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RESEARCH ARTICLE

Accelerated time-resolved 3D
contrast-enhanced MR angiography at 3T:
clinical experience in 31 patients

Abstract Purpose: To evaluate
whether time-resolved 3D
MR-angiography at 3T with a net
acceleration factor of eight is
applicable in clinical routine and to
evaluate whether good image quality
and a low artifact level can be
achieved with a temporal update rate
that allows for additional
information on pathologies.
Materials and methods: Thirty-one
consecutive patients underwent
time-resolved 3D contrast-enhanced
MR-angiography on a 3T system.
Imaging consisted of accelerated 3D
gradient echo sequences combining
parallel imaging with an acceleration
factor of four, partial Fourier
acquisition along phase and slice
encoding direction, and twofold
temporal acceleration using view
sharing. Data volumes representing
the arterial and venous contrast
phases were independently evaluated
by two experienced radiologists by
grading of image quality and artifact
level on a 0-3 scale.

Results: Time-resolved

MR -angiography was successfully
performed in all subjects without the
need for contrast agent bolus timing.
Excellent arterial (average score =
2.65+0.32) and good venous
(average score =2.56+0.28)
diagnostic image quality and little
image degrading due to artifacts
(average score = 2.20 + 0.16) were
confirmed by both independent

readers (agreement in 65.2% of all
evaluations). In 14 patients vascular
pathologies were identified in the
arterial phases. In eight
examinations temporal resolution
and depiction of contrast agent
dynamics provided additional
information about pathology.
Discussion: Without the necessity for
additional bolus timing,
time-resolved 3D contrast-enhanced
MR-angiography with imaging
acceleration along both the spatial
encoding direction and temporal
domain revealed excellent diagnostic
image quality in neurovascular and
thoracic imaging. Despite the limited
spatial resolution as compared to
high-resolution imaging of the
carotid artery bifurcation, the results
demonstrate the applicability of
contrast-enhanced MR-angiography
in thoracic and abdominal MRA as
well as cervical imaging with a
temporal update rate allowing for
additional information on
pathologies. Future studies may
include an evaluation of optimal
trade-offs between spatial and
temporal resolution, different
acceleration factors and a
comparison to the gold-standard for
accuracy.

Keywords Magnetic resonance
angiography - Cardiovascular
system - Arteries - Thoracic arteries -
Veins - 3T
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Introduction

The importance of contrast-enhanced 3D MR-angiogra-
phy (CE-MRA) for the assessment of arterial vessels and
pathologies has steadily increased over the last decade
[1]. Moreover, recent technical and methodological
advances have greatly enhanced scan performance and
image quality [2-7]. Higher magnetic fields and the asso-
ciated gain in SNR as well as effects on T1-relaxation [8,9]
are highly beneficial for CE-MRA. Also, recently devel-
oped state-of-the-art data acquisition techniques, such as
parallel imaging with generalized auto-calibrating par-
tially parallel acquisitions (GRAPPA) [10], view sharing
such as time-resolved echo-shared angiography technique
(TREAT) or time-resolved imaging of contrast kinetics
(TRICKS) [7,11,12] and partial Fourier acquisition in
phase and slice encoding directions [13] have improved
current imaging modalities. In combination with mod-
ern multi-channel systems, whole-body CE-MRA has be-
come feasible [14, 15]. Also, time-resolved acquisition of
3D volumes of arterial or venous regions of interest can be
achieved [2,16-19]. With sufficient temporal resolution,
the need for additional measurements and scan timing
for optimal bolus timing is reduced. Furthermore, the
reconstruction of separate arterial and venous phases of
the contrast agent passage has the potential to minimize
venous overlay. Additional information from temporal
assessment of the distribution of contrast agent and the
differences in tissue contrast enhancement may be useful
for further diagnostic purposes.

Previous reports on 3D time-resolved CE-MR A focus
on the pulmonary or renal vasculature or on neurovas-
cular imaging at 1.5T [7,19-25] and at 3T [26]. There-
fore, this study aims to evaluate whether time-resolved
3D MR-angiography at 3T with a net acceleration fac-
tor of eight is applicable in clinical routine in different
anatomical regions. A focus has been to evaluate whether
the imaging protocol ensures good image quality and low
artifact level with a temporal update rate that allows for
additional information on pathologies.

Materials and methods
Human subjects

Thirty-one consecutive patients, 12 male, 19 female, age
60.7 +16.3 years (range 13-86 years) with a body weight
of 73.9+ 15.1 kg (range 48-109 kg) were included in our
study. All patients were scheduled for regular CE-MRA
for either exclusion or diagnosis of arterial pathologies
in different regions of interest. Written informed consent
was obtained from all patients. The study was approved
by the local ethics committee.

Twelve patients were examined with a neurovascu-
lar coil for display of both the supraaortic branches and
the arteries forming the circle of willis. Nineteen patients
underwent CE-MRA with a body array coil to display
the (1) thoracic arteries including the aorta, the proxi-
mal supraaortic branches and the subclavian artery or (2)
the abdominal aorta including the proximal abdominal
branches such as the celiac trunk, the mesenteric arter-
ies and the aortic bifurcation. In a single experiment (3)
the superficial artery was examined as a chronic occlusion
needed to be evaluated before surgery (see also Table 1 for
patients with pathologies detected in the arterial system).

MR-imaging

All examinations were performed on a 3T system (Mag-
netom TRIO, Siemens Medical Solutions, Erlangen, Ger-
many, maximum gradient strength =40 mT/m, rise time =
200 us).

Image acquisition consisted of a rf-spoiled gradient
echo sequence with a flip angle of 11 —23° [depending
on patient weight and associated specific absorption rate
(SAR) limitations]. In order to permit data acquisition
with an acceptable spatial resolution as well as temporal
update rate of the order of 2.0-3.5s, several image accel-
eration procedures were combined in order to generate
an useful time-resolved 3D CE-MRA protocol for neuro-
vascular imaging (cranial and cervical vessels) as well as
the depiction of the thoracic angiography (thoracic aorta
and branching vessels).

For all acquisitions, an eight-channel receiver coil was
utilized for parallel imaging (k-space based GRAPPA
reconstruction) with an acceleration factor of four along
the phase encoding direction and 32 reference lines
[10,27]. In addition, partial Fourier acquisition was
used along the phase and slice encoding direction (for
both, partial Fourier factor = 6/8). Further, a recently
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Fig. 1 Schematicillustration of the data acquisition and image accel-
eration strategies used for time-resolved CE-MRA. Contrast agent
administration (/njection) was started following the acquisition of
two pre-contrast 3D data sets. A series of successively acquired 3D
volumes covered the arterial and venous filling phases of the contrast
agent. The effective temporal update rate was accelerated using view
sharing in the ky—kz space as exemplary illustrated for three succes-
sive time frames. The data set used for background subtraction is
indicated by REF
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reported view sharing strategy along the temporal domain
(TREAT imaging, see also Fig. 1) based on elliptical cen-
tric view ordering [4,5], double update rate of central
k-space and sharing of outer k-space regions was
employed. As a result, effective temporal resolution was
improved by a factor of one-third without compromising
the spatial resolution of the individual 3D data volumes
[12].

With the resulting imaging protocol, 20-30 T1-con-
trast 3D data volumes were acquired consecutively with
a temporal update rate of 2.5-3.3s. CE-MRA was per-
formed using intravenous gadolinium contrast agent
(Gadobenate dimeglumine, Gd-BOPTA chelate, Multi-
hance, ALTANA Pharma, Konstanz, Germany, molar
concentration 0.5M, single dose = 0.1 mmol/kg body
weight, injection rate = 3—4 ml/s). The injection duration
was variable with respect to the individual patient’s body
weight. As a result of the high temporal update rate
(<3.35) no individual assessment of bolus arrival time
was needed and contrast agent injection was started af-
ter the completion of the acquisition of the first two 3D
data volumes (approximately 6 s following the initiation
of data acquisition). To avoid transient effects, the sec-
ond data volume was used as a full-resolution pre-con-
trast data set for background signal elimination through
mask subtraction. For a schematic illustration of scan and
injection timing see Fig. 1.

In 12 patients neurovascular CE-MRA was performed
using a eight-channel phased array neurovascular coil,
which permitted full coverage of the aortic arch, the
supra-aortic vessels, neck and the entire head. 3D MRA
data were acquired in a coronal volume with a tem-
poral and spatial resolution of 2.94+£0.17s and 1.74 —
1.94 x 1.04 x 1.5mm?, respectively. Further pulse se-
quence parameters were as follows: TE=0.87 — 1.02 ms,
TR =2.1 —2.39ms, FOV = (300 — 400 x 400) mm?. In
the majority of cases, a slab thickness = 120 mm, and
80 slices/slab were acquired with acquisition matrix =
288 x 384. In cases where the image parameters had to
be adapted due to the patients’ individual anatomy, the
slice thickness was 1.2mm in one case and in two cases
2.1 and 2.5 mm, respectively.

For 19 patients time-resolved thoracic 3D MRA
examinations were executed using an eight-channel
phased array body coil. The coil was carefully positioned
to cover either the entire thoracic aorta including the
proximal supra-aortic vessels or the abdominal aorta with
a spatial resolution of 1.83 —2.38 x 1.25x 1.5mm? . In a
single experiment, the superficial femoral artery was de-
picted. The temporal resolution in all examinations with
the body array coil was 2.72+0.15s.

Further pulse sequence parameters were as follows:
TE=0.78 — 0.88 ms, TR =1.97 —2.15ms, FOV = (280 —
400 x 400) mm?, acquisition matrix = 224 — 320 x 384.
As with the neurovascular coil, the majority of examina-

tions were performed with slab thickness = 120 mm, with
80 slices/slab. Depending on the coil and volume coverage
either a coronal or sagittal volume was acquired. In three
patients, the slice thickness was 2 mm in order to adapt
the acquired volume to the patient’s individual anatomy.

Image reconstruction

Maximum intensity projections (MIP) of each time-
resolved data volume performed on a Siemens WIZARD
system (Siemens Medical Solutions, Erlangen, Germany).
For complete appreciation of the 4D nature of the data,
an additional software package (Acquarius Server/NetC-
lient Visualization software solution, TeraRecon Inc., San
Mateo, CA, USA) was used for interactive 3D rotation
of data sets and inspection from user selected view angles
3D diagnostic evaluation of the data. In addition, the en-
tire data set was exported as a rotation time-resolved 3D
MIP animation in movie format.

Image interpretation and statistical analysis

All data were evaluated by two independent radiologists
with at least 5years of experience in cardiovascular MR
imaging. Readers were blinded to the patients’ clinical
background and to the other reader’s results. For the
interpretation of the data, non-subtracted and subtracted
images of all time frames, maximum intensity projec-
tions (MIP) as well as a rotating time-resolved 3D MIP
animation were assessed for all patients. In some cases,
multi-planar reconstructions (MPR) were used to further
evaluate findings.

Semi-quantitative image grading was performed in
time frames with maximum arterial and venous signal
intensities, respectively. A grading scale with 0 = poor
diagnostic quality, no diagnosis possible; 1 = moderate
diagnostic quality, diagnosis hampered but possible; 2 =
good diagnostic quality, diagnosis possible; and 3 = excel-
lent diagnostic quality, diagnosis possible, was applied to
three arterial and venous regions: aorta or caval vein, Ist
arterial or venous branch (e.g., common carotid artery or
internal jugular vein) and 2nd arterial or venous branch
(e.g., internal carotid artery or sinus veins). In case of a
different location of the arterial region of interest (abdo-
men, thigh), corresponding 1st and 2nd branch arteries
and veins were used for evaluation.

Since parallel imaging and free breathing can degrade
image quality, a grading of the severity of related artifacts
(blurring, ghosting and fold-over artifacts) with respect to
the diagnostic image quality was performed. The grading
was performed using 0 = severe artifacts, no diagnosis
possible; 1 = moderate artifacts, diagnosis hampered but
possible; 2 = minor artifacts, diagnosis possible; and 3 =
no artifacts, diagnosis possible.
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Fig. 2 Time series (top left to lower right) of maximum intensity projections (MIP) of a time-resolved CE-MRA in a patient (patient number
31, see Table 1) with a stenosis of the left subclavian artery (asterisk). Dynamics of the contrast agent passage as well as clear delineation

of arterial and venous vasculature can clearly be idenfied

Finally, all three image characteristics (i.e., arterial
and venous image grading and image quality degradation
due to artifact generation) were summarized in a mean
0-3 score rating overall arterial or venous diagnostic
image quality and artifact level (see Tables 2 and 3).

If a pathology was detected, the type of pathology and
its location was reported (e.g., stenosis >50%, aneurysm
>25% of age-related vascular lumen diameter, plaque).
Further, the information whether useful additional infor-
mation beyond that contained in a single, non-time-
resolved 3D data set was collected.

All results are given as mean =+ standard deviation.

Results

Time-resolved 3D CE-MRA was successfully performed
in all human subjects. All acquisitions were performed
during free breathing, acquiring 20-30 (21.97 + 2.46) con-
secutive 3D data volumes. The total scan time for all MR
angiographies was between 50 and 90s. Mean temporal
resolution was 21.5+ 1.4 acquisitions per minute (range
23.8 and 18.3, frame rate 2.5-3.3s). Both time to peak
arterial and venous contrast demonstrated wide ranges of
13.1-36.4s (arterial, mean 24.0 +5.3s) and 26.2-52.2s
(venous, mean 36.5 £ 6.2s), respectively. Nevertheless,
arteries and veins were clearly distinguishable in each

patient underlining the robustness of our time-resolved
imaging protocol.

An example of image quality and dynamics of contrast
agent passage is illustrated in Fig. 2 which shows a series
of time-resolved MIP images of the cervical and cranial
arteries in a patient with a stenosis of the left subclavian
artery.

Grading of arterial and venous image quality and
influence of artifact level on diagnostic image quality is
summarized in Tables 2 and 3. Table 2 lists the mean im-
age quality and artifact presence as well as the related total
image score for each reader. Both readers attested overall
good to excellent image quality for all arterial and venous
segments. In total, data analysis revealed excellent arterial
image quality (mean=2.6540.32, reviewer(R1):2.56 £
0.38 and reviewer 2 (R2): 2.73 +£0.37) and good venous
image quality (mean=2.564+0.28, R1:2.46+£0.39,R2:
2.66 £0.36). The generation of artifacts did not ham-
per diagnostic image quality (mean =2.20+0.16,R1:
2.18+0.28, R2:2.23£0.18). Although some blurring and
ghosting from respiration and/or pulsatile flow was ob-
served in most images, influence of artifacts on diagnostic
image quality was on average still rated as minor. Tak-
ing into account only those measurements where pathol-
ogies were detected, resulting values were only slightly
altered with excellent arterial image quality (mean 2.56 +
0.35,R1:2.45+0.42,R2:2.67£0.43) and good venous
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Table 1 Patients with patholgies

No. Sex Age BW Coil Finding Additional information by 4D
(vears) (kg)
4 Female 70 80 NV Stenosis right ICA and ECA Late inflow on right supraaortic branches
7 Female 25 48  BA  Stenosis prox. right subclavian ~ No subclavian steal, good delineation of collateral
artery arteries
8 Male 63 85 NV Kinking right subclavian artery  None
10 Female 70 66 BA Bypass AAo to right CCA Filling of right subclavian by retrograde filling of right
CCA
11 Female 36 92  BA Aortic coarctation None
A. lusoria
Bypass AAo to DAo
12 Male 40 78 BA  Type B dissection Early filling of true lumen
Multiple aneurysms
14  Male 82 83  BA  Occlusion right SFA Good discrimination of collaterals and venous return
Stenosis left SFA
16  Male 13 48  BA Stenosis DAo None
Prominent intercostal arteries
19  Male 69 58 BA Plaque DAo None
20 Male 60 100 BA  Occlusion left ECA None
21  Female 53 72 BA Kinking of left vertebral artery ~ None
22 Female 71 75 BA  Stenosis brachiocephalic trunc ~ None
Plaque aortic arch and DAo
25  Male 50 109 BA Type A dissection True lumen filling first
Prosthesis AAo
Aneurysms DAo
28  Male 56 78 BA Plaque DAo None
29  Female 78 60 BA Plaque DAo None
30 Male 52 72 BA Type B dissection None
Aneurysm thoraco-abdominal
stent celiac trunc and sup.
mesenteric artery
31 Female 79 55 NV Stenosis left A. and V. subclavia None

List of pathological findings in 31 consecutively examined patients

BA body array, NV neurovascular, DAo descending aorta, A 4o ascending aorta, CCA common carotid artery, ECA external carotid

artery, /CA internal carotid artery

image quality (mean=2.45+.032,R1:2.26+0.35,R2:
2.6440.40). Consistent with results from all subjects, only
minor influence of artifacts on diagnostic image quality
(mean=2.17£0.13,R1:2.12+0.29, R2:2.224+0.20) was
observed (see Table 3).

An agreement between both readers was achieved with
identical gradings in 65.2% of all evaluations, 61.3% of
the arterial, 60.7% of venous segments and 74.2% of all
artifact level gradings). In all but two of the remaining
gradings (in artifact level determination), both reviewer
gradings differed by 1 (see Table 4). Three venous eval-
uations were not performed because the optimal venous
contrast was not reached due to slow venous contrast
agent travel times.

Vascular pathologies, as summarized in Table 1, were
independently identified in 19 out of 31 patients by both
readers. For eight pathologies, both radiologists agreed

that additional information was provided by the tempo-
ral information and depiction of the dynamics of the con-
trast agent bolus passage. Four patients presented with
large partially calcified plaques of the descending aorta.
Stenoses and occlusions of the supra-aortic arteries were
identified in six patients. In the remaining 12 patients,
both readers independently agreed on unsuspicious MR
angiographic findings.

An example for the additional value of temporal infor-
mation on contrast agent dynamics is shown in Fig. 3
(patient 10) where time-resolved measurements aided the
description of arterial blood supply to the right arm. Af-
ter occlusion of the proximal brachiocephalic trunk, this
70-year-old female patient had received a bypass from
the ascending aorta to the right carotid bulb. Excellent
contrast of the arterial lumen and the filling of the by-
pass, followed by the retrograde filling of the common
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Table 2 Image quality in all examinations

Arteries  Aorta Ist branch  2nd branch Total
Reader1 2.48+0.51 2.61+£0.5 2.58+0.67 2.5640.38
Reader2 2.55+0.51 2.81+0.4 2.84+0.37 2.734+0.37
Veins Venacava Istbranch 2nd branch Total
Reader 1 2.25+0.44 2.57+0.57 2.57+£0.57 2.464+0.39
Reader2 2.43+0.5 2.71+£046 2.82+0.39 2.664+0.36
Artifacts  Blurring Ghosting Fold-over  Total
Reader 1 2.14+0.54 1.97+0.18 2.48+0.57 2.184+0.28
Reader2 2.0+0.26 2.04+0.18 2.65+£0.49 2.2340.18
Image quality grading

Arteries/veins:

0 = poor image quality, non-diagnostic

1 = moderate image quality, diagnosis hampered
2 = good image quality, diagnosis not hampered
3 = excellent image quality

Artifacts:

0 = severe artifacts, no diagnosis possible

1 = moderate artifacts, diagnosis hampered

2 = minor artifacts, no influence on diagnosis

3 = no artifact presents

Total image quality score:

0-0.75 poor

0.76 — 1.5 moderate

1.51-2.2 good

2.21 — 3 excellent

carotid artery (CCA) and the subclavian artery can clearly
be appreciated. Image quality in this patient was graded
excellent for arterial quality (total score R1: 2.6, R2: 3.0),
excellent for venous quality (total score R1: 2.6, R2: 3.0)
and good for artifact generation and influence on image
quality (total score R1: 2.0, R2: 2.0).

In a 50-year-old male patient (patient 25) a regular
follow-up MR-angiography after Type-A dissection and
supra-coronal prosthesis implantation was performed

Table 3 Image quality in patients with pathologies

(see Fig. 4). Next to a good contrast of the enlarged
intravascular lumen a clear differentiation between true
and false lumen of the dissected descending aorta was
achieved. Slightly reduced grading of image quality (total
score arterial: R1: 1.6, R2: 1.6; total score venous: R1:
1.3, R2: 2.0) and for artifact influence (total score R1:
2.0, R2:2.3) did not hamper the identification of an aneu-
rysm which has developed in the aortic arch. Table 1 also
lists all remaining cases for which temporal resolution
provided additional diagnostic information.

Discussion

In a series of 31 consecutive patients eightfold acceler-
ated time-resolved 3D contrast-enhanced MR-angiogra-
phy demonstrated to be a useful tool for the assessment
of arterial and venous vasculature. The imaging protocol
yielded good image quality in neurovascular and thoracic
imaging if large fields of view are desired or time-resolved
imaging is indicated. Run-off studies were not performed
as this technical feature was not available on the scanner
software. Results from image quality evaluations indi-
cate that the temporal resolution <3.3 s used in this study
yields good to excellent diagnostic image quality without
the need for additional bolus timing assessment and can
provide additional information. The herein used spatial
resolution, however, cannot be compared to high reso-
lution imaging e.g., of the carotid arteries or especially
the carotid bifurcation but shows applicable if large fields
of view are demanded for example for an angiographic
overview.

Especially the wide range of arterial and venous con-
trast agent passage time as observed here points towards
the utility of time-resolved imaging. Based on the combi-
nation of a fourfold acceleration by parallel imaging along
the spatial encoding direction and twofold temporal accel-
eration, data could be acquired with a sufficiently high
temporal update rate for the separation of arterial and

Arteries  Aorta Ist branch 2nd branch Total Table 4 Agrement of image quality grading
Reader 1 2.53+£0.51 2.56+0.51 2.35+£0.79 2.454+0.42 Gradin Arterial Venous Artifact
Reader2 2.5340.51 2.71£0.47 2.78+£0.44 2.67+0.43 differecfgby phase phase? level
Veins Vena cava Ist branch 2nd branch Total 0 61.3% (57) 60.7% (51) 74.2% (69)

1 48.7% (36) 39.3% (33) 23.7% (22)
Reader 1 2.21£0.43 2.50+0.65 2.21+£0.58 2.26+0.35 2 0 (0) 0(0) 2.1% (2)
Reader2 2.36+0.5 2.64+0.50 2.71+0.47 2.64+0.40

This table lists the level of agreement between both blinded read-
Artifacts Blurring ~ Ghosting ~ Fold-over  Total ers in relative and absolute numbers (in brackets)

4Please note that three venous ratings were not performed due
Reader 1 2.06+£0.43 1.94£024 235£0.61 2.12+0.29 to a delayed enhancement and consecutively diminished venous
Reader 2 2.06+0.24 2.06+0.24 2.47+0.51 2.2240.20

contrast enhancement
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Fig. 3 Time-resolved CE-MRA in a 70-year-old female patient(patient number 10, see Table 1) after aorta-carotid bypass (white arrows)
due to a proximal occlusion of the brachiocephalic trunk. Maximum intensity projections (MIP) at maximum arterial contrast (a) give
an overview over the arterial vasculature. The distal anastomosis is discretely dilated (arrowhead). Additionally, time-resolved CE-MRA
illustrates the blood flow distribution from the bypass to the anastomosis at the carotid bifurcation (b, ¢), a backward flow through the
common carotid artery to the distal brachiocephalic trunk (d) and to the subclavian artery (e). The asterisk indicates the signal void due to
suture material of the proximal bypass anastomosis

Fig. 4 Six of 20 time frames from time-resolved thoracic CE-MRA in a 50-year-old male patient (patient number 25, see Table 1) after
Type-A dissection and implantation of a ascending aortic conduit. Early enhancement of the true lumen (white arrows) if compared to
the false lumen (open arrow) can clearly be appreciated. Note the development of an aneurysm within the false lumen of the aortic arch
(asterisk)
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venous phase while maintaining a reasonably high spatial
resolution in large field-of-view imaging within the indi-
vidual 3D volumes. When starting the acquisitions prior
to intravenous contrast administration, the venous bolus
arrival, the arterial phase, and venous phase can suffi-
ciently be distinguished. Despite application of the herein
used accelerated imaging protocol with a net acceleration
of eight, no severe image reconstruction artifacts were
observed even on the non-subtracted source images. Fur-
ther improvements of the measurement protocol could
be achieved by integration of an acceleration along the
slice encoding direction which is, however, currently not
available on our MR scanner.

As presented in the clinical examples, contrast agent
dynamics may offer additional diagnostic information
such as the distribution of arterial supply to the region
of interest after peripheral bypass surgery. Also, as seen
in two patients in this study, the description of collaterals
in the presence of chronic arterial occlusion is feasible in
a single examination.

Potential drawbacks of the presented imaging proto-
col are related to the trade-off between temporal and spa-
tial resolution and limitations with respect to the image
evaluation strategy.

The focus of the presented study was to ensure good
diagnostic image quality with a temporal resolution that
also allows for additional information on pathologies and
a clear separation of arterial and venous phase. Future
studies are warranted for the evaluation and definition of
optimized trade-off between spatial and temporal resolu-
tion adapted to individual applications.

Although the purpose of this study was the evalu-
ation of diagnostic image quality of time resolved CE-
MRA at 3T, no quantitative SNR or CNR calcula-
tions were performed. Such an evaluation would have
been hampered by the non-uniform spatial distribution of

noise associated with parallel imaging [28]. The spatially
varying amplification of noise as characterized by the “g”-
factor by Pruessmann et al. [29] is not trivial and spe-
cifically relevant in protocols using higher acceleration
factors. Despite repetitive measurements at virtually the
same anatomical position, all measurements were per-
formed during free breathing which further hinders a reli-
able SNR estimation. Thus, characterization of image
quality was based on a semi-quantitative evaluation by
experienced radiologists.

The facilitated application of contrast media without
the need for an optimal bolus timing may be especially
important for pediatric patients with fast contrast media
passage (e.g., patient 11), patients with impaired cardiac
output, and patients with high dilution volumes (e.g., pa-
tients 25 and 30) such as aneurysms. Specific attention
should be paid to examinations of children as the high
demands in terms of spatial resolution may not be suffi-
ciently addressed by our imaging protocol.

Since time-resolved CE-MRA at 3T is fast and easy to
perform, it could easily be attached to virtually any con-
trast-enhanced MR imaging protocol in which vascular
pathologies are of interest. In the presence of pathologi-
cal findings, however, this application of well established
CE-MRA will have to be evaluated in comparison to the
gold-standard digital subtraction angiography or high-
resolution CE-MRA.

In conclusion, accelerated time resolved CE-MRA
with imaging acceleration along the spatial encoding
direction and temporal domain with a large field-of-view
has shown applicable in routine clinical studies of the
neurovascular and thoracic vasculature providing good
to excellent arterial and venous image quality with addi-
tional information on pathologies derived from the given
temporal update rate. Further comparative studies to the
gold standard are warranted to reveal its accuracy.
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