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Abstract
Objectives To evaluate a nonenhanced time-resolved 4D
SSFP MRA for dynamic visualization of intracranial
collateral blood flow.
Methods 22 patients (59.0±11.8 years) with steno-occlusive
disease of brain-supplying arteries were included in this study.
4D SSFP MRA of the intracranial arteries was acquired with
15 temporal phases and a temporal resolution of 115 ms using
1.5 T MR. Cerebral DSA served as the reference standard and
was available in all patients.
Results Nonenhanced 4D SSFP MRA allowed for detailed
dynamic visualization of blood flow in the circle of Willis
and its branches in 21 of 22 (95.5%) patients. Collateral
flow was excluded with both 4D SSFP MRA and DSA in 4

patients. In 17 patients, DSA detected anterior collateral
flow (n=8), posterior collateral flow via the right (n=8) and
left (n=7) posterior communicating artery as well as patent
EC-IC bypasses (n=8). 29 of 31 collateral flow pathways
were visualized by 4D SSFP MRA. As compared to DSA,
4D SSFP MRA showed a high sensitivity (92.3%),
specificity (100%), positive predictive value (100%) and
negative predictive value (95.2%) for visualization of
intracranial collateral flow.
Conclusions 4D SSFP MRA is a promising non-invasive
imaging technique for dynamic visualization of intracranial
collateral flow.
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Introduction

Stroke is one of the leading causes of mortality and
disability in the western world [1]. Arteriosclerotic carotid
artery disease is an important risk factor for stroke [2]. In
case of hemodynamically significant stenosis or occlusion
of brain-supplying arteries, the circle of Willis is the
primary collateral pathway to maintain cerebral perfusion,
while other collateral circulations include the external
carotid artery and leptomeningeal anastomoses [3]. Con-
ventional digital subtraction angiography (DSA) is consid-
ered as the gold standard for assessment of the carotid
arteries and the intracranial circulation due to its high
temporal and spatial resolution. However, as an invasive
technique DSA exposes the patient to potential procedural
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risks, as for example thromboembolic complications [4].
Therefore, non invasive imaging techniques as Doppler
sonography, CT angiography (CTA) and MR angiography
(MRA) are generally used as primary imaging modalities
for assessment of the carotid and cerebral arteries. CTA and
single phase Gd-enhanced enable visualization of the
cervical and intracranial arteries with a large coverage, but
do not provide direct haemodynamic information. With
time-resolved contrast-enhanced MRA both anatomic and
hemodynamic information can be obtained with extensive
coverage [5–7]. However, the temporal resolution generally
ranges between 0.5 and 2 sec, which might be not sufficient
to depict intracranial collateral pathways. In addition, in
patients with a glomerular filtration rate (GFR) of less than
30 ml/min the application of gadolinium-based contrast
agent is considered problematic due to the potential risk for
the development of nephrogenic systemic fibrosis (NSF) [8,
9]. Recently, steady-state free precession (SSFP) techniques
have emerged as promising nonenhanced MR angiography
methods and have shown promising results in various
vascular territories, including the carotid, renal and coronary
arteries [10–14].

Arterial spin labelling (ASL) techniques are usually
applied to determine tissue perfusion using blood as an
endogenous contrast material. With ASL, imaging contrast
depends on the difference from measurements with and
without magnetic labelling [15]. ASL techniques with
varying delay times in combination with ECG-gated SSFP
MRA techniques may provide dynamic MR angiographies,
yielding both hemodynamic and anatomical information
[16, 17]. The purpose of this study was to evaluate a non-
contrast-enhanced time-resolved 4D steady-state free pre-
cession MRA (4D SSFP MRA) for dynamic visualization
of intracranial collateral flow in patients with stenoocclu-
sive disease of brain-supplying arteries in comparison to
conventional DSA.

Material and methods

Two Siemens employees (P.S (Siemens AG, Healthcare
Section, Erlangen, Germany) and X.B. (Siemens Healthcare,
Chicago, IL, USA)) assisted in the development of this MR
technique. Only the other authors had full control of the entire
information and data submitted for publication.

This prospective study was approved by the institutional
review board and written informed consent was obtained
from all patients. The general contraindications for MR
were applied and defined as exclusion criteria.

Between October 2009 and May 2010, 22 patients (5
women, 17 men, mean age 59.0±11.8 years) with sten-
oocclusive disease of brain-supplying arteries scheduled for
cerebral DSA were included in this study. Indications for

DSA included control of EC-IC bypasses (n=6) and
assessment of stenooclusive disease of brain-supplying
arteries (n=15). In addition, one patient that underwent
DSA following surgical resection of an aneurysm of the left
vertebral artery was also included in this study. In these 22
patients, 23 MR examinations were performed, as one patient
was examined twice; in this patient, the first MR examination
was performed three days after diagnostic DSA and the
second MR examination two days after interventional stent
placement in the right carotid artery. MR examinations were
performed either before (n=5) or after (n=18) DSA, depend-
ing on the availability of patients and MR facilities. The time
interval between DSA and MRA ranged between 0 and
113 days (mean time interval 11.6±24.5 days).

Conventional DSA

DSA was performed on a biplane angiography system
(Integris Allura Biplane, Philips Healthcare) in all patients.
Catheter-based selective visualization of the anterior and
posterior circulation was performed by manual delivery of
8–10 ml iodinated contrast agent iohexol per run (Accupaque
300, GE Healthcare, Little Chalford, UK). In patients
following EC-IC bypass surgery, selective angiograms of the
external carotid artery were performed additionally for
assessment of the EC-IC bypass.

MR angiography

All MR examinations were performed at 1.5 T (MAGNETOM
Avanto, Siemens AG, Healthcare Sector, Erlangen, Germany).
All subjects were studied in supine position with a 12-element
headmatrix coil. ECG electrodes were attached to the subjects’
chest prior to the examination.

Following standard localizer images, a T2-weighted TSE
sequence of the brain (TR/TE 5500/102 ms; slice thickness
5 mm) was acquired.

For 4D SSFP MR angiography, two magnetization-
prepared and ECG-triggered 4D datasets were acquired
with a TrueFISP CINE sequence in segmented fashion [17].
In each cardiac cycle, upon detection of the ECG R-wave,
an inversion preparation pulse was played out followed by
acquisition of N temporal phases. Within each temporal
phase, a certain number of segments (=PE lines per phase)
were acquired, so that a total of (N*segments) repetition
intervals were carried out to sample the inversion recovery
course after the magnetization preparation. With this
procedure, two series of 3D datasets were sampled
sequentially, one during recovery after non-selective inver-
sion and another after slab-selective inversion (Fig. 1). This
labeling scheme corresponds to the FAIR principle, which
was originally published in the context of a brain perfusion
study [18].
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In both experiments with either non-selective or slab
selective inversion, all static tissues within the imaging
volume are inverted and show identical signal behavior
over time. Inflowing blood, however, is only exposed to the
non-selective inversion. By subtraction of the two datasets,
static signal from background tissues is cancelled out, but
inflowing blood appears with bright signal due to the
difference between inverted and non-inverted blood. The
time series of subtracted 3D datasets were then subjected to
inline MIP processing in the axial, sagittal and coronal
plane.

4D SSFP MRA consisted of 48 tilted axial slices that
covered the carotid siphon and the basilar artery as well as
the anterior, middle and posterior cerebral artery. 15
temporal phases with a temporal resolution of 115 ms were
acquired in 22 of 23 MR examinations. In the first MR
examination of the patient that was examined twice, 10
temporal phases with a temporal resolution of 115 ms were
acquired. The other imaging parameters were as follows:
field of view (FOV) 165×220 mm², voxel size 1.2×1.0×
1.0 mm³, TR 115 ms, TE 1.4 ms, flip angle 39°, bandwidth
745 Hz/pixel, parallel imaging GRAPPA=2. Acquisition
time for 4D SSFP MRA ranged from 4-6 min, pending on
the heart rate.

Image analysis

All MR images were analyzed by two radiologists blinded
to the results of DSA in consensus mode.

Anterior collateral flow was diagnosed when there was
crossover circulation from the internal carotid artery to the
contralateral cerebral hemisphere via the anterior commu-
nicating artery. Posterior collateral flow was reported when
there was retrograde filling of the anterior circulation via
the right or left posterior communicating artery (PComA) or
retrograde filling of the basilar artery via the right or left
posterior communicating artery. In addition, the visualiza-
tion of collateral supply via a patent EC-IC bypass was
documented.

In addition, subjective image quality of axial MIP
reconstructions of 4D SSFP MRA was assessed in patients
without an EC-IC bypass (n=15) independently for the
following predefined vessel segments: M1 segment of the
middle cerebral artery (MCA) (from internal carotid artery

bifurcation to main division of the MCA); M2 segment of
MCA (from main division to insula); M3 segment of MCA
(from insula to opercular turn of MCA branches); A1
segment of anterior cerebral artery (from internal carotid
artery bifurcation to anterior communicating artery); A2
segment of anterior cerebral artery (from anterior commu-
nicating artery to genu of corpus callosum); P1 segment of
posterior cerebral artery (from basilar artery bifurcation to
posterior communicating artery); P2 segment of posterior
cerebral artery (from posterior communicating artery to
back of midbrain); P3 segment of posterior cerebral artery
(from back of midbrain to division into posterior temporal
and parieto-occipital arteries). In addition, subjective image
quality was assessed for the distal internal carotid artery
(ICA).

For each segment, subjective image quality was rated
independently by two radiologists using a four-point scale
as follows: 4=excellent (sharp and complete delineation of
vessel borders, homogenous vessel signal without artifacts),
3=good (good delineation of vessel borders with slight
irregularities, homogenous vessel signal with slight arti-
facts), 2=fair (vessel borders scarcely definable, inhomo-
geneous vessel signal) and 1=non-diagnostic (vessel
borders not definable).

Statistical analysis

The Statistical Package for Social Sciences (SPSS for
Windows Package 15.0, Chicago, IL) was used for
statistical analysis and calculation of mean values and
standard deviations. DSA served as the reference standard
for calculation of sensitivity, specificity as well as positive
and negative predictive value of 4D SSFP MRA.

κ-values were used to determine agreement for subjec-
tive image quality between both readers. A value of less
than 0.50 corresponds to poor agreement; a value of 0.50–
0.75 corresponds to good agreement and a value greater
than 0.75 corresponds to excellent agreement.

Results

One patient was excluded, as 4D SSFP MRA failed to
visualize the cerebral arteries due to severe motion during

Fig. 1 Schematic display of the used sequence: First, a series of 3D
datasets at multiple TI times is obtained for non-selective inversion.
This is accomplished by repeating the magnetization and readout

(Nshots-1) times, until all data is acquired. This procedure is repeated
for slice-selective inversion
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Fig. 2 72-year-old male patient with severe stenosis of the left ICA
(b). 4D SSFP MRA shows anterior collateral flow (arrow) to the left
MCA (a), which is confirmed by DSA (c). In addition, delayed

residual antegrade flow is seen in the distal left ICA (arrowhead) with
both 4D SSFP MRA (a) and DSA (d)
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the acquisition. Image acquisition was completed success-
fully in 21 of 22 patients (95.5%), which were considered
for further analysis.

In 17 patients, DSA detected anterior collateral flow (n=
8) (Fig. 2), posterior collateral via the right (n=8) and left
(n=7) posterior communicating artery as well as patent EC-
IC bypasses (n=8)(Table 1). In addition, DSA disclosed
retrograde filling of the basilar artery in 2 patients (Fig. 3)
and delayed antegrade flow in the ICA without collateral
supply in one patient. Consistently, with both DSA and 4D
SSFP MRA no collateral pathways were found in 4 patients
(Fig. 4), including one patient with a severe stenosis of the
right ICA (Table 1). 29 of 31 collateral pathways were
dynamically visualized with 4D SSFP MRA. In one patient
with bilateral EC-IC bypass, only the left EC-IC bypass was
identified with 4D SSFP MRA. In addition, in one patient
with moyamoya disease and bilateral PcomA collateral flow
from the posterior to the anterior circulation, collateral flow
was only visible in the left PcomAwith 4D SSFPMRA. In the
patient that was examined twice, no collateral flowwas visible

following stent placement in the right ICA. However, as the
posterior circulation and the left ICA were not visualized by
DSA following stenting, the second MR examination was not
considered for analysis (Fig. 5).

Absence of anterior collateral flow (n=13) or posterior
collateral flow via the left (n=14) or right (n=13) posterior
communicating artery was correctly diagnosed with 4D
SSFP MRA.

As compared to DSA, a sensitivity of 93.5% (95%
confidence interval: 77%, 99%), specificity of 100% (95%
confidence interval: 89%, 100%), positive predictive value
(PPV) of 100% (95% confidence interval: 85%, 100%) and
negative predictive value (NPV) of 95.2% (95% confidence
interval: 83%, 99%) were calculated for dynamic visuali-
zation of collateral flow with 4D SSFP MRA.

Mean image quality for segments ICA, M1, A1, P1 and
P2 was excellent (3.80±0.40, 3.73±0.40, 3.60±0.52, 3.70±
0.44 and 3.53±0.50, respectively). In contrast, image
quality for segment A2 was only considered acceptable
(2.43±0.91). M3 branches were visible in 13 of 15 patients

Table 1 Clinical data and patterns of collateral flow as assessed with 4D SSFP MRA and DSA

Patient
No.

Age Collateral flow 4D SSFP MRA Collateral flow DSA Underlying pathology as assessed by DSA

1 57 Anterior, PcomA (r) Anterior, PcomA (r) Severe stenosis of right ICA

2 71 PcomA (r) PcomA (r) Severe stenosis of right ICA

3 74 Severe stenosis of right ICA

4 73 Occlusion of left vertrebral artery

5 48 Anterior, EC/IC (l), retrograde
flow in basilar artery

Anterior, EC/IC (l), retrograde
flow in basilar artery

Occlusion of left ICA and of both vertebral arteries

6 59 Anterior, PcomA (l) Anterior, PcomA (l) Occlusion of left ICA

7 40 EC-IC (l) EC-IC (l) Moyamoya disease

8 71 PcomA (l), delayed antegrade flow
in ICA and MCA (r)

PcomA (l), delayed antegrade
flow in ICA and MCA (r)

Severe stenosis of proximal right ICA, moderate
stenosis of left ICA, hypoplastic left P1 segment

9 61 Anterior Anterior Occlusion of right ICA, severe stenosis of left ICA

10 38 EC-IC (r,l), PcomA (l) EC-IC (r,l), PcomA (r,l) Moyamoya disease

11 51 EC-IC (l), PcomA (r,l) EC-IC (l), PcomA (r,l) Occlusion of left ICA, pseudoocclusion of right ICA

12 77 Following surgery of an aneurysm of the left
vertebral artery

13 41 Anterior, EC-IC (l) Anterior, EC-IC (l) Occlusion of left ICA

14 48 PcomA (r), retrograde flow
in basilar artery

PcomA (r), retrograde flow
in basilar artery

Occlusion of basilar artery

15 52 EC-IC (l), PcomA (r,l) EC-IC (r,l), PcomA (r,l) Moyamoya disease

16 71 Mild stenosis of left ICA

17 52 PcomA (l) PcomA (l) Occlusion of left ICA

18 52 PcomA (r) PcomA (r) Severe stenosis of right ICA

19 72 Anterior Anterior Severe stenosis of left ICA

20 67 Anterior, PcomA (l) Anterior, PcomA (l) Occlusion of left ICA

21 56 Anterior, PcomA (r) Anterior, PcomA (r) Occlusion of right ICA

Anterior - collateral flow via the anterior circulation

PcomA - collateral flow via the right (r) of left (l) posterior communicating artery

EC-IC - collateral flow via a right-sided (r) or left-sided (l) extracranial-intracranial bypass
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(86.7%) and P3 branches were visible in 14 of 15 patients
(93.3%) considered for subjective image quality analysis.
Mean image quality for segments M3 and P3 was 2.30±
0.73 and 2.60±0.58, respectively (Table 2). Kappa value
for overall interobserver agreement was 0.85.

Discussion

In this study we have successfully applied a nonenhanced
4D SSFP MRA for dynamic visualization of intracranial
collateral flow in patients with steno-occlusive disease of
brain-supplying arteries.

Assessment of cerebral collateral flow is important in
patients with steno-occlusive disease, as it might have
prognostic implications [3]. The presence of collateral

circulation might reduce the risk of hemispheric stroke or
transient ischemic attack (TIA) in patients with severe ICA
stenosis [19], as the collateral flow might improve cerebral
perfusion and protect the brain from small thromboemboli
[20, 21]. In addition, in patients with an acute ischemic
stroke, the presence of intracranial collateral flow is
associated with a reduced infarct volume and a better
clinical outcome [22–24].

4D SSFP MRA has shown a high sensitivity and
specificity for detection of primary collateral flow in
patients with steno-occlusive disease in this study and
might therefore contribute to non-invasive assessment of
intracranial flow characteristics in patients with steno-
occlusive disease.

As compared to time-resolved 4D contrast-enhanced MR
angiography (4D CE-MRA), 4D SSFP has several advan-

Fig. 3 48-year-old patient with
an occlusion of the left internal
carotid artery and distal occlu-
sion of both vertebral arteries as
well as an extracranial-
intracranial bypass on the left
side (arrow). 4D SSFP MRA (a)
discloses anterior collateral flow
from the right internal carotid
artery to the left middle cerebral
artery. (b) In addition, collateral
flow via the right PcomA to the
posterior circulation with retro-
grade filling of the basilar artery
(arrowhead) is seen with 4D
SSFP MRA (a) and confirmed
by DSA (c). Collateral flow via
the patent EC/IC bypass (arrow)
is visualized with both 4D SSFP
MRA (a) and DSA (d)
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tages. The temporal resolution applied in this study
(115 ms) is higher than the temporal resolution generally
obtained with 4D CE-MRA [5–7]. Furthermore, 4D SSFP
MRA is totally non-invasive, as it does not require the
administration of gadolinium-based contrast material.
Therefore, image acquisition is no longer confined to the
contrast material bolus. Different regions can be studied
with very high temporal resolutions and image acquisitions
can be repeated in case of poor image quality.

In addition, there is a causal relationship between the
administration of gadolinium-based contrast material and
the development of nephrogenic systemic fibrosis in
patients with a GFR of less than 30 ml/min/1.73m2 [7, 8].
The prevalence of chronic kidney disease is significantly
higher in patients at risk for stroke than among the general
population [25]. As a nonenhanced imaging technique, 4D

SSFP MRA can be performed safely in patients with
contraindications for contrast material.

Recently, alternative nonenhanced imaging strategies
have been introduced to assess intracranial collateral
circulation, e.g. time-resolved 3D phase-contrast MR
imaging (PC-MRI) and territorial arterial spin labeling
MR imaging.

With time-resolved 3D PC-MRI, both flow velocities
and the direction of blood in cerebral arteries can be
assessed simultaneously [26, 27]. However, prolonged MR
data acquisition times of 10-20 min and mainly time
consuming post-processing have so far limited its use in
the clinical routine. Territorial arterial spin labelling (ASL)
allows for selective labelling of major brain-supplying
arteries and therefore assessment of their perfusion territo-
ries [28–30]. Initial results on territorial ASL in patients

Fig. 4 71-year-old male patient
referred to DSA for sonograph-
ically suspected severe stenosis
of the left ICA. Simultaneous
filling of the right and left MCA
is seen with 4D SSFP MRA (a).
The anterior cerebral arteries are
both supplied by the left ICA (d,
arrow) and are timely visualized
by 4D SSFP MRA (a, arrow).
No collateral flow to the left
hemisphere is found with both
4D SSFP MRA and DSA (a,c).
No severe stenosis of the left
ICA is seen on DSA (b)
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with steno-occlusive disease are very promising [28–30].
However, the need for selective labelling of several vessels
lead to longer MR data acquisition times and complicate the
post processing and interpretation of perfusion maps [29].

Furthermore, territorial ASL does not provide direct
information on vessel anatomy. By comparison, 4D SSFP
MRA might provide both anatomical and hemodynamic
information using a reasonably short MR sequence lasting
4–6 min. As axial, sagittal and coronal MIP images are
immediately available for analysis due to in-line post
processing [17] this imaging technique can be easily
implemented in routine clinical care.

In previous studies, dynamic MR angiographies were
obtained using pulsed arterial spin labelling in combination
with a turbo fast low-angle shot (FLASH) or an echo-planar
imaging (EPI) based Look-Locker sequence [31–33]. How-
ever, in these studies axial 2D sequences were applied, which
did not allow for coronal and sagittal reconstructions. Further-
more, with a SSFP approach higher SNR and CNR can be
obtained and image distortions and flow-related artifacts can be
reduced as compared to the Look-Locker approaches [17].

The imaging technique presented in our study suffers
from several limitations. With 4D SSFP MRA the depicted

Fig. 5 57-year-old male patient with severe stenosis of the right ICA
(c). Anterior collateral flow (arrowhead) and collateral flow via the
right PcomA (arrow) with delayed visualization of the right MCA is

seen with 4D SSFP MRA (a) and confirmed by DSA (d,e). Following
stenting of the ICA stenosis, 4D SSFP MRA discloses simultaneous
visualization of both MCA without collateral flow (b)

Table 2 Subjective image quality for predefined vessel segments on a
4-point scale (4=excellent; 1=not diagnostic)

Segment Reader 1+2 (mean) Reader 1 Reader 2

Distal ICA 3.80±0.40 3.80±0.41 3.80±0.41

M1 3.73±0.40 3.67±0.49 3.80±0.41

M2 3.40±0.69 3.33±0.72 3.47±0.74

M3 2.30±0.73 2.27±0.70 2.33±0.82

A1 3.60±0.52 3.67±0.49 3.53±0.64

A2 2.43±0.91 2.47±0.92 2.40±1.06

P1 3.70±0.44 3.73±0.46 3.67±0.49

P2 3.53±0.50 3.53±0.52 3.53±0.52

P3 2.60±0.58 2.60±0.63 2.60±0.63
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vessel length depends on flow velocity and the delay time
after spin labelling. Therefore, it seems not to be suitable
for large coverage in the direction of blood flow, as for
example the cervical arteries.

Furthermore, with the FAIR arterial spin labelling tech-
nique venous inflow from the upper border of the acquisition
window is visualized. Although the venous inflow did not
influence the visualization of the cerebral arteries on axial and
sagittal MIP reconstructions, it hampered the evaluation of the
cerebral arteries on coronal MIP reconstructions. Further
developments in post processing should enable to perform
selective MIP reconstructions for predefined vessels and to
exclude venous structures in the MIP projections in the future.
Alternatively, the use of different arterial spin labelling
schemes, as for example signal targeting with alternating
radiofrequency (STAR) ASL [34], might also avoid venous
inflow.

Our study suffers from several further limitations. We
acquired 15 temporal phases with a temporal resolution of
115 ms, enabling to cover a time frame of approx. 1700 ms
with 4D SSFP MRA. However, with 4D SSFP MRA a
higher temporal resolution in the order of 50 ms is
achievable [16]. A higher temporal resolution might
theoretically improve the visualization of collateral flow,
but within a reasonable acquisition time, it is associated
with a shorter time frame. In order not to miss delayed flow
in cerebral arteries (Fig. 2), we performed 4D SSFP MRA
with a temporal resolution of 115 ms in this study.

In addition, the inferior border of our tilted axial acquisition
slab covered the basilar artery and the carotid siphon, but did
not include the distal portion of the vertebral arteries and the
entire orbit. Therefore, we were not able to evaluate secondary
collateral flow patterns, as for example via the ophthalmic
artery [3]. Furthermore, we did not evaluate the presence of
leptomeningeal collaterals in this study, as the imaging slab
did not cover the entire brain and the image quality of
peripheral vessel segments was not diagnostic in all patients.
The use of variable flip angles at 3 T has shown a substantial
improvement in the visibility of peripheral vessel segments
with 4D SSFP MRA in healthy subjects and future studies
should address this issue [35].

In conclusion, with time-resolved 4D SSFP MRA, both
the anatomical structure and dynamic filling of cerebral
arteries can be assessed reliably. Therefore, it can provide
relevant hemodynamic information in patients with steno-
occlusive disease of brain supplying arteries. As a non-
enhanced imaging technique it can be applied safely in
patients with contraindication for contrast agents.
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