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Abstract
Object Dynamic susceptibility contrast MRI (DSC-MRI) is
increasingly being used to evaluate cerebral microcircula-
tion. In this study, the use of the analytic image reconstruc-
tion (AIR), with the aim to increase the temporal resolution,
is evaluated for DSC-MRI in small animals.
Materials and methods Imaging was performed using a
T2*- weighted sequence to acquire male Lewis rats raw
data. Results show that AIR satisfactory reconstructs DSC-
MRI while preserving a good reconstruction quality and the
image characteristics compared to the full k-space and key-
hole reconstructed images. The combination of the choice
of the baseline image and the proposed asymmetric acquisi-
tion schema enables an increase in temporal resolution, by
a factor of four, thus having more sample points for better
estimating perfusion parameters.
Results Computer simulations result in a mean cerebral
blood volume of 1.22 that deviates from the full k-space value
by −3% and a mean cerebral blood flow of 1.97 deviating
from the full k-space value by −3% when the mean transit
time did not change. Even if these deviations increase when
achieving real acquisitions, AIR still better computes quan-
titative values than keyhole.
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Introduction

Brain perfusion is an important measure for the local supply
of nutrients and oxygen to brain tissue. Magnetic resonance
imaging (MRI) represents an ideal technology for assess-
ing brain perfusion in a non-invasive and spatially resolved
manner. When using tracer dilution methods, a contrast agent
(CA) is administered intravenously and the first passage of
this CA bolus through the brain is monitored using MRI. This
dynamic susceptibility contrast MRI (DSC-MRI) technique
yields hemodynamic parameters related to the cerebral blood
flow (CBF), the cerebral blood volume (CBV) and the mean
transit time (MTT) of the contrast agent. The fast passage
of the CA puts high demands on the temporal resolution of
the MR data collection, while reasonable spatial resolution
should be maintained.

Several methods have been proposed to improve the
efficiency of the data acquisition by reducing the amount
of acquired data by so-called assuming that some prior
information about the object is already known. Methods
exploiting temporal redundancies include keyhole [1–6] and
view-sharing methods [7–11].

In DSC-MRI, contrast arises from signal dephasing
around vessels containing contrast agent in T∗

2-weighted
images, which leads to a signal attenuation that is assumed
to be proportional to the concentration of the contrast agent
in the blood in absence of saturation effects. The keyhole
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technique, where only the central region of the Fourier
domain is acquired, improves temporal resolution while
retaining Cartesian sampling. The basic prerequisite of key-
hole imaging demands that the change in the dynamic
series is of a nature that can be sufficiently covered by the
central part of the Fourier domain. Thus, low spatial fre-
quencies should be sufficient to describe the changes in
the image series, implying that they are affecting coarse
rather than fine structures [5]. The spatial resolution of
the dynamic data is governed by the number of phase-
encoding lines sampled in the keyhole segment, across the
Fourier domain center, which by itself is determined by the
condition that approximately 90% of the signal power in
an image should be retained within this segment. Pitfalls
of inappropriate positioning of the keyhole window include
severe artifacts, such as bad estimation of perfusion param-
eters or wrong computation of T2* map values, in the anal-
ysis of dynamic effects which are due to an erroneous time
curve [5], loss of the signal behavior at each time point in
the dynamic information and signal drifts in k-space that
become especially prominent in T2*-weighted DSC-MRI.
Therefore, despite the advantage of improved temporal reso-
lution, the keyhole technique is not widely used in a clinical
setting.

To address the aforementioned limitations, such as sig-
nal drifts in k-space, erroneous time curve which leads
to bad estimation of perfusion parameters, we have eval-
uated the capabilities of the analytic image reconstruction
(AIR) technique [12], which also exploits redundancies in
time in its reconstruction process, for reconstructing DSC-
MRI raw data. The method is based on the principle of
acquiring only the symmetric low-frequency part of the
k-space data in order to reduce the acquisition time then
to replace the missing high spatial frequencies as illus-
trated in Fig. 1c. For reconstruction, each dynamic k-space
is split into two parts, the positive spatial frequencies cov-
ering half of k-space and the negative spatial frequencies
covering only the central part of the other half of k-space.
These two parts are considered as the spectral representa-
tions of two individual analytic images. The final image
is then computed by taking the magnitude of the sum of
these two reconstructed images. AIR has already been com-
pared to partial Fourier reconstruction methods like homo-
dyne detection [13] and projection onto convex sets (POCS)
[14] for human dynamic imaging and was shown to yield
superior results [15], mainly because there is no need to
compensate for phase errors during image reconstruction
in order to expect its good reconstruction quality. In the
present work, we investigated the AIR approach for recon-
structing DSC-MRI and studied its capabilities of reproduc-
ing perfusion measurements in small animal studies. For
this purpose, AIR was compared both to full k-space and
keyhole reconstructions.

Theoretical background

The analytic image concept has been described previously
[12,15]; for reasons of clarity, we will illustrate the principles
as far as they are required for reconstructing 2-D dynamic MR
images.

Irrespective of the acquisition procedure and neglect-
ing noise, a given full k-space data set S(u, v) can be
expressed as the superposition of its negative and positive
spatial frequencies in the phase-encoding direction (u), i.e.
S(u, v) = Sn(u, v) + Sp(u, v). Inverse Fourier transforma-
tion of Sn,p(u, v) yields the real images fn,p(x, y), with n
and p standing for negative or positive. Due to magnetic field
inhomogeneities and/or eddy currents effects, S(u, v) is in
general not Hermitian. Nevertheless, assuming deviations to
be small, we can assume pseudo-Hermitian symmetry.

The analytic images z p(x, y) and zn(x, y) associated to
the positive and the negative half k-space are defined as

zn,p(x, y) = fn,p(x, y) + j

π
· p.v.

+∞∫

−∞

fn,p(τ, y)

x − τ
· dτ,

(1)

where p.v. stands for the Cauchy principal value, and

fn,p(x, y) = Re
[

F−1
2

(
Sn,p(u, v)

)]

with

Sn,p(u, v) = (1 + sgn(u)) · F2( fn,p)(u, v). (2)

F2 represents the 2-D Fourier transform operator. Finally, the
analytic image z(x, y) describing the full k-space is given by

z(x, y) = f p(x, y) + fn(x, y) + j

π
· p.v.

+∞∫

−∞

f p(τ, y)

x − τ
·dτ

+ j

π
p.v.

+∞∫

−∞

fn(τ, y)

x − τ
· dτ. (3)

In the following, we extend the analytic image concept to
dynamic MR images and include the time t as additional var-
iable. In this case, the full k-space S(u, v, t) is partitioned
into two parts Sn(u, v, t) and Sp(u, v, t) and Eq. 3 becomes

z(x, y, t) = f p(x, y, t) + fn(x, y, t)

+ j

π
· p.v.

+∞∫

−∞

f p(τ, y, t)

x − τ
· dτ

+ j

π
· p.v.

+∞∫

−∞

fn(τ, y, t)

x − τ
· dτ. (4)
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Fig. 1 k-space sampling strategies: a Baseline data set covering full
k-space b Dynamic acquisition of symmetric low spatial frequencies in
the phase-encoding direction of k-space (k-space center). Low spatial

frequencies representing the dynamic data are merged with the baseline
high spatial frequencies to form the optimal reconstruction data set for
AIR (c) and keyhole reconstruction (d), respectively

We now assume the k-space to be sampled asymmetri-
cally (Fig. 1c) comprising all the positive k-space frequencies
together with few negative frequencies in the phase-encod-
ing direction for any given time t. In this case, Eq. 4 can be
rewritten as

z(x, y, t) = f p(x, y, t) + fn(x, y, t) + j

π
· p.v.

×
+∞∫

−∞

f p(τ, y, t)

x − τ
dτ + j

π
· p.v.

+∞∫

−∞

fn(τ, y, t)

x − τ
· dτ

⊗
(

δ(y)

2
+ 1

j · 2π · y

)
(5)

where the last term of the right side of Eq. 5 represents the
inverse Fourier transform of a step function (the lower trunca-
tion frequency is −N/8, N being the total number of phase-
encoding lines), and accounts for the fact that the negative
k-space is only sampled in part. The final reconstructed image
f (x, y, t) is then obtained by computing the magnitude of
z(x, y, t).

Figure 2 schematically compares k-space sampling using
AIR and keyhole strategies. For simplicity, we illustrate the
1-D case. The major difference when comparing AIR with
keyhole reconstruction lies on the different weighting of the
central k-space frequencies. Based on this, we also analyzed
a modified keyhole reconstruction (m_keyhole), for which
the low spatial frequencies were multiplied with a weight
factor (2) to mimic the AIR, using the same amount of raw
data.

Materials and methods

Animal preparation

In vivo experiments were carried out on male Lewis rats
(N = 10) of 200–380 g body weight with unrestricted access
to standard rat chow and tap water. Animals were anaesthe-
tized using an initial dose of 4% isoflurane in an air/oxy-
gen mixture (4:1), endotracheally intubated and artificially
ventilated using a small animal ventilator (Maraltec, Biel-
Benken, Switzerland). Anesthesia was maintained through-
out the experiment using a dose of 1.5% isoflurane. Body
temperature was monitored using a rectal temperature probe
and maintained at 36.5±0.5◦C using warm air. The tail vein
was cannulated for administration of the contrast agent. All
experiments were carried out in strict adherence to the Swiss
law for animal protection.

MRI experiments

MR experiments were carried out using a Bruker BioSpec
94/30 (Bruker BioSpin MRI, Ettlingen, Germany) small ani-
mal MR system operating at 400 MHz. A linear polarized
volume resonator was used for excitation and a quadrature
surface coil for signal reception. Positioning of the imag-
ing slice for the perfusion measurements was planned on
sagittal and coronal scout images. As we were also aim-
ing to investigate the capabilities of AIR compared to key-
hole for reconstructing dynamic phenomena, we choose to
use a FLASH (fast low-angle shot) sequence instead of an
EPI sequence (echo planar imaging: method of choice for
DSC imaging), as the latter is more susceptible to image
distortions and will probably make difficult comparison of
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Fig. 2 Schematic description of AIR and keyhole reconstructions
along the phase-encoding direction of k-space (in 1D for simplicity).
Combining low resolution dynamically acquired data (a) and fully sam-
pled baseline data (b). For AIR the original data are split into negative
(c’) and positive (d’) frequencies, respectively, and complemented by
complex conjugation to yield the spectral representations (c) and (d).

Combination of (c) and (d) yields the dataset (f) used for the AIR image
reconstruction. Substituting the low frequency part of (b) with (a) yields
data set (e) used for keyhole reconstruction. Finally, multiplying the
low frequency components in (e) with a factor 2 yields (e’) used for
m_keyhole reconstruction

reconstruction results. In any case, the DSC-MRI action on
the intravoxel magnetic field distribution is entirely indepen-
dent from the imaging technique employed to detect it, there-
fore any suitable MRI sequence should yield similar results.
AIR is expected to approach the time resolution of EPI imag-
ing by reducing the number of phase-encoding lines acquired.
For the estimation of brain perfusion, axial T∗

2-weighted
images were acquired before, during and after contrast agent
administration using a gradient echo sequence (FLASH) with
the following parameters: slice thickness (STH) = 1.5 mm,
field of view (FOV) = 26 × 26 mm2, matrix dimension
(MD) = 400 × 55 for full k-space sampling and 400 × 15
when acquiring only the center part of k-space, reconstruction
matrix (RM) = 512×55, flip angle (α) = 10◦, echo time/rep-
etition time (TE/TR) = 5/18.2 ms. For full k-space sam-
pling, 128 repetitions, with a temporal resolution of 1 s, were
acquired resulting in a total acquisition time of 128 s, while
reduced k-space sampling resulted in an increased temporal
resolution of 273 ms. Correspondingly, the number of rep-
etitions was increased to 470 thereby maintaining the same
total acquisition time of 128 s. The contrast agent Endorem�

(Laboratoires Guerbet Sam Paris, France) was administered
after 20 repetitions (injected volume: 0.5 ml, concentration:
11.2 mg Fe/ml, infusion rate: 0.5 ml/ min) using an automatic
injection pump (Havard Apparatus, PHD2000 series, Plym-
outh Meeting, USA). The pump was started and stopped by
TTL pulses prompted by the MRI pulse program.

K-space sampling and image reconstruction

Prior to the acquisition of dynamic image series, a fully sam-
pled baseline image was acquired as presented on Fig. 1a.
Subsequently, series of fully sampled images were collected
in five animals representing reference DSC measurements,
while an image series with high temporal resolution, collect-
ing only the central part of k-space, was acquired in another
5 animals (Fig. 1b).

During reconstruction, positive high spatial frequencies
from the baseline k-space and low spatial frequencies from
the dynamic image series were combined (Fig. 1c) and
reconstructed to a high spatial and high temporal resolution
image series using the analytic image concept. Accordingly,
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keyhole reconstruction was performed by updating the low
spatial frequencies of the baseline k-space with the central
k-space lines acquired in the dynamic scan. Subsequently,
each image series is reconstructed independently according
to the obtained k-space. To allow for a direct comparison
between AIR and keyhole, the central k-space lines were
attributed twice the weight for a modified keyhole reconstruc-
tion (m_keyhole). The increased weighting of central k-space
is inherent in AIR. The various reconstruction approaches
were implemented in Matlab (R2007b, Math Works Inc.,
USA). In addition, the performance of AIR, keyhole and
m_keyhole was compared using synthetic datasets. For this
purpose, the number of phase-encoding lines of a fully sam-
pled k-space data was reduced according to the sampling
scheme described for AIR and keyhole (Fig. 1a, b) assum-
ing different reduction factors (and correspondingly acqui-
sition times) and images reconstructed using the respective
algorithms.

Image analysis

Performance analysis

Qualitative assessment of the reconstructed images was
performed by calculating the difference images between
fully sampled images and images reconstructed from partial
k-space acquisitions in combination with AIR, keyhole and
m_keyhole reconstructions. Difference images were com-
puted according to

DIFF = |I (x, y) − IR(x, y)| (6)

where I (x, y) is the full k-space reconstructed image taken
as reference and IR(x, y) the AIR, keyhole or m_keyhole
reconstructed image series. For quantitative evaluations, we
used, as a first criterion, the normalized mean squared error
(NMSE) defined by

NMSE = 1

N

∑ ∑ (I (x, y) − IR(x, y))2

Ī . ĪR
, (7)

with Ī and ĪR being the mean image intensities of I (x, y)

and IR(x, y), respectively.
The signal-to-noise ratio (SNR) was used as a second

criterion for evaluating the reconstruction quality. For this
purpose, one region of interest (ROI) was positioned in
the rat cortex serving as signal estimate. The cortical SNR
(SNRCortex) at maximum concentration was then com-
puted, according to Liu [16], as

SNRCortex = Cmax/σC max (8)

where Cmax is the maximum value of the concentration–time
curve expressed in Eq. 10, and σC max is the noise variance
of C(t) when C(t) = Cmax.

Analysis of perfusion data

Quantitative analysis was carried out using the same corti-
cal ROI as above. Signal intensity values over time I(t) were
converted to relative concentrations C(t) of the CA according
to

C(t) ∝ − 1

TE
ln [I (t)/I (0)] (9)

where I(0) represents the intensity prior to CA administra-
tion and TE the echo time. It was assumed that cerebral blood
volume (CBV) did not change during the measurements. To
estimate the CBV, we first estimated an arterial input function
(AIF) as described in Yeh et al. [17]. In our case, the AIF was
obtained from 10 pixels with greatest contrast enhancement
and relying on the work of Newman [18], cerebral blood
volume was then computed by the parametric area under the
curve (AUC) through the following formula

CBV = h
∫ − ln(I (t)/I (0))dt

ρ
∫ − ln(Ia(t)/I a(0))dt

(10)

where Ia(0) and Ia(t) are the arterial signal intensity prior
to and at time t following the CA administration. h is a coef-
ficient correcting for the differences in hematocrit between
large vessels and the brain vasculature with a value of 0.73
being reported, and ρ standing for the attenuation of the brain
tissue (1.04 g/ml) [20]. We used a non-parametric deconvo-
lution model based on the Fourier transform as described by
Ostergaard et al. [19] to compute the CBF value. The CBF
is estimated from the maximum value of the deconvolved
function. The mean transit time MTT is computed using the
central volume theorem [21],

MTT = CBV/CBF. (12)

Results

Computer simulations

The performance of AIR was compared to images recon-
structed from full k-space, keyhole and the m_keyhole sam-
pling schemes. In order to achieve optimal correspondence
of raw data, partial k-space data sets were generated from
the full k-space sample setting the respective high frequency
k-space lines to zero (see below). Images shown were
recorded prior to the administration of the CA (Pre), dur-
ing (Peak) and after (Post) the first pass of the CA, respec-
tively. To construct the data set presented in Fig. 1d, the first
image of the image series was fully sampled and used as base-
line. For subsequent images, only 25% of the data around the
center of k-space was kept. The missing high spatial frequen-
cies of the k-space image series were updated using the high
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Fig. 3 Simulation results:
Axial images of rat brain
acquired previous (Pre), during
(Peak) and after (Post) the CA
passage. Left column are full
k-space reconstructed images
while the middle and right
columns are images
reconstructed with keyhole and
AIR reconstruction methods,
respectively. Simulation of
reduced k-space acquisition is
achieved using full raw data
acquired on the same animal.
25% of the full k-space data are
kept to perform keyhole and
AIR reconstructions. Absolute
difference images (DIFF) were
compute between the full
k-space reconstructed images
and the partial k-space
reconstructed ones before,
during and after the first passage
of the CA. In images,
reconstructed using keyhole
during and after the first pass of
the CA artifacts have been
observed that could be mistaken
as anatomical structures
(arrows)
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frequencies of the baseline (Fig. 1). The comparison of
images reconstructed from fully sampled k-space (Fig. 3, left
column) with images from partial k-space sampling (using
only 25% of k-space data corresponding to a reduction fac-
tor of 4) shows no obvious degradation in image quality for
the keyhole reconstructed images prior to CA administra-
tion, while spatial blurring appeared in m_keyhole, AIR and
keyhole images following CA administration. Qualitative
inspection of the images revealed superior anatomical defi-
nition (edges, high-frequency structures) for keyhole when
compared to AIR and m_keyhole reconstructions, especially
before CA injection. On the other hand, quantitative analysis
yielded significantly larger deviations of intensity for key-
hole with regard to the other two techniques. These observa-
tions are consolidated by the error values plotted in Fig. 4.
The NMSE in keyhole is consistently larger than that of AIR
or m_keyhole especially after the CA injection. The changes
in NMSE over time are due to the fact that the average image

intensity changes upon passage of the CA (Eq. 8). Partic-
ularly, in keyhole, some misleading artifacts occur in the
images reconstructed during and after the first pass of the
CA (indicated by arrows in Fig. 3). As the number of phase-
encoding lines kept for reconstructing the dynamic effects
appears to be too small, keyhole images are dominated by
features present in the baseline image.

The comparison of the NMSE reveals that the dynamic
changes are better reconstructed using AIR compared to key-
hole approach (Fig. 4). Furthermore, m_keyhole and AIR
which are of comparable level lead to higher SNR values
compared to conventional keyhole.

For quantitative evaluations of perfusion data, we ana-
lyzed the signal intensity profile for two ROIs, the first one
located in the rat cerebral cortex and the second in the
brain striatum, and computed the regional concentration–
time curves (rCTC). The data points corresponding to the
first pass of the rCTC (for both tissue and AIF) were used to
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Fig. 4 Quantitative evaluation of perfusion images when simulating
reduced k-space sampling: NMSE evolution during time. The acquired
data represents 25% of the full k-space
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Fig. 5 Quantitative evaluation of simulated reduced perfusion data:
Concentration–time curve (CTC) from full and reduced k-space recon-
structions. The arrow indicates the peak of the keyhole CTC curve. 25%
of the full k-space is used to perform AIR, keyhole and m_keyhole

compute perfusion parameters (see Materials and Methods).
For comparison, rCTC values have been computed after
re-scaling all the reconstructed images to the same range
of intensities. The comparison of the rCTC curves of full
k-space image series and partial k-space reconstruction, for a
cortical ROI, using keyhole, m_keyhole and AIR approaches,
using 25% of the full k-space data, is shown in Fig. 5 for one
representative animal. Corresponding perfusion parameters
(regional CBV, MTT and regional CBF) are listed in Table 1a
for the brain cortex and in Table 1b for the brain striatum.
Perfusion parameters computed for AIR images deviated of
−3% for rCBV, 0% for MTT and −3% for rCBF, in the
cortical ROI, when compared to the reference values com-
puted for the full k-space reconstructed data, which is within
one standard deviation of the reference values. The afore-
mentioned parameters deviated of 3% for rCBV, 22% for
MTT and −24% for rCBF, in the striatum. The corresponding
values are significantly larger for m_keyhole and in particular

for keyhole. The difference observed in terms of MTT
values computation is probably due to the contribution of
the high spatial frequencies in each considered ROI. That
is also expressed by the computation of SNR values, for
which a noticeable increase is observed in comparison to the
full k-space reconstruction. The lack of half of the high
spatial frequencies reduces the noise contribution in the
reconstructed images (AIR). Figure 5 also shows that the
recirculation property of the CA used, i.e. its steady-state
concentration that is attained following tracer first pass, is
poorly accounted for by the keyhole reconstruction.

Increase in temporal resolution in dynamic susceptibility
contrast MRI

Five animals each were imaged to acquire full or reduced
k-space data sets. Again, performances of AIR were com-
pared to those of full k-space, keyhole and m_keyhole
reconstructions using only 25% of k-space data correspond-
ing to a reduction in the acquisition time by a factor of 4
(Fig. 6). The quality of images reconstructed on the basis
of partial k-space datasets is considered satisfactory, even
though keyhole displays some artifacts originating from the
static part of the image. Images reconstructed with both key-
hole methods and AIR suffer from weak ringing artifacts,
in particular at brain interfaces/surface. All partial k-space
reconstructed images reproduced the essential features of the
full k-space sampled images both with regard to intensity dis-
tributions and evolution over time. The lowest SNR values
have been computed with keyhole yet we did not observe a
significant difference regarding the SNR values of the three
reconstruction methods (Table 2). The quantitative compari-
son of the experimental full and partial k-space sampled data
is in line with predictions derived from simulations.

rCTC curves for a representative animal for the full
k-space and partial (25%) k-space reconstructed images are
depicted in Fig. 7. The higher sampling rate associated with
reduced k-space acquisition improves the accuracy of the
estimation process. When comparing the profiles to the full
k-space sampled data, it becomes obvious that AIR and
m_keyhole yield superior results to keyhole. In fact, rCTC
curves for AIR and m_keyhole data are almost identical. An
interesting observation is that keyhole reconstruction largely
underestimates CA recirculation in agreements with the
results obtained from the simulation studies. The difference
performance of the reconstruction algorithms is also reflected
by the quantitative perfusion values derived (Table 2). The
values of the mean rCBV, MTT and rCBF were computed
for the ten rats (five each for full and partial k-space sam-
pled data). Perfusion parameters obtained for AIR images
deviated −26% for rCBV, 0% for MTT and 26% for rCBF,
when compared to the reference values computed for the
full k-space reconstructed data, which is within one standard
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Table 1 Quantitative evaluation of simulation results: Mean values of rCBV, MTT and rCBF have been determined in a region of interest located
in the cerebral cortex (a) and in brain striatum (b)

Full k-space keyhole m_keyhole AIR

a
rCBV 1.19 0.78 (34%) 0.89 (25%) 1.22 (−3%)

MTT 0.62 0.62 0.62 0.62

rCBF 1.92 1.27 (34%) 1.43 (26%) 1.97 (−3%)

SNR 20.86 12.69 (38%) 18.02 (14%) 17.64 (15%)

b

rCBV 0.66 0.39 (41%) 0.46 (30%) 0.64 (3%)

MTT 0.45 0.19 (58%) 0.34 (24%) 0.35 (22%)

rCBF 1.47 2 (−36%) 1.35 (8%) 1.83 (−24%)

SNR 21.84 20.73 (5%) 20.88 (4%) 32.41 (−48%)

The numbers in the brackets represent the difference in percentage from the full k-space reconstructed images. SNR values have been evaluated at
the maximum concentration value. 25% of the full k-space data were used to compute keyhole, m_keyhole and AIR reconstructed images which
are shown in Fig. 3
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Fig. 6 Axial images of rat brains acquired previous (top rows), dur-
ing (middle rows) and after (bottom rows) the CA passage. Left col-
umn are full k-space reconstructed images while the other columns are
images reconstructed with keyhole, m_keyhole and AIR reconstruction

methods, respectively. Full k-space and partial k-space data were
acquired in two different sets (same animal for reduced acquisition
time k-space). Only 25% of the full k-space data are acquired to per-
form keyhole and AIR reconstruction
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Table 2 Quantitative evaluation: rCBV, MTT and rCBF were estimated for a cortical region of interest

Full k-space keyhole m_keyhole AIR

CBV 1.42 ± 0.36 0.83 ± 0.18 (42%) 1.06 ± 0.19 (25%) 1.05 ± 0.45 (26%)

MTT 0.77 ± 0.04 0.55 ± 0.03 (29%) 0.58 ± 0.03 (25%) 0.57 ± 0.04 (26%)

CBF 1.86 ± 1.17 1.79 ± 0.46 (2%) 1.84 ± 0.50 (1%) 1.86 ± 0.92 (0%)

SNR 15.22 ± 1.82 11.96 ± 4.24 (21.42%) 13.59 ± 2.08 (10.7%) 12.5 ± 2.32 (17.9%)

Values are given as mean ± SEM (N = 5 animals) with the numbers in the brackets representing the difference in percent from the full k-space
reconstructed images. SNR values have been evaluated at the maximum concentration value. Partial k-space sampling comprised 25% of the full
k-space corresponding to an increase in temporal resolution by a factor of 4
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Fig. 7 Quantitative evaluation of perfusion data: Concentration–time
curve (CTC) from full and reduced k-space (25%) reconstructions.
Again the arrow indicates the peak of the keyhole CTC curve. Reducing
k-space coverage increases the number of data points in time domain
by a factor of 4

deviation of the reference values. M_keyhole provided sim-
ilar results while the perfusion estimates for keyhole recon-
structed data were significantly lower with deviations of
−42% for rCBV, −2% for rCBV and −29% for MTT. One
explanation for larger standard deviations in image inten-
sity could be the related to the considered ROI (i.e. tis-
sue with large vessels would be expected to show increased
variability).

Discussion

The present work describes the use of the analytic image
concept for reconstructing DSC-MRI data. Accelerating data
acquisition by reduced k-space sampling can be exploited in
several ways: (1) the higher sampling rate improves the defi-
nition of the rCTC curves and therefore the quality of the per-
fusion parameters derived. (2) Alternatively, accelerated data
acquisition allows coverage of larger tissue volumes using
either multislice or 3-dimensional data acquisition strate-
gies.

When comparing AIR to other related reconstruction tech-
niques such as keyhole, it could be shown to produce supe-
rior results, in particular the overall image intensity is better
reproduced, which is critical for deriving perfusion values.
This has been concluded both from simulated data and from
experimental results obtained with an acceleration factor of
4 (25% of k-space sampled). Comparable results have been
achieved using a modified keyhole approach (m_keyhole)
with the weighting of the low spatial frequencies increased
by a factor of 2.

In AIR, only one half of the baseline high spatial frequen-
cies acquired prior to the DSC-MRI series are used for recon-
struction: AIR uses the positive frequencies associated with
the static information in the image and exploits the pseudo-
Hermitian symmetry of the k-space to recover the missing
k-space data during the reconstruction process. This proce-
dure avoids some artifacts as e.g. those introduced by keyhole
reconstruction (see arrows in Fig. 3). It further more leads to
an improvement of SNR values in the reconstructed images.
Despite obvious similarities, keyhole and AIR use two dif-
ferent reconstruction strategies. While keyhole fills in miss-
ing high-frequency data simply with those from the baseline
data set(s), AIR recovers the missing data using the analytic
image concept, which exploits redundancies in k-space data.
A major aspect of AIR is the increased weight of the low
spatial frequencies during the reconstruction process leading
to a better recovery of image contrast.

Since CA passage through the brain vasculature corre-
sponds to an incoherent, diffusion like propagation, the high
spatial frequency components will not be identical to those
of the baseline image; as a consequence, there will be inco-
herence in the assembled raw data (discontinuity in inten-
sity and phase), which would lead to image artifacts. It has
been reported that keyhole imaging degrades the resolution
of the dynamic image change in presence of higher spa-
tial frequency content [5]. This behavior, which becomes
obvious before and after the first pass of the CA, explains
the low signal amplitude observed during CA recirculation
and potentially also the occurrence of discrete image arti-
facts (Fig. 5). The low pass filter inherently used in AIR
increases the most important part of the information related
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to the object (low spatial frequencies), so the intensity con-
tribution of the static part of the data (high spatial fre-
quencies) is lower compared to that of the dynamic part
(low spatial frequencies), while in keyhole both contribute
equally. The presented modified version of keyhole, m_key-
hole, not only improves the reconstruction from a quali-
tative point of view but also with regard to quantitative
intensity values. It is nevertheless worth to pinpoint atten-
tion on the fact that the reconstruction quality is related
to the quality of the DSC-MRI procedure. In order words,
one should care about undesired effects, which can corrupt
the quality of the reconstructed image. For example, for
T∗

2-weighted DSC-MRI, CA induced decreases of T1 will
affect both the measurement of AIF and of CTC in tissue,
although to a lesser extent because of its small contribu-
tion from the intravascular compartment. When increasing
the temporal resolution of DSC-MRI, one should care about
parameters used for optimizing the imaging sequence. Thus,
inappropriate values of TR, TE and flip angle may lead to
unwanted T1-weighting [22] or an insufficient SNR. For the
current study, this was not an issue as both full and partial
k-space sampled data sets have been acquired using identical
sequence parameters.

In keyhole, the reconstructed images represent the sum-
mation of the baseline image with the difference between
the images of the dynamic series and the mentioned base-
line convolved with the filter function that is associated to
the keyhole window. In contrast, AIR uses high frequencies
corresponding to the static information of the series once
by applying another convolution term associated to the filter
function involved for the missing k-space data (see Eq. 6).
This leads to an improvement in SNR considering the over-
all image, which may come at a certain cost. The increase in
SNR in the reconstructed images may be linked to a loss of
spatial resolution as reflected by the AIR DSC-MRI images
presented in Figs. 3 and 6. Advantages of AIR are that
assumptions about the signal distribution are not required
and at the same time, the method does not over-constrain the
reconstruction algorithm like in constraint Fourier imaging
or some parallel imaging reconstruction approaches. Also,
in contrast to the keyhole approach, AIR does not required
assumptions, like the right orientation of the phase-encoding
direction previously mentioned, to expect useful quantitative
results [5].

The ringing artifacts in the reconstructed images (Figs. 3
and 6) are the result of data substitution (discontinuity in
phase and intensity) and in the case of AIR to sharp transi-
tions in the k-space domain when using a step function as
a filter (see Eq. 6). These artifacts can largely be reduced
by applying a smoothing filter, which, however, will affect
the quantitative perfusion parameters as the signal intensities
are modified. Therefore, we refrained from using smoothing
filters in this study.

Conclusion

We have investigated the use of the AIR algorithm for DSC-
MRI reconstruction in small animal studies. AIR exploits
pseudo-Hermitian property of the k-space through the ana-
lytic image concept in order to improve the reconstruction
quality and to allow computation of reasonable perfusion
parameters. Using AIR reduces k-space signal drifts effects
compared to the keyhole approach and allows a better recon-
struction of the dynamic stage of the image series thus lead-
ing to better dynamic effects analysis. AIR preserves a good
reconstruction, both qualitatively and quantitatively, of DSC-
MRI while allowing a reduction in the acquisition time by a
factor up to 4. An alternative approach to improve quantita-
tive intensity information derived from the keyhole recon-
struction is a modified version thereof, m_keyhole, with
increased weighting of the low spatial frequencies.

Acknowledgments We sincerely thank Esther Sydekum and
Dr. Ivana Kotevic, for animal preparation and monitoring and the Swiss
National Science Foundation for funding.

References

1. van Vaals JJ, Brumer ME, Dixon WT, Tuithof HH, Engels H, Nel-
son RC, Gerety BM, Chezmar JL, den Boer JA (1993) Keyhole:
method for accelerating imaging of contrast agent uptake. J Magn
Reson Imag 3:671–675

2. Walsh EG, Doyle M, Lawson MA, Blackwell GG, Pohost
GM (1995) Multislice first-pass myocardial perfusion imaging on
clinical scanner. Magn Reson Med 34:39–47

3. Suga M, Matsuda T, Komori M (1999) Keyhole method for high-
speed human cardiac cine MR imaging. J Magn Reson Imag
10:778–783

4. Parrish T, Hu X (1995) Continuous update with random encoding
(CURE): a new strategy for dynamic imaging. Magn Reson Med
33:326–336

5. Oesterle C, Strohschein R, Köhler M, Schnell M, Hennig J
(2000) Benefits and pitfalls of keyhole imaging, especially in first-
pass perfuson studies. J Magn Reson Imag 11:312–323

6. Zaitsev M, Zilles K, Shah NJ (2001) Shared k-space echo-planar
imaging with keyhole. Magn Reson Med 45:109–117

7. Doyle M, Walsh EG, Blackwell GG, Pohost GM (1995) Block
regional interpolation scheme for k-space (BRISK): a rapid car-
diac imaging technique. Magn Reson Med 33:163–170

8. Hu X, Parrish T (1994) Reduction of field of view for dynamic
imaging. Magn Reson Med 31:691–694

9. Jones RA, Haraldseth O, Muller TB, Rinck PA, Oksendal
AN (1993) K-space substitution: a novel dynamic imaging tech-
nique. Magn Reson Med 29:830–834

10. Zaitsev M, Zilles K, Shah NJ (2001) Shared k-space echo-planar
imaging with keyhole. Magn Reson Med 45:109–117

11. Korosec FR, Frayne R, Grist TM, Mistretta CA (1996) Time-
resolved contrast-enhanced 3D MR angiography. Magn Reson Med
36:345–351

12. Yankam Njiwa J, Zhu YM, Robini M, Magnin I (2007) Magnetic
resonance image reconstruction using the notion of analytic image.
Nucl Instr Meth Phys Res A 1(2):73–76

123



Magn Reson Mater Phy (2010) 23:251–261 261

13. Noll DC, Nishimura DG, Macovski A (1991) Homodyne detection
in magnetic resonance imaging. IEEE Trans Med Imag 10:154–163

14. McGibney G, Smith MR, Nicholas ST, Crawley A (1993) Quan-
titative evaluation of several partial-Fourier reconstruction algo-
rithms used in MRI. Magn Reson Med 30:51–59

15. Yankam Njiwa J, Hiba B, Zhu YM (2007) Cardiac cine MR recon-
struction from partial k-space. In: IEEE proceeding

16. Liu HL, Pu Y, Liu Y, Nickerson L, Andrews T, Fox PT, Gao
JH (1999) Cerebral blood flow measurement by dynamic contrast
MRI using singular value decomposition with an adaptive thresh-
old. Magn Reson Med 42:167–172

17. Yeh MY, Lee TH, Yang ST, Kuo HH, Chyi TK, Liu HL
(2009) Automated detection of arterial input function in DSC per-
fusion MRI in a stroke rat model. J Instrum 18:14–23

18. Newman GC, Hospod FE, Fain SB, Cook TD (2006) Optimizing
dynamic T2* MR imaging for measurement of cerebral blood flow

using infusions for cerebral blood volume. AJNR Am J Neurora-
diol 26:1239–1240

19. Ostergaard L, Weisskoff RM, Chesler DA, Gyldensted C, Rosen
BR (1996) High resolution measurement of cerebral blood flow
using intravascular tracer bolus passages. Part I Math Approach
Stat Anal Magn Reson Med 36:715–725

20. Rempp KA, Brix G, Wenz F, Becker CR, Gückel F, Lorenz
WJ (1994) Quantification of regional cerebral blood flow and vol-
ume with dynamic susceptibility contrast-enhanced MR imaging.
Radiology 193:637–641

21. Meier P, Zierler KL (1954) On the theory of the indicator-dilution
method for measurement of blood flow and volume. J Appl Physiol
6:731–744

22. Calamante F, Vonken EJ, Osch MJ (2007) Contrast agent con-
centration measurements affecting quantification of bolus-tracking
perfusion MRI. Magn Reson Med 58:544–553

123


	Increasing temporal resolution of DSC perfusion MRI using the analytic image concept
	Abstract
	Introduction
	Theoretical background
	Materials and methods
	Animal preparation
	MRI experiments
	K-space sampling and image reconstruction
	Image analysis
	Performance analysis
	Analysis of perfusion data


	Results
	Computer simulations
	Increase in temporal resolution in dynamic susceptibility contrast MRI

	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


