, known as infinite
impulse response (IIR) filters, may be used, which will
reduce the latency but will introduce some non-linear
phase (vs. frequency) or delay distortion, typically at the
passband edge. The overall temporal distortion due to both
non-linear phase and truncation of the signal spectrum is
characterized by the impulse response. Group delay dis-
tortion may broaden the impulse response and contribute
to “ringing.” In this specific design example, the IIR filter
design has relatively low delay distortion, and the impulse
response for both IIR and FIR designs have comparable
duration and “ringing.”

For real-time, low-latency applications (discussed in the
Results section) an elliptical IIR design was selected. The
elliptic filter met the desired magnitude response with a
lower order than either the Chebyshev or Butterworth
designs (5), and had comparable delay distortion over 90%
of the passband. The filter implementation chosen was a
“Direct Form II Transposed” form, which is based on the
standard difference equation:

a~1!g~t! 5 b~1!f~t! 1 b~2!f~t 2 1! 1 . . .

1 b~Nb 1 1!f~t 2 Nb! 2 a~2!g~t 2 1! 2 . . .

2 a~Na 1 1!g~t 2 Na! [4]

where f(t) is the discrete time sampled input signal for
each pixel (i.e., f (x, y, t)), g(t) is the temporally filtered
output, and Na and Nb are the length of the autoregressive
and moving average filter coefficients, respectively. To
meet the example design specifications, using an elliptical
filter, Na 5 Nb 5 3, and a(1) 5 1.

Experimental Parameters

All results were obtained using a GE Signa CV 1.5 Tesla
MR Imager using a real-time fast gradient recalled echo
train (FGRE-ET) pulse sequence (6). Imaging was per-
formed using the real-time FGRE-ET pulse sequence with
UNFOLD, and data was reconstructed using the low-la-
tency temporal filter described above (N 5 3 elliptic IIR,
with Rp 5 1.5, Rs 5 50, fp 5 0.4, and fs 5 0.47). Recon-
struction was performed off-line. A real-time on-line sys-
tem is in development.

Cardiac imaging of a short axis slice was performed at
31.2 frames/sec using the following parameters: echo train
length (ETL) 5 8 echoes; bandwidth 5 6125 kHz; TR 5
10.7 msec; flip angle 5 15°; and slice thickness 5 10 mm.
The FOV was 400 mm 3 200 mm (1/2 FOV) with an image
resolution of 128 frequency-encodes 3 128 phase-encodes.
There were 48 k-space lines acquired for 1⁄2 FOV and 3⁄4
NEX partial k-space acquisition. Using UNFOLD, the
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48 phase-encodes were acquired in an interleaved manner:
24 odd lines followed by 24 even, and so on. Thus each of
the 24 phase-encodes were acquired in 3 TRs, resulting in
a frame period of 3 3 10.7 5 32.1 msec (approximately
31.2 frames/sec). The real-time sequence was continuous
(i.e., not triggered). A cardiac phased array comprised of
4 surface coils was used. The complex images were tem-
porally filtered for each coil individually prior to magni-
tude combining.

A proof-of-concept experiment to demonstrate needle
guidance for contrast-enhanced drug delivery was per-
formed by injecting gadopentetate dimeglumine (Magnev-
ist) directly into muscle tissue. The subject of this exper-
iment was a rabbit, and the experiment was conducted in
accordance with protocols approved by the Animal Care
and Use Committee of the National Institutes of Health. An
injection was made into the sacrospinalis (back) muscle
while imaging an axial slice containing the needle. The
parameters used for this proof-of-concept experiment dif-
fered from those used in the cardiac application due to the
small FOV.

The parameters for this second experiment were as fol-
lows: echo train length (ETL) 5 8 echoes; 6125 kHz band-
width; flip angle 5 15°; slice thickness 5 10 mm. The FOV
was 150mm 3 112.5mm (3⁄4 FOV) with an image resolution
of 128 frequency-encodes 3 96 phase-encodes. There were
64 k-space lines acquired for 3/4 FOV and partial k-space
acquisition with 28 overscan lines. Using UNFOLD, the
64 phase-encodes were acquired in an interleaved manner:
32 odd lines followed by 32 even, and so on. Due to
gradient duty cycle limits imposed by the scanner for the
small FOV selected, TR 5 31.2 msec. Thus each of the
32 phase-encodes were acquired in 4 TRs, resulting in a
frame period of 4 3 31.2 msec (approximately
8 frames/sec). The imaging speed would double to
16 frames/sec using a slightly larger FOV which did not
have minimum TR constraints. The real-time sequence
was continuous (i.e., not triggered). A phased array com-
prised of two surface coils was used.

The injection used a 0.65-mm-diameter (22 gauge) MR-
compatible titanium needle (Unimed, S.A, Lausanne,
Switzerland). The concentration of contrast agent was
0.625 mmol/L.

RESULTS

Filter Characteristics

Filter characteristics for the elliptic IIR are shown in Fig. 2.
By design, the filter meets the magnitude response speci-
fication. The IIR filter with its asymmetric response has a
group delay (latency) of approximately 0.5 samples corre-
sponding to 17 msec, which is very suitable for real-time
applications. The minimum length FIR filter to meet the
desired specification was an equiripple design using
23 coefficients designed by the Parks-McClellan method
(7) (window designs required 35–45 coefficients, depend-
ing on the specific window used). The FIR has a symmetric
impulse response; therefore, for 23 coefficients the net
delay is 11.5 samples. For real-time imaging at the speci-
fied frame rate of 30 frames/sec, this implies a minimum
latency of 11.5/30 . 0.4 sec (ignoring any delay due to

computation). While the FIR has linear phase and conse-
quently no delay distortion, the step response for both
designs is quite comparable, with similar effective dura-
tion and overshoot of approximately 10%.

The loss in SNR using UNFOLD as compared to full
k-space reconstruction acquired at half the rate (twice the
time) is equal to [(Bn/fs) 3 2]1/2 , where Bn 5 *uH(f)u2df/
uH(0)u2 is the equivalent noise bandwidth (two-sided) of
the filter H(f), and fs is the sample rate. The elliptic filter
described above has a noise bandwidth of 0.71 fs calcu-
lated by numerical integration; therefore, the SNR loss
factor is 1.2 in this case. The SNR loss of UNFOLD was

FIG. 2. Low-pass filter response for elliptic IIR design (a) magnitude
frequency response, (b) phase response, (c) group delay response,
(d) impulse response, and (e) step response.
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validated experimentally using a water phantom. The
mean and standard deviation were calculated using
256 image frames. The measured SNR loss factor was
within 1% of that predicted.

Cardiac Example

Real-time cardiac imaging will be required for interven-
tional procedures in the heart. In this example we show
that real-time cardiac MRI is possible with low latency. An
interventional procedure was not performed.

For the cardiac imaging application, an example image
is shown in Fig. 3. Figure 3a illustrates the aliased recon-
struction before applying the UNFOLD temporal filter, and
Fig. 3b shows a filtered image corresponding to the same
time. The chest wall artifact has been effectively removed.
The temporal spectrum of an aliased pixel in the chest
wall is shown in Fig. 4 for a single coil, with the magnitude
frequency response of the temporal filter overlaid for ref-
erence. The average chest wall component is very strong
due to the proximity to the surface coil. The fundamental
component of heart rate modulation at approximately

614.5 Hz, although 25 dB below the average chest wall
intensity is also significant. This component is rejected by
the temporal filter. Additional harmonics of the heart rate
chest wall modulation are evident within the transition
band and passband, and contribute to slight artifacts in
some of the images. These occur at mid-diastole when the
heart is undergoing its maximum rate of expansion. In this
example, the subject is in a conventional supine position
and the short axis image is doubly oblique, oriented with
frequency readout horizontally along the major axis and
phase-encode oriented vertically along the minor axis
(through the back and chest).

Needle Guidance Example

A sequence of images showing the insertion of the nee-
dle, injection of the contrast agent, and withdrawal of
the needle is shown in Fig. 5. The still images displayed
in Fig. 5 are taken every fourth frame (1⁄2-sec interval)
and have been slightly time-averaged to reduce noise
using a boxcar (uniform temporal weighting) of four
frames (1⁄2 sec). Averaging was not required for real-time
visualization. The needle creates a void and artifact
which is well defined and is readily observable. In Fig.
5a– e the needle is being inserted with continuous mo-
tion. These images show fine manipulation of the needle
is possible to avoid both the spine and the aorta (indi-
cated in Fig. 6a). The contrast agent is injected (lower
right of image) during the time period corresponding to
Fig. 5f– h, and then the needle is withdrawn in Fig. 5i–l.
Figure 6a shows a region into which contrast agent has
been injected. The tissue in the region of the injection
moves as the needle is withdrawn, so an elliptical ROI
was used for the purpose of this example. The average
time-intensity-curve for this region is shown in Fig. 6b.
The average contrast enhancement in this region was
approximately 50%.

The respiration rate of the rabbit (approximately
30 breaths/min) is almost double that for humans, and the
heart rate is approximately triple. Furthermore, the tem-

FIG. 3. Cardiac short axis imaging example showing (a) aliased
image prior to UNFOLD temporal filter, and (b) UNFOLDED image
after temporal filter with alias image rejected.

FIG. 4. Temporal spectrum of aliased chest wall pixel with magni-
tude response of UNFOLD temporal filter overlaid.
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poral resolution in this experiment was poorer than in the
design example. These factors result in a wider fractional
bandwidth of the alias component (relative to the image
frame rate). Fortunately, the back muscle did not exhibit

heart-induced motion, as in the cardiac example. As a
result, the dominant aliased component due to respiration
is at 3.5 Hz (normalized frequency of 0.44), which is in the
transition band. The UNFOLD filter was able to effectively

FIG. 5. Image sequence during injection of contrast agent showing: (a–e) needle insertion, (f–h) injection of contrast agent (lower right of
image), and (i–l) withdrawal of needle.

FIG. 6. a: ROI with injected contrast agent; b: time intensity curve showing contrast enhancement in ROI where contrast agent was injected.

938 Kellman et al.



reject the aliased components, although a slight artifact
was evident in some images. Figure 7a shows a recon-
structed image before applying the UNFOLD temporal fil-
ter, and Fig. 7b shows a filtered image corresponding to the
same time. The temporal spectrum of an aliased pixel is
shown in Fig. 8 for a single coil, with the magnitude
frequency response of the temporal filter overlaid for ref-
erence. The UNFOLD method was particularly useful in
this case, in which a longer TR resulted from such a small
FOV.

CONCLUSIONS

The implementation of UNFOLD with low-latency tempo-
ral filtering has been demonstrated in cases which have

application to interventional MRI: high-speed cardiac im-
aging and imaging during contrast agent injection. The
needle position could be viewed continuously while ma-
neuvering, as well as monitoring the injection of contrast
agent. The ultimate application is to mix or molecularly
bind the intended drug with the contrast agent. For in-
stance, myocardial injection with intravascular delivery
could be monitored to provide needle guidance and con-
trol of dosage.

Increased temporal resolution was achieved by means of
UNFOLD interleaved k-space acquisition, and a low-la-
tency temporal filter was demonstrated. This technique
will be suitable for interventional MR applications when
real-time reconstruction and display are implemented.
Performance criteria for the rejection of alias artifacts were
presented. A low-latency, recursive filter was designed
and characterized for this application, and filter perfor-
mance was validated experimentally.
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