
Technical Note

4D Time-Resolved MR Angiography With Keyhole
(4D-TRAK): More Than 60 Times Accelerated MRA
Using a Combination of CENTRA, Keyhole, and
SENSE at 3.0T
Winfried A. Willinek, MD,1* Dariusch R. Hadizadeh, MD,1 Marcus von Falkenhausen, MD,1

Horst Urbach, MD,1 R. Hoogeveen, MD, PhD,2 Hans H. Schild, MD,1 and
Jürgen Gieseke, PhD1,2

Purpose: To present a new 4D method that is designed to
provide high spatial resolution MR angiograms at subsec-
ond temporal resolution by combining different techniques
of view sharing with parallel imaging at 3.0T.

Materials and Methods: In the keyhole-based method, a
central elliptical cylinder in k-space is repeated n times
(keyhole) with a random acquisition (CENTRA), and fol-
lowed by the readout of the periphery of k-space. 4D-MR
angiography with CENTRA keyhole (4D-TRAK) was com-
bined with parallel imaging (SENSE) and partial Fourier
imaging. In total, a speed-up factor of 66.5 (6.25 [CENTRA
keyhole] � 8 [SENSE] � 1.33 [partial Fourier imaging]) was
achieved yielding a temporal resolution of 608 ms and a
spatial resolution of (1.1 � 1.4 � 1.1) mm3 with whole-brain
coverage 4D-TRAK was applied to five patients and com-
pared with digital subtraction angiography (DSA).

Results: 4D-TRAK was successfully completed with an ac-
celeration factor of 66.5 in all five patients. Sharp images
were acquired without any artifacts possibly created by the
transition of the central cylinder and the reference dataset.
MRA findings were concordant with DSA.

Conclusion: 4D time-resolved MRA with keyhole (4D-
TRAK) is feasible using a combination of CENTRA, keyhole,
and SENSE at 3.0T and allows for more than 60 times
accelerated MRA with high spatial resolution.
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CONTRAST-ENHANCED MR angiography (MRA) is rou-
tinely used for imaging of the vascular system in many
centers (1,2). Although techniques of contrast-en-
hanced MRA have continuously improved in the past,
there is still a demand for acquiring both high spatial
resolution and high temporal resolution at the same
time, as is achieved in single projection techniques
such as digital subtraction angiography (DSA). It has
been demonstrated that very high spatial resolution
images without venous contamination can be obtained
in contrast-enhanced MRA of the supraaortic arteries
by starting to acquire phase-encoding in or near the
center of k-space (elliptical centric (3) / CENTRA (4)).
Nevertheless, these methods primarily do not contain
dynamic information. Additional dynamic information,
however, is clinically required or at least desired in
many MRA applications (eg, MRA of cerebral arterio-
venous malformations [cAVM], MRA of the foot, MRA of
hemodialysis shunts, etc) to allow insight into filling
and outflow of the contrast agent in the vessels. In this
study a new method is presented which is designed to
provide 4D contrast-enhanced MRA with high spatial
resolution and more than 60 times accelerated tempo-
ral resolution by combining CENTRA with the keyhole
method (5), partial Fourier, and SENSE (6) at 3.0T. In
addition, an update of the literature on time-resolved
MRA is given and our method is compared to currently
available techniques of time-resolved MRA.

MATERIALS AND METHODS

Patient Studies

Between April and September 2005, five patients (two
men, three women; age range: 23–59 years, mean age:
35 years) were included in this feasibility study. All
patients presented with cerebral arteriovenous malfor-
mations. Age below 18 years and contraindication to
MR imaging (ie, pacemakers, metallic implants, etc) or
inability to give written informed consent were exclu-
sion criteria. The study protocol was approved by our
Institutional Review Board and written informed con-
sent was obtained from all patients. All patients re-
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ceived DSA during diagnostic work-up and these DSA
images were available for comparison. The patients un-
derwent MR angiography and conventional angiogra-
phy within 16 days.

MR Imaging

Contrast-enhanced MR angiography was performed on
a 32-channel 3.0T Achieva system (Philips Medical Sys-
tems, Best, The Netherlands) equipped with a commer-
cially available eight-channel SENSE capable head coil.
The gradient system of the MR unit allows a maximal
achievable gradient amplitude of 80 mT/m with a rise
time of 0.2 msec and a slew rate of 200 T/m/s.

An automated power injector (Spectris; Medrad Eu-
rope, Beek, The Netherlands) was used for a biphasic
injection protocol. Ten mL of gadopentate dimeglumine
(Gd-DTPA, Magnevist; Schering, Berlin, Germany) were
injected initially at a flow rate of 3 mL/s followed by 10
mL Gd-DTPA at a flow rate of 1.5 mL/s and by a saline
flush of 25 mL at a flow rate of 1.5 mL/s. The 4D MRA
sequence was started 10 seconds after the beginning of
the injection.

4D-TRAK was acquired using the keyhole method
(5,7), partial Fourier, and CENTRA (4) with 16% of the
k-space in ky and in kz directions which were uploaded
for every keyhole frame. In CENTRA, a central kykz-
space cylinder is randomly filled allowing for k-space
sampling during the whole passage of the contrast bo-
lus over time (4). CENTRA keyhole imaging with a por-
tion of 16% of the reference dataset (ie, 40% of the full
3D k-space) allowed for an acceleration factor (AF) of
6.25 compared with non-keyhole acquisition. The pe-
riphery of k-space was collected in the reference dataset
at the end of the acquisition in an elliptical order and
the resulting data were used for reconstruction of each
of the dynamic phases as described in the keyhole ap-
proach (5,7). In addition to the CENTRA keyhole
method, parallel imaging was implemented in the 4D-
TRAK protocol. Sensitivity encoding (SENSE) was used
with a reduction factor of 4 in the phase-encoding di-
rection and a reduction factor of 2 in the slice-encoding
direction yielding a total AF of 8 (6). Furthermore, par-
tial Fourier imaging was added skipping 25% of
k-space, accelerating the k-space sampling by a factor
of 1.33. Combining these techniques, 4D-TRAK yielded
a total acceleration of 6.25 � 8 � 1.33 � 66.5 as com-
pared to standard 3D MRA techniques without these
methods.

The acquisition parameters of the 4D-TRAK sequence
were the following: T1-weighted gradient-echo-se-
quence with TR � 2.2, TE � 0.9, flip angle � 15°,
rectangular field of view 100%, a slab thickness of 154
mm, and an image matrix of 224 � 178 over a 256 mm
field of view with 140 thin partitions of 2.2 mm with 1.1
mm overlap (interpolation factor 2) and an oversam-
pling factor of 1.4 in ky direction, yielding an almost
isotropic voxel size of (1.1 � 1.4 � 1.1) mm3 before
zero-filling. First, a native mask scan was acquired to
allow for complex subtraction of the stationary tissue,
followed by 49 dynamic samples that were acquired at a
temporal resolution of 608 msec/dynamic scan ([Num-
ber of phase-encoding steps ky / SENSE factor ky] *

partial Fourier * [Number of phase encoding steps kz /
SENSE factor kz] * [oversampling factor / interpolation
factor] * [keyhole %/100] * TR) and the reference data-
set. Total acquisition time of 4D-TRAK was 37.4 sec-
onds including 3.8 seconds for the acquisition of the
reference dataset. Subtracted MR angiographic data
were available on a separate workstation (Viewforum
Release 5.1, Philips Medical Systems) for postprocess-
ing to allow for multiple projection reformats (MPR) and
maximum intensity projections (MIP) of the 3D data-
sets. A “cine” function of the workstation display en-
abled dynamic visualization of the acquired data (4D).

Catheter Angiography

DSA was performed on a biplane Integris V 5000 (Phil-
ips Medical Systems) with a 5F catheter that was nav-
igated into the internal carotid, external carotid, and
vertebral arteries via the transfemoral route in 5/5 pa-
tients. The images were acquired after manual injection
of 5–7 mL of iopromide (Ultravist, Schering, Germany).
Frame rates were 3/second in the arterial phase, 2/sec-
ond in the venous phase, and 8 frames/second in the
fast angiographic series.

Image Evaluation

Both DSA and MRA were independently reviewed at
different times by two experienced readers (W.W., H.U.;
both �6 years of experience). The readers were blinded
to the patient names, their clinical histories, and re-
sults of other diagnostic procedures. First, the readers
were asked to indicate whether differentiation into early
arterial, late arterial, early venous, and late venous
phases was possible (“Yes/No”).

Second, overall diagnostic quality of the 4D-TRAK
images was scored according to the following 4-point
grading system. 4: Excellent, if feeding and draining
vessels were clearly depicted and no or only subtle con-
trast enhancement was preexisting in the first dynamic
image and image quality was not impaired by artifacts.
3: Adequate for diagnosis, if depiction of feeding arteries
and draining veins was possible, but contrast enhance-
ment was preexisting in the first dynamic image and
minor artifacts were present, but did not interfere with
image interpretation. 2: Questionable for diagnosis, if
depiction of feeding arteries and draining veins was
impaired by contrast enhancement preexisting in the
first dynamic image and/or artifacts. 1: Nondiagnostic,
if image quality was not sufficient for diagnosing feed-
ing arteries and draining veins because of contrast en-
hancement preexisting in the first dynamic image
and/or artifacts.

Because of the complex method of k-space ordering
that was implemented in the pulse sequence (including
CENTRA, partial Fourier, SENSE, and keyhole), partic-
ular attention was given to the presence of periodic
SENSE artifacts and/or ringing artifacts in the evalua-
tion of image quality.

In a third step, both readers were asked to indicate
the number and the exact localization of arterial feeders
and draining veins of the AVMs by reviewing the volu-
metric 4D-TRAK datasets on the workstation as well as
the DSA images on hard copies.
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A region-of-interest (ROI) was drawn in the nidus and
in the arterial feeder and the draining vein as close as
possible to nidus on one series and copied to the re-
maining series. The mean of 30 pixels (30 mm3) was
used to estimate the intensity/time curve. All ROI mea-
surements were made by the same author (D.H.; �3
years of experience).

Statistical Analysis

The Kendall W coefficient of concordance was com-
puted to compare the two readers in their assessments
of image quality as well as the depiction of feeding
arteries and veins as determined by 4D-TRAK and DSA.
Kendall W coefficients between 0.5 and 0.8 were con-
sidered to indicate good agreement and coefficients
higher than 0.8 were considered to indicate excellent
agreement. All statistical analyses were performed with
SPSS v. 11.0 (SPSS, Chicago, IL). As only five patients
were included in this technical feasibility study, the
importance of the statistical conclusions is limited.

RESULTS

4D-TRAK was successfully completed in five out of five
(100%) patients. The 3D volumetric datasets providing
both high spatial and high temporal resolution allowed
for differentiation of early arterial, late arterial, early
venous, and late venous phases in all cases as indi-
cated by both readers’ ratings (5/5 “Yes” and 0/0 “No,”
respectively). Figure 1 displays the contrast over time
curves for the arterial feeders, the nidus and the drain-
ing vein in a patient with a left parasagittal AVM with a
nidus size of 2.7 cm. Figure 2 shows one example of
some of the essential dynamic frames of 4D-TRAK in a
patient with left occipital cAVM.

Image quality of 4D-TRAK was judged by both readers
to be excellent in all patients (4.0 � 0) with excellent
interobserver agreement (K � 1). Periodical SENSE ar-
tifacts and ringing artifacts were not seen in any of the

cases. No other artifacts were present in five case stud-
ies. The temporal (608 msec) and spatial resolution
([1.1 � 1.4 � 1.1] mm3 � 1.7 mm3) of 4D-TRAK is listed
in Table 1 and compared with dynamic MRA ap-
proaches in the literature (2D MRA, Table 2; 3D MRA,
Table 3).

Deep venous drainage was present in 4/5 patients,
whereas in 1/5 of the patients only superficial veins
were involved in the drainage of the cAVM. The identi-

Figure 1. Signal intensity over
time curve displaying the en-
hancement of the feeding ar-
tery and draining vein of a left
parasagittal cAVM (nidus size:
2.7 cm) in a 23-year-old female
(see Fig. 3).

Figure 2. Two dynamic phases (b,d; maximum intensity pro-
jections; sagittal) of the 3D T1-weighted gradient echo se-
quence provided by 4D-TRAK displaying the arterial feeder
(posterior cerebral artery; a,b: arrows) and the venous drain-
age (straight sinus; c,d: arrows) of a left occipital cAVM (nidus
size: 2.5 cm) in a 59-year-old male as compared to correspond-
ing phases of lateral views of DSA (a,c) after selective catheter-
ization of the left vertebral artery.
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fication of venous drainage patterns of cAVM (deep/
superficial) using 4D-TRAK matched with DSA in 5/5
patients for both readers (100%) yielding a 100% inter-
observer agreement (K � 1). The arterial feeders as
depicted by 4D-TRAK were as follows: anterior cerebral
artery (n � 3) (Fig. 3), middle cerebral artery (n � 3),
posterior cerebral artery (n � 2). All arterial feeders
were confirmed by DSA.

DISCUSSION

To our knowledge, this is the first study to address a
combination of CENTRA, keyhole, partial Fourier, and
SENSE for 4D time-resolved MRA at 3.0T yielding a
total acceleration factor more than 60. Due to the short
time of contrast media passage through the whole
brain, the total scan time is limited to obtain reliable
temporal information. Consequently, the reference
scan (acquisition of the reference dataset) must be kept
as short as possible to maintain high temporal resolu-
tion at high spatial resolution without false registration
of the temporal information. This can be achieved with
the application of SENSE and partial Fourier in addi-
tion to keyhole imaging with a 3D k-space fraction of
16% (ie, k-space diameter of 40%) yielding an acceler-
ation factor of 6.25. While the data acquisition is truly
accelerated by the use of SENSE (8 times accelerated)
and the use of partial Fourier (1.33 times accelerated),
it is important to notice that the keyhole method accel-
erates the dynamic imaging, but is object-dependent.
Objects that are smaller than the spatial resolution of
the keyhole fraction may only be visualized with the
help of higher spatial frequencies that are acquired
during the reference scan. The results of this study
indicate the feasibility of the combination of CENTRA,
keyhole, partial Fourier, and SENSE and the clinical
application to MRA of cAVMs.

DSA still is considered the standard of reference for
diagnosis of arteriovenous malformations with typically
short arteriovenous transit times because of the very
high temporal and high spatial resolution that is inher-

ent to DSA (8,9). Since 1993, when contrast-enhanced
MRA was first introduced by Prince et al (10), there has
always been a trade-off in clinical practice between spa-
tial and temporal resolution of MRA. More recently,
several techniques for time-resolved 3D MRA were pub-
lished with a maximum temporal resolution of 1.5
s/dynamic scan (11–16). However, spatial resolution in
these reports was much lower than the acquired (1.1 �
1.4 � 1.1) mm3 that was achieved with our study pro-
tocol (Table 3). It is well known that 2D single thick slice
techniques of time-resolved MRA can achieve very high
temporal resolution (17–21), but at the expense of spa-
tial resolution (Table 2). Furthermore, postprocessing
potentials inherent to a full 3D dataset are not available
using these methods.

Parallel imaging (PI), echo-sharing, and high field im-
aging are reported to be a very favorable combination to
accelerate the temporal resolution of contrast-en-
hanced MRA (13,16,18,20,22,23). As PI acceleration
factors are limited at 1.5T because of signal-to-noise
(SNR) issues, the promise at 3.0T is the use of higher PI
acceleration factors through the improved SNR and the
use of dedicated receiver coil arrays: PI acceleration
factors of more than 8 have already been successfully
implemented on whole-body 3.0T systems (24). The ap-
plication of PI especially with a high PI factor is known
to cause a loss in SNR, which was well compensated in
our study with the high field strength of 3.0T. In addi-
tion, PI artifacts are reduced with oversampling in the
phase-encoding direction and were not seen in our
study.

Randomly segmented central k-space ordering (CEN-
TRA) proved to allow for robust arterial phase MRA of
the supraaortic arteries despite acquisition times of
more than 1 minute (4,25). Keyhole imaging in MRI was
first published in 1993 by Van Vaals et al (5) and Jones
et al (7). However, it seems that this method gains
increasing interest only today with the advent of both PI
and high field scanners. Despite the well-known limita-
tions of each of the techniques, the combination of them
seems to be advantageous especially at a field strength
of 3.0T (20,26). The known limitations of keyhole imag-
ing including amplitude and phase discontinuities, as
described in applications such as T2*-weighted perfu-
sion imaging and keyhole functional imaging, are
mostly related to long echo times (27,28). However,
these limitations can be overcome by using 3D gradient
echo sequences with very short echo times. The suc-
cessful combination of keyhole and parallel imaging in
the phase-encoding direction has recently been shown

Table 2
Studies on High Temporal Resolution 2-Dimensional Single Frame MR Angiography in Patients With cAVM

Study n FS Spatial Resolution T

Warren et al. 2001 (21) 40 1.5T (0.90 x 1.53 x 60-100) mm3 1 s
Mori et al. 2003 (18) 55 1.5T (0.47 x 1.25 x 70-80) mm3 1.05 s
Summers et al. 2004 (20) 19 3.0T (0.60 x 1.00 x 50-80) mm3 0.167 – 1 s
Nagaraja et al. 2005 (19) 60 1.5T (0.90 x 1.53 x 60-100) mm3 1 s
Hans et al. 2005 (17) 12 1.5T (1.08 x 0.90 x 50-150) mm3 0.34 – 1 s

n � number of individuals examined in the study; FS � field strength of magnets used for imaging; t � temporal resolution as time needed
for each dynamic scan.

Table 1
Spatial and Temporal Resolution of 4D Time-Resolved MRA With
Keyhole, CENTRA, and SENSE

Study n FS Spatial Resolution T

4D-TRAK 5 3.0T (1.1 x 1.4 x 1.1) mm3 0.608 s

n � number of individuals examined in the study; FS � field strength
of magnet used for imaging; t � temporal resolution as time needed
for each dynamic scan.
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at a field strength of 1.5T in patients with hemodialysis
shunts (29).

Furthermore, a relatively high spatial resolution of
�4.3 mm3 can be obtained in the “low-resolution” dy-
namic keyhole images due to the implementation of
keyhole in both ky and kz directions, as shown in our
study. According to the spatial resolution reported in
this study, the keyhole frames should contain dynamic
information even of small vessels. Of course, higher
isotropic spatial resolution would probably improve the
correct spatial representation of even smaller struc-
tures with reliable dynamic information. However, it
was not the aim of this study to determine the minimal
vessel size that would allow for correct depiction within
the dynamic frames, but to evaluate the feasibility of
the combination of different techniques for acceleration
of time-resolved imaging and to test its clinical applica-
tion. In the future, mathematical simulations with re-

spect to different keyhole parameters and contrast ma-
terial flow conditions as well as further experiments
including vessel phantoms are needed and are under
way to define the limits in spatial and temporal repre-
sentation.

3D-TRICKS (30,31) and TREAT (32) are other meth-
ods that undersample k-space to acquire high temporal
resolution. However, in TRICKS the prediction of arti-
facts might be much more challenging, especially with
contrast injections using flow rates of 4 mL/s and
higher (33). The random sampling of central k-space in
4D-TRAK may contribute to a smoother transition of
the contrast bolus.

Further studies in a larger patient group are needed
to evaluate the clinical performance of 4D-TRAK in
comparison with DSA. In addition to the evaluation of
arteriovenous malformations of the brain, potential ap-
plications of 4D-TRAK include time-resolved imaging of

Table 3
Studies on High Temporal Resolution 3D-MR Angiography in Patients With cAVM

Study n FS Spatial Resolution T

Farb et al 2001 (12) 10 1.5T (0.625 x 1.5625 x 10) mm3 1.5 s
Duran et al 2002 (11) 22 1.5T matrix size: 128 x 256 (FOV missing) 9 s
Tsuchiya et al 2004 (14) 2 1.5T (1.22 – 1.67 x 0.49 – 0.55 x 7.5) mm3 1.68 s
Wu et al 2004 (15) 24 1.5T (0.6 x 0.6 x 1.5) mm3 2.9 s
Gauvrit et al 2006 (13) 54 1.5T (0.9375 x 1.562 x 10) mm3 1.7 s
Ziyeh et al 2005 (16) 3 3.0T (0.8 x 0.8 x 0.6) mm3 1.5 s
Nael et al 2006 (22) 3 3.0T (1.3 x 1.0 x 4.3) mm3 1.8 s

n � number of individuals examined in the study; FS � field strength of magnets used for imaging; FOV � field of view; t � temporal
resolution as time needed for each dynamic scan.

Figure 3. Depiction of the arterial feeder (pericallosal artery, arrow) of a left parasagittal cAVM (nidus size: 2.7 cm) in a
23-year-old female as visualized in 11 of 50 dynamic phases (maximum intensity projections; transverse, upper row; coronal,
middle row; sagittal, lower row) of the 3D T1-weighted gradient echo sequence provided by 4D-TRAK (a, magnified: c,d), and in
the arterial phase of DSA (a.p. view) after selective catheterization of the left common carotid artery (b), confirming the arterial
feeder from the anterior cerebral artery (arrow).
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hemodialysis shunts and imaging of vessels of the feet,
hand, and pulmonary vessels.

In conclusion, 4D time-resolved MR angiography with
keyhole (4D-TRAK) is feasible using a combination of
CENTRA, partial Fourier, SENSE, and keyhole at 3.0T.
4D-TRAK allows for more than 60 times accelerated
MRA with high spatial resolution and allows for proper
detection of large arterial feeders and draining veins.
The diagnostic impact of this promising technique es-
pecially with respect to the identification of small ves-
sels should be investigated in a larger clinical trial.
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