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A B S T R A C T

A common method to acquire both perfusion and angiographic information is to have separate MRI scans for each information. In this study, we propose to achieve
the goal by deriving perfusion parameters, specifically cerebral blood volume (CBV) and Tmax, from time-resolved contrast-enhanced magnetic resonance angio-
graphy (CE-MRA). Both CE-MRA and DSC-MRI were performed on seven subjects with a diagnosed ischemic stroke. Concentration functions from CE-MRA were
modeled using a modified gamma-variate function to appreciate the full first-pass transition of the tracer bolus. Perfusion parameters were calculated using con-
centration function derived from each imaging method and were compared to each other both visually and quantitatively by means of correlation studies. CBV and
Tmax maps generally showed good agreement between the two methods. This study proved the concept of using time-resolved CE-MRA as both vascular imaging and
tissue perfusion mapping while using a single injection of contrast agent, potentially reducing cost and improving patient safety and comfort.

1. Introduction

Dynamic susceptibility contrast (DSC) and time-resolved contrast-
enhanced MR angiography (CE-MRA) are routine protocols for clinical
diagnosis of cerebrovascular diseases. Both techniques share some
common aspects (e.g. injection of contrast agent), but provide different
clinical information. DSC is commonly used for evaluation of perfusion
parameters including cerebral blood volume (CBV) and time-to-max-
imum (Tmax). Typically hemodynamic characteristics are altered in
and around a lesion of specific brain area, which is reflected in perfu-
sion parameters and shown as hyper- or hypo-perfusion in most cases
[1,2]. Mapping of these parameters provides physicians with more ac-
curate diagnostic information on the areas impacted by the lesion. An
early stage of brain diseases may not be discovered with conventional
anatomical imaging, but often detectable with perfusion parameters
such as Tmax and MTT. In case of stroke, such indicators have been
widely used for assessment of salvageable tissue. Reperfusion treatment
is performed to tissues where the damage is indicated in perfusion maps
but not seen in diffusion-weighted imaging (DWI). Although reliability
of such mismatch analysis remains controversial, it has been widely
used as early indicators of revascularization therapy [3,4].

Time-resolved contrast-enhanced MR Angiography (CE MRA) is
performed by repeated vascular imaging with bolus injection of con-
trast agent. It is used to evaluate vascular structure and blood dynamics

within the vessels, which are the main criteria to determine the re-
vascularization therapy in case of ischemic stroke. CE-MRA images are
derived through subtraction between T1-weighted images with and
without contrast agent. The dynamic acquisition of T1-weighted images
for CE-MRA is similar to that for dynamic contrast enhanced (DCE) MRI
in that both scans require injection of contrast agent [5,6]. Therefore, a
model from DCE perfusion assessment may be used to evaluate con-
centration function of CE-MRA data, which has not been explored well
so far.

Acquiring both DSC and CE-MRA data would provide an all-en-
compassing view on the hemodynamics of a patient. However, both
scans use gadolinium-based contrast agent potentially harmful to pa-
tients with kidney dysfunction because of higher chances of promoting
diseases such as Gd deposition in the brain or nephrogenic systemic
fibrosis (NSF). It also takes a long scanning time to apply both techni-
ques. A new technique that resolves these problems will improve safety
and save cost for the patients.

This research aims to utilize and manipulate dynamic MR
Angiography data to additionally produce perfusion maps (CBV and
Tmax). We adopted and modified the DCE model and the DSC model for
processing the CE-MRA data. This research will contribute to decreasing
the amount of contrast agent or providing additional information with
the same amount of contrast agent compared to the conventional
method.
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2. Materials and methods

2.1. Theory

DSC-MRI measures the dynamic T2* or T2 signal reduction during
the first pass of paramagnetic intravascular contrast through the cere-
brovascular system. Tracer concentration function (Cm(t)) is defined as
the total concentration of tracer remaining in the voxel at a given time
[2,7]. Signal intensity holds a relation with concentration function as
described in the following Eq. (1), where reduction in image intensity is
converted into higher concentration of contrast agent. Cerebral blood
volume (CBV) is a measure of total blood volume transferred into a
voxel during a bolus transit, useful for diagnosis of diseases such as
hemorrhage or lack of neuron due to nutrient starvation. CBV is derived
from concentration function of brain tissue and the feeding artery
specified by the following Eq. (2) [2,8]:
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where Ct(t) and Ca(t) are tracer concentration functions from tissue and
artery, respectively. Correction factor k is introduced to take into ac-
count tissue density, hematocrit differences, and feeding capillary size.
For this research we set tissue density for all patients to be 1.04 g/ml
[9] [10]. Hematocrit levels for small and large vessels were set at 0.42
and 0.32, respectively [7] [10]. Feeding artery and capillary diameters
were set to be 30 μm and 8 μm, respectively [6,7,10,11].

Time-to-maximum (Tmax) is defined as an interval between the
time of the first arrival of tracer bolus and the time of the tracer con-
centration function to reach its maximum in a voxel. It is known that
Tmax for a specific tissue does not vary significantly (typically< 4 s),
unless hemodynamic abnormality exists [12].

In this study we suggest to derive concentration function from time-
resolved CE-MRA data. Zhang et al. (2012) [6] suggested the use of dye-
dilution theory to create gamma-variate model, which represents bolus
transition in voxel of interest. This theory suggests two different he-
modynamic processes: a bolus influx without outflow, which is present
in the early phase, and bolus influx with venous outflow in the later
phase. These two processes are represented in the two separate equa-
tions as follows:
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where each variable is correlated to a tracer kinetic property. A is
equivalent to the maximum concentration in a voxel, Ka and Kb re-
presents a constant of inflow and outflow while ta and tb is the arrival
time and exit time of the tracer, respectively [6]. From this model, the
full first-pass of the tracer bolus can be appreciated. The concentration
functions from different voxel would be similar to each other in terms of
shape with differences only in the magnitude and bolus arrival time. In
this study the location for arterial input function was fixed in Sylvian
segment of middle cerebral artery (MCA) throughout the whole analysis
[13].

Concentration function has a well-defined relation with longitudinal
relaxation R1 as shown in the following Eq. (4). The measured MR
signal is affected by R1 as described in Eq. (5).
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After acquiring the concentration function, the same method was
used to calculate CBV and Tmax values as the case of DSC mentioned
above.

2.2. Data information

The study was performed for 7 stroke patients whose occlusion site
information is described in Table 1. DSC and time-resolved CE-MRA
data were sequentially acquired with two separate injections of contrast
agent per each subject. DSC data was acquired in 2D echo planar
imaging (EPI) with following parameters: time to repeat (TR)/echo
time (TE)= 1751ms/30ms, matrix size= 128×128, field of
view=230×230mm2, slice thickness= 4mm, number of
slices= 20, and number of dynamic scans= 50. CE-MRA data was
acquired in 3D Time-resolved angiography with stochastic trajectories
(TWIST) with following parameters: TR/TE=2.62ms/0.95ms, matrix
size= 140×150×144, field of view=300×400×172.8mm3, and
number of dynamic scans= 33. DSC data were acquired in the axial
direction while CE-MRA data were acquired in the coronal direction
right after DSC with no waiting time. GADOVIST was injected for DSC
and CE-MRA at a rate of 3ml/s and 1.5ml/s, respectively. Total amount
of injection was 0.1ml per kg of subject body weight. T1 of tissue and
r1 of GADOVIST were assumed to be 1800ms [14] and 5 s−1 mM−1

[15], respectively.

2.3. CBV and Tmax calculations

CBV and Tmax maps were derived from DSC and CE-MRA data as
described in the theory section. Tissue concentration function Ct(t) used
in CBV was calculated from each voxel within the imaging field of view.
Singular value decomposition was used to minimize effects of temporal
fluctuations due to noises for both DSC and CE-MRA. For arterial con-
centration function Ca(t), we chose the middle cerebral artery for its
large enough size and proximity to the edge of the hemispheres. In this
study, temporal resolution of DSC was greater than that of CE-MRA.
This caused error in estimation for CE-MRA derived Tmax. In order to
minimize the error, we estimated the time points of the peak and the
bolus arrival by partially modeling signal. For a given Cm(t), we gen-
erated a line from the peak point to the signal point corresponding to
110% of the baseline concentration. Arrival time was then estimated as
the intercept between the generated line and the time axis. This method
was chosen for its higher reproducibility and better perfusion para-
meter estimation than existing methods such as modeling of the whole
signal or assumption of no tracer delay (i.e., assumption of baseline Cm
(t)= 0) [16]. In our procedure, we used a threshold of 110% of the
baseline concentration, which was determined empirically and was
consistent with the value from the previous literature [16]. Bolus exit
time was estimated in a similar way to the bolus arrival time: (i) de-
fining the line between the peak point and the signal point corre-
sponding to 110% of the baseline concentration defined at the end after
the bolus passage, (ii) finding the intercept between the generated line
and the time axis. After estimating the bolus arrival time and the bolus
exit time, CBV and Tmax were calculated from the bolus arrival time to
the bolus exit time.

Table 1
Occlusion site information for the patients.

Patient number Occlusion site

1 Right distal internal carotid artery
2 Left M1 segment
3 Right M1 segment
4 Left M1 segment
5 Right proximal internal carotid artery
6 Right proximal internal carotid artery
7 Right M1 segment
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2.4. Comparison of DSC and DCE MRA

An intensity based multimodal image registration [17] was per-
formed as available in MATLAB image processing toolbox based on the
implementation of D. Mattes et al. [18]. Baseline images (before tracer
arrival) and other supplemental information such as pixel dimensions
from DSC and CE-MRA were fed into the registration algorithm. The
optimizer and metrics were adjusted for the multimodal registration,
under the assumption that DSC and CE-MRA data were from two dif-
ferent modalities.

Quantitative comparison was performed using structural similarity
(SSIM), pixel-wise correlation, and ROI-based correlation. ROIs were
determined by selecting 4 areas from each hemisphere while ac-
counting for possible EPI distortion. Since EPI distortion mostly affects
the frontal and occipital lobe, ROIs were located mostly in temporal
lobe, basal nuclei, insular lobe, and diencephalon structures. The gray
matter temporal area was split into three ROIs while white matter/basal
ganglia were considered as one ROI. Total ROIs from a slice were 8 as
exemplified in Fig. 1 and total five slices were taken from each patient.
Correlation between the 40 data pairs was estimated to investigate the
agreement between perfusion maps from DSC and CE-MRA. Linear re-
gression was performed to find a trend that indicated the correlation.
Correlation coefficients of pixel-wise and ROI-based data pairs were
calculated between DSC and CE-MRA for both CBV and Tmax para-
meters.

3. Results

Concentration function Cm(t) curve from DSC showed normal bolus
entry and exit. However, Cm(t) curve of CE-MRA showed remaining
contrast agent even long after bolus transit, presumably due to the fact
that for the T1-weighted imaging the signal recovery to the baseline
takes longer after passage of the contrast agent. Therefore, the recovery
portion of the Cm(t) from CE-MRA was estimated to calculate CBV in
the same way as DSC.

Figs. 2 and 3 show representative CBV and Tmax maps from CE-
MRA and DSC. Visual comparison suggested a good correlation between
perfusion maps from CE-MRA and DSC. Gray matter and white matter

perfusion signals were high and low, respectively, in both scans, as
expected. These trends were well maintained in the lesion areas as well.
DSC-derived Tmax maps often showed high signals in the boundary,
presumably due to distortion effects of the EPI scan (Figs. 2b and 3b).

Correlation coefficients between DSC and CE-MRA are summarized
in Table 2 and the ROI-based correlation plot is shown in Fig. 4. Cor-
relation between the two methods was significant (P < 0.05), with
relatively higher correlation coefficients for CBV than Tmax (N=7).
Upon checking the goodness of fit in Fig. 4, it was indicated that CBV
maintained the trend more tightly than Tmax. CBV showed no sig-
nificant difference between gray matter and white matter ROIs and
between normal and pathologic ROIs, whereas Tmax showed significant
differences for both of the ROI comparisons (Table 2). The pixel-wise
correlation was lower than the ROI-based correlation, although still
statistically significant (p < 0.05). Difference between ROI-based and
pixel-wise comparisons is likely due to geometrical distortion of the EPI
scan used for DSC, which may mismatch the location of hemodynamic
activity. Despite the imperfectness of the method, variations in corre-
lation between different patients were small in both parameters. This
indicates the robustness of our method against various conditions of the
patient.

Fig. 5 shows images from another representative patient, different
from those in Figs. 2 and 3, demonstrating localization of the occlusion
site in CBV and Tmax maps. In Fig. 5, left M1 occlusion can be seen
readily in the Tmax map as indicated by the brown arrows, where Tmax
was measured to be above 6 s. This abnormality is further demonstrated
in the CBV maps in the form of blood volume reduction (hypo-perfu-
sion) in reference to the contralateral normal side as indicated by white
arrows.

4. Discussion

Delivery of nutrient and oxygen to the cerebral tissue is performed
through microvasculature. Normal microvasculature contributes to
1–3% of the total volume of normal cerebral tissue. However, in the
event of tumor or stroke, the vasculature will be greatly compromised
due to rapid cell growth, increase in cell density, or interstitial pressure
changes which will suppress vessels of the surrounding area [19,20].
Perfusion parameters detect changes in blood supply to cerebral cells
far before any anatomical alteration takes place [21,22]. This ad-
vantage is useful for early detection and prevention of tumor or stroke.
While there are some studies to compare DSC and DCE perfusion MRI
[23,24], this study is the first to compare perfusion maps from DSC MRI
and time-resolved CE MRA.

Compromised vasculature can also be detected from its anatomy
using MR angiographic data. MR angiography can be done quickly with
short post-processing. Anatomy and perfusion information is useful for
indicating salvageable tissue [25,26]. However, acquiring anatomy and
perfusion information from both DSC and CE-MRA requires a longer
scan time and has a safety problem. Using gadolinium contrast agent
twice may increase the risk of Gd deposition in the brain. Although
techniques for minimizing Gd deposition are developed, it will take
time for them to be used for real clinical practice.

The proposed method enables us to acquire perfusion map from MR
angiography alone. This solves all the three limitations explained be-
forehand. Furthermore, the acquired perfusion map showed strong
correlation to that of DSC which was acquired separately as control.
Small degree of variations among patient (standard deviation of± 0.10
and± 0.11 for CBV and Tmax respectively) implied robustness of the
proposed method.

The concentration function used in our experiment was extrapolated
based on the dye-dilution theory [6]. Although this model is less sen-
sitive to tracer delay, the calculation of CBV is dependent on the area
under the curve of arterial input function. Therefore, there is possibility
that the fitting of concentration function to this model may induce er-
rors in CBV mapping. However, fitting was still preferable to get the

Fig. 1. Regions of interest (ROIs) for quantitative analyses. Three gray matter
and one white matter ROIs were chosen in each hemisphere on 5 slices to
generate 40 data pairs per subject with no discernible artefacts and/or pixel
mismatch from non-rigid registration.
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Tmax values consistent with those from literature [12,27]. Another
issue in arterial input function is that it is unstable when occlusion
exists around the area. Even with the occlusion existing outside the
MCA ROI, the arterial input signal may undergo mild delay or disper-
sion due to the occlusion inducing lower blood flow than usual, which
is one potential limitation of the current study.

Pixel-wise comparison yielded less-than-ideal results in this study
despite the registration. This was partly ascribed to the distortion ef-
fects in the 2D EPI scan of DSC, especially noticeable in the object
boundary (Figs. 2b, 3b). Also, relatively small number of subjects is
another limitation of the current study. A different readout method for
DSC may mitigate the distortion issue and testing in more subjects may
show the true performance of the model. This study also showed per-
fusion maps from time-resolved CE-MRA that is not perfect, so further
improvements need to be explored. The interval between the two in-
jections of contrast agents was relatively short in this study. Acquiring
T1 maps before second contrast injection was suggested to compensate
for the variation in baseline T1 [28–30]. Baseline T1 map can be ac-
quired using gradient echo with multiple flip angles followed by fitting
process and this will help acquire even more accurate perfusion esti-
mates [28]. According to our simulation, however, T1 varying from

1200 to 1800ms (150-ms step) showed only 8.5% and 10% changes in
CBV and Tmax, respectively (data not shown), which are relatively
small and in agreement with other literature [28,29]. Also there are
some reports that tumor grading with DCE MRI was not improved by
using the independent T1 measurement compared to the fixed T1 as-
sumption and thus usage of the fixed T1 may suffice for daily clinical
practice [28–30].

In summary, the current study demonstrated the feasibility of
mapping cerebral perfusion from time-resolved contrast enhanced MR
angiographic data. The perfusion maps of CBV and Tmax from CE-MRA
were visually and quantitatively correlated with those from DSC.
Contrast enhanced MR angiography can provide not only topography of
vascular structure but also the perfusion from the vasculature to sur-
rounding tissue regions. This allows physician to receive both in-
formation in a single contrast agent injection, which reduces cost and
improves patient safety and comfort.
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Fig. 2. Representative cerebral blood volume (CBV) maps from time-resolved contrast enhanced MR angiography (CE MRA) (a) and dynamic susceptibility contrast
MRI (DSC) (b). Color scale bars represent the CBV values.

Fig. 3. Time-to-max (Tmax) maps from time-resolved contrast enhanced MR angiography (CE MRA) (a) and dynamic susceptibility contrast MRI (DSC) (b). Color
scale bars represent the Tmax values.
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Table 2
Correlation coefficients between perfusion maps (CBV, Tmax) from dynamic susceptibility contrast (DSC) MRI and time-resolved contrast enhanced MR angiography
(CE-MRA). The values are described as mean ± standard deviation. SSIM: structural similarity, pixel-wise: pixel-wise correlation coefficients, ROI-based: ROI-based
correlation coefficients, Gray Matter, White Matter, and Pathologic: ROI-based correlation coefficients in gray matter, white matter, and pathologic regions, re-
spectively.

Parameters Whole volume Gray Matter
(ROI-based)

White Matter
(ROI-based)

Normal
(ROI-based)

Pathologic
(ROI-based)

SSIM Pixel-wise ROI-based

CBV 0.72 ± 0.08 0.45 ± 0.17 0.81 ± 0.10 0.82 ± 0.12 0.82 ± 0.09 0.87 ± 0.03 0.86 ± 0.03
Tmax 0.67 ± 0.05 0.22 ± 0.11 0.65 ± 0.11 0.70 ± 0.08 0.52 ± 0.33 0.49 ± 0.16 0.72 ± 0.41

Fig. 4. ROI-based correlation plots between time-resolved contrast enhanced MR angiography (CE MRA) and dynamic susceptibility contrast MRI (DSC) for cerebral
blood volume (CBV) (left) and time-to-maximum maps (Tmax) (right). The orange line indicates the trend line.

Fig. 5. Another representative cerebral blood vo-
lume (CBV) and time-to-max (Tmax) maps showing
the occlusion site from a patient different from the
one shown in Figs. 2 and 3. Left M1 occlusion site is
indicated by brown arrows in Tmax maps. The area
with Tmax>6 s indicates the abnormal hemody-
namic region that is clearly shown in Tmax maps
from both methods (c,d). The CBV maps (a,b) also
show clue for the hypo-perfusion as indicated by
white arrows in comparison to the contralateral
normal side. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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