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Abstract

An implementation of Non-Fourier chirp-encoding in 3D Gradient
Recalled Echo (GRE), susceptibility-weighted imaging (SWI) and
Magnetization Pre-pared Rapid Gradient Echo (MPRAGE) sequences
is presented with compres-sive sensing reconstruction. 3D GRE and
MPRAGE sequences were designed, in which the phase encoding
(PE) direction was encoded with spatially selec-tive chirp encoding
Radio Frequency (RF) pulses, while the slice and the read-out
During each
excitation along the PE direction, a different spatially-selective RF

directions were Fourier encoded using gradients.

excitation pulse was used to encode the PE direction with a complete
set of unitary chirp encoding basis. Multichannel compressive sensing
reconstruction on the undersampled in vivo data demonstrated that
images reconstructed from chirp encoded data were able to preserve
the spatial resolution better than the Fourier encoding.

1. Introduction

Data acquisition in magnetic resonance imaging' consists of three
processes. The first is an excitaton by an Radio Frequency (RF)
pulse typically being a constant excitaton of the field-of-view
(FOV), followed by an encoding—typically Fourier encoding which is
achieved by the imaging gradients, and thirdly data acquisition by an
analog-to-digital converter. In fact, a spatially selective RF pulse can also
be used to perform excitation and encoding simultaneously.2® Early
realiza-tion of such an encoding scheme was Hadamard encoding4 which
was aimed at improving Signal to Noise Ratio (SNR). Other
implementations of such an encoding scheme were Wavelet encoding®
and singular value decomposition encoding®’ that were aimed at
accelerated magnetic resonance (MR) imaging.

Accelerated imaging largely benefited from Parallel imaging techniques,??
which have been combined with non-Fourier encoding.10 Compressive
sensing (CS) MRI'"'2 is another acceleration technique that exploits the
knowl-edge of sparsity, to reconstruct an image from the undersampled k-
space data. In order to accelerate MR imaging, a combination of CS and
Non-Fourier encoding have been explored in the form of chirp encoding, '@
random encoding'+¢ and noiselet encoding.'”

Implementation and analysis of chirp encoding for 2D imaging have been
demonstrated in Refs.'8 19, With the aim of reducing field inhomogeneity
artifacts, in Refs. 18-21 chirp encoding was demonstrated for the turbo
spin echo sequence. An alternative implementation of chirp encoding was
demonstrated in Ref. 13 based on the modification of second order shim
coefficients on a 7T scanner.
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The mean Structural Similarity (SSIM) across five subjects at the
acceleration factor of 6, for chirp encoded MPRAGE was 0.934
0912 for MPRAGE. The
of prospective undersampling demonstrated the

compared to Fourier  encoded
implementation
feasibility of using chirp encoding in clinical practice for accelerated
imaging. The minimum intensity projection of the compressive sensing
(CS) reconstructed susceptibility weighted images revealed that chirp
encoding is able to delineate small vessels better than the Fourier
encoding with the SSIM of 0.960 for chirp encoding compared to the
SSIM of 0.949 for the Fourier encoding. Improved performance of
chirp encoding for CS reconstructon and SWI, along with the
feasibility of implementation makes them a practical candidate for

clinical MRl scans.
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However, as pointed by the authors, this implementation is not ideal as it
causes distortion of the original object, and thus a better implementation is
to use chirp modulated RF pulses and dedicated coils. The non-Fourier
encoding schemes®5'0.1417 which used modulated RF pulses were
implemented in the spin echo sequence with the small flip angle
approximation. This implementation is suboptimal in terms of SNR as 90°
is an optimal flip angle for the conventional spin echo sequence.
In this paper, we present a novel implementation of chirp encoding for
3D Gradient Recalled Echo (GRE) and Magnetization Prepared
Rapid Gradient Echo (MPRAGE) sequences and evaluate its
performance or accelerated CS reconstruction. Since non-Fourier
encoding in spin echo sequence does not utilize all the available SNR,
our implementation of non-Fourier chirp encoding in 3D GRE and
MPRAGE sequences can be considered a better way of exploiting the
advantages provided by non-Fourier encoding schemes for
accelerated acquisition. In this work, we show the implementation of
chirp encoding using multiple spatially selective RF pulses and
demonstrate the application of chirp encoding for accelerated imaging.
Unlike Ref. 13, our implementation does not require access to the
shim coils and is able to spread the energy in the measurement
domain to improve the incoherence required for CS reconstruction.
We compare the performance of multi-channel CS reconstruction of
chirp encoding and Fourier encoding for retrospectively and
prospectively undersampled in vivo datasets. We also demonstrate the
application of CS chirp encoding to susceptibility weighted imaging
(SWIy2 and showed that chirp encoding provides better delineation of
veins in susceptibility weighted images.
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2. Introduction

2.1 Chirp encoded 3D GRE/MPRAGE pulse sequence design
The pulse sequence presented here (as shown in Figure 1) is a
variation of the 3D GRE sequence in which the primary phase
encoding (PE) direction is encoded with the complete set of chirp
modulated Fourier basis (CMFB) functions. In order to encode the
primary PE direction with CMFB, the RF pulses are applied along with
gradient in the PE direction. The gradient strength required along the
PE direction is given by

1
Gy=—
Y= YFOV . At, M

where y is the gyromagnetic ratio, FOVpe is the field-of-view in PE
direction, Gy is the gradient strength in the PE direcJtion and Atp is the
dwell time of the RF pulse which is defined as Atp = (duration of RF
pulse)/(number of points in RF pulse). Equation (1) is used to calculate
the gradient strength Gy required in the PE direction during execution of
the RF excitation pulse. The FOVpe should be greater than the size
of the object in order to avoid aliasing in the PE direction.

Inversion | | Flash Flash
module module module

The chirp-encoded (CE) MPRAGE sequence was also developed using a
similar strategy as for the 3D CE GRE sequence. For the MPRAGE
sequence, the 3D CE GRE sequence was modified by inserting a
non-selective inversion RF module, which consists of an 180° RF pulse
followed by a spoiler in the slice encoding direction (as shown in
Figure 1). In this sequence, after each inversion module, all slice
encodes are acquired and the TR is defined as a time between two
inversion pulses. For prospective undersampling, only the phase
encodes
acquired.

corresponding to apredetermined sampling mask were

2.2 Chirp encoding RF pulse design

Different RF pulse design methods have been presented in the past
including the small flip angle approximation23 and Shinnar-Le Roux
pulse design-24125. The small flip angle approximation method is mostly
used in practice due to its simple implementation. In the small flip
angle pulse design (<30°), the RF pulse is computed by taking the
Fourier transform of the desired excitation profile. In this work, we use
the small flip angle approximation method to design a non-Fourier
encoding RF pulse that excites a CMFB in the PE direction.

Inversion | __| Flash Flash
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Figure 1: Chirp-encoded 3D MPRAGE sequence; (Gs;) Gradient in slice encoding direction; (G,e) Gradient in phase encoding (PE) direction; (G,) Gradient in readoutdirection. An
inversion module is inserted before the FLASH module, consisting of 180° inversion pulse followed by a spoiler in the slice direction. TR is defined as the duration between two inversion
modules. The RFpulse along with gradient in PE direction excite the spins and encodes them with a chirp modulated Fourier basis (CMFB) profile; for each PE a different RF pulse is

applied; the readout and slice direction are Fourier-encoded using gradients.



In particular, a 3D pulse sequence is introduced to encode
the primary PE direction with the CMFB. The secondary PE
and Readout (RO) directions are encoded with the conventional
Fourier basis. In order to encode the primary PE direction with
the CMFB, each RF excitation pulse is different and is calculatedas the
Fourier transform of the row elements of the CMFB encoding
matrix (Fc). A chirp modulation function is defined as:

C(I’l) — ej(ACn2+AC) 2)

where n € [0, 1, ..., N = 1], N is the total number of PEs and AC is the
chirping factor that controls the spread of energy in k-space.

The CMFB encoding matrix (F;) is designed by modulating each
Fourier basis with a chirp modulation function. If F is an N xN
Fourier encoding matrix then a CMFB matrix F. is defined as:

F.=FC, @)

where C,, is a chirp modulation matrix defined as Cm = diag [C(n)], n €
[0, 1, ..., N = 1].The Fourier transform of each row elements of the chirp
encoding matrix F,, constitutesa uniqgue RF pulse that is subsequently
applied along the primary PE direction during data acquisition.
The RF pulse matrix (Pc) where each row represents an RF pulse is
defined as:

P.=F.F" )

where the subscript H denotes the Hermitian transpose. Data
acquisition in 2D MRI can be described as:

K =EplEy, (5)

where K is the acquired k-space data matrix, / is the desired 2D
image matrix, Epe is the encoding matrix in PE direction and E, is
the encoding matrix in RO direction.

In conventional MR data acquisition, E,. and E, are the Fourier
transform matrices in the PE and RO direction respectively. For chirp
encoding the E,. matrix is replaced with the CMFB encoding matrix
(F;) and the acquired k-space data matrix is given as

K=F.IF" (5a)

2.3 Pulse sequence implementation

The pulse sequence was implemented on a Siemens 3T Skyra
scanner (Siemens Healthineers, Erlangen, Germany). The implemen-
tation of the chirp encoding pulse sequence is non-conventional and the
important aspects of the sequence design are described below: RF pulse
implementation: The MR scanners we used have a constraint that a
maximum of 128 external RF pulses can be prepared in a single
sequence. However, a total of 256 different RF pulses were needed to
achieve a spatial resolution of 1 mm in the PE direction. To overcome this
problem, the RF pulses were computed offline in MATLAB and the
pulses were stored as static data within the sequence software at the
time of sequence design. The stored RF data were then loaded and RF
power and pulse shape was prepared while actual execution of the
sequence.

Readout Oversampling to Avoid Aliasing: The RF pulses in the sequence
described in Figure 1 were non-selective and excited the whole object. In
order to avoid aliasing along the CE direction, the CE direction can be set
to either anterior-posterior (A-P) or left-right (L-R). The head-foot (H-F)
direction must be set as the RO direction, which avoids aliasing in the H-
F direction using the inherent oversampling of a factor of two in the RO
direction.

2.4 Image reconstruction model

The k-space data acquired using a Fourier encoding sequence are
reconstructed by applying Fourier transforms along all the three
dimensions. The k-space data acquired using a chirp encoding sequence
has Fourier encoding in two dimensions with chirp encoding in the third
dimension. Image reconstruction for CE data involves, first applying a
Fourier transform in the two dimensions followed by applying an inverse
chirp trans-form in the third dimension. The inverse chirp transform is
performed by multiplying the k-space data by the Hermitian transpose of
the encoding matrix (FcH ). The reconstruction of a 2D k-space data,
where one direction is encoded with CMFB and other with Fourier basis
can be described as:

I=FKF ®)

where, | is the reconstructed image and K is the acquired CE k-space
data.

Figure 2 shows the model for the image reconstruction from fully sampled
data for both Fourier and chirp encoding schemes. A 2D plane of
acquired data is shown in Figure 2A, D, for Fourier and chirp encoding
respectively. The k-space data is Fourier encoded in both x and y
directions for the Fourier encoding sequence (Figure 2A), whereas the k-
space data is chirp encoded in the y-direction and Fourier encoded in the
x-direction (Figure 2D) for the chirp encoding sequence. The first step is
to apply a Fourier transform in the x-direction which results in data shown
in Figure 2B, E. The second step involves a Fourier transform in the y-
direction for the Fourier encoding scheme, while a chirp-transform in the
y-direction for the chirp encoding scheme. The final un-regularized
reconstructed images are shown in Figure 2C, F.

2.5 Multi-channel compressive sensing reconstruction

The chirp encoding scheme was evaluated on retro-spectively and
prospectively undersampled k-space data, in order to assess its
performance in multi-channel compressive sensing reconstruction (18).
Considering X&CN2*"to be a vectorized representation of image €CN™N,
the acquired full k-space data can be represented as:

Y = OSX @

where k € [0, 1, ..., Ngy — 1], Nch is the total number of channels, vy is the
k-space data acquired by the k" channel, ® € CN? * M is the encoding
matrix (Fourier or CMFB) and Sy € C2*2 js a diagonal matrix of the sen-
sitivity map for the k' channel. The Equation (7) can be written compactly
as:

Y=EX (8)
T
where, Y= [le Yy ZJCJ and
T



If E, represents an undersampled encoding matrix then
undersampled k-space data Y, can be represented using Equations
(7)and (8) as:

Yu=E.X ©)

where, E,, is formed by replacing ® in E with ®,,.
A reconstructed, X, is obtained from following optimization
problem using non-linear conjugate gradient iterations:

ngml|ywmyh+azrv(x>+Hyu_Euxufz (10)

FS (D)

where, W is the wavelet transform operator, TV is a total variation norm
and Aq, A, are regularization parameters for wavelet and TV penalties,
respectively.

The optimal regularization parameter can be different for each encoding
scheme. Therefore, we did an empirical search for the best regularization
parameter between 0.001 and 0.01, and the parameters that provided the
maximum Structural Similarity (SSIM) were used.

Figure 2: Demonstration of image reconstruction process from acquired Fourier-encoded and chirp-encoded data on a phantom. FS, Fourier space; CS', Chirp space; IS, Image space; F, Fourier transform;
Fc, Chirp transform. A-C, demonstrates the image reconstruction in Fourier encoding; A, 2D Fourier encoded k-space data; B, Fourier encoded in the y-direction and image space in the x-direction; C, image
reconstructed from Fourier encoded data. D-F, demonstrates the image reconstruction in chirp encoding; D, chirp encoded k-space data with chirp encoding in the y-direction and Fourier encoding in the x-
direction; E, chirp encoded in the y-direction and image space in the x-direction; F, image reconstructed from chirp encoded data

2.6 Undersampling scheme

In Fourier encoding the energy is concentrated around the center of k-
space, however, in chirp encoding the energy is spread across the phase
encodes. Figure 3A, B shows the distribution of energy across the PE (y-
direction) for the chirp and Fourier encodings respectively. It can be seen
that energy in the chirp domain is spread across the PE, whereas in the
Fourier domain the energy is concentrated around the center PE. We
found that a simple regular undersampling (Figure 3D) worked reasonably
well for the chirp encoding since the “spread of energy” was achieved
through the chirp modulation. Hence, we used a regular undersampling
pattern for the chirp encoding.

For the Fourier encoding, it is well known that the variable density
undersampling (Figure 3E) provides maximal incoherence.'? Therefore,
we used variable density undersampling for Fourier encoding
scheme.Figure 3D, E shows the under-sampling pattern used for an
acceleration

factor of four. The sampling patterns were randomly generated 1000 times
and the one with maximal incoherence was selected.

2.7 Receive coil sensitivity map estimation

The sensitivity maps were estimated using the spatially matched
filter method described in Ref. 26. The method for 3D sensitivity maps
consists of the following steps:

1. Take window of size k x k x k around each pixel for all the channels
(Ngp), resulting in k x k x k x N, matrix.

2. Reshape the spatial dimension to k% to make a N, x k3 signal
covariance matrix Sy

3. Take the first eigenvector of the matrix S, Sy, the first eigenvector of
size N, x 1 forms the estimated com-plex sensitivity values at a given
pixel for N, channels.
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Figure 3 Spread of energy in the measurement domain from the k-space data acquired using 3D GRE sequence; A, C Chirp-encoded k-space where the energy is spread across k-space in the phase
encoding (PE) direction. The spread of energy in the measurement domain increases with increasing chirp factor, AC = 0.01227 for (A) and AC = 0.025 for (C). B, Fourier-encoded k-space where the energy is
concentrated at the center of k-space. D, Regular undersampling pattern for chirp encoding. E, variable density undersampling pattem for Fourier encoding [Color figure can be viewed at wileyonlinelibrary.com]

A separate calibration scan was acquired to estimate sensitivity
maps. A fast 3D GRE calibration sequence was designed to
generate low-resolution images and sensitivity maps were estimated
from these low-resolution images. The sequence acquired 64 x 64 x
48 k-space data in 15 seconds with TR = 5 ms. Low-resolution
3D image volume of size 256 x 256 x 192 was reconstructed from
64 x 64 x 48 k-space data with appropriate zero padding in k-
space. The sensitivity maps estimated from this calibration scan were
used for both Fourier and chirp encoded multichannel compressive
sensing reconstruction (MCS) reconstruction.

2.8 Susceptibility weighted image reconstruction
The standard SWI performed on
combined complex valued MR image obtained from Equation (10) as

processing was channel

follows:

1. Alow pass filtered image (I-F) was obtained by multi-plying the
Fourier transform of the complex image (/) with a 2D Gaussian mask
of 256 x 192 and SD 25.

2. A high pass filtered image (¥) was obtained as /"° = [/|-P

3. The SWI phase mask (g) was obtained from phase (o)

as:
(p(IHP) +7 o mp
9= B — qo(I ) <0

1o(I'"")>0

4. The SWI image is thus obtained by multiplying SWI phase
with the magnitude of an image /.
ISWI = gs |/|

2.9 In vivo data acquisition parameters

In vivo experiments were performed on a Siemens Skyra 3T MRI
scanner (Siemens Healthineers, Erlangen, Germany) with a maximum
gradient strength of 45 mT/m and a maximum slew rate of 200 mT/m/
ms and 32-channel head coil. Informed consent was obtained from
volunteers in accordance with the Institution's human research ethics
policy. Volunteers were scanned with both the chirp and the Fourier-
encoded sequences (3D-GRE and MPRAGE). The chirping factor (AC)
was varied from 0.05 to 0.005 and the factor corresponding to the
highest amplitude integral (area under the normalized RF pulse, that is,
maximum amplitude of the RF pulse is always one) was selected. The
higher amplitude integral of RF pulse implies less RF transmitter
voltage required for the desired flip angle. The chirping factor for
designing CE RF pulses was AC = 0.01227.
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Figure 4 Multichannel compressive sensing reconstruction on the retrospectively sampled Fourier-encoded and chirp-encoded data from MPRAGE sequence where the acceleration factors are given on
the bottom-right comer of the panels; Ref: represents the fully sampled reference image; CE: represents the chirp encoding direction. The region of interest inside the bounding box shows that
spatial resolution is better preserved using chirp encoding. The error images are shown in the last two columns also show less error in chirp encoding reconstructions [Color figure can be

viewed at wileyonlinelibrary.com]

For 3D MPRAGE experiments, five subjects were scanned using a 32-
channel head coil: MPRAGE Fourier-encoded data with acceleration
factors = 1, 3, 4, 5 and MPRAGE CE data with acceleration factors = 1,
3, 4, 5. For all the scans the protocol consisted of Tl = 150 ms, TE/TR =
3.12/2500 ms, flip angle = 10, FOV = 256 x 256 x 192 mm3, resolution
of 1 mm isotropic and total acquisition time for fully sampled scan was
10 minutes 40 seconds.

For 3D-GRE experiments, two fully sampled datasets were acquired,
one with Fourier-encoded and another with chirp encoded data
for the single subject. The sequence acquisiton parameters
were: sequence: TE/TR = 5/10 ms, flip angle = 10 , FOV = 256 x
256 x 192 mmd, resoluton of 1 mm isotropic and total
acquisiton time for fuly sampled scan was 8 minutes
10 seconds. An additional 15-second calibration scan  with
3D GRE was performed for estimating sensitivity maps for all
subjects.
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Figure 5 Plots showing the quantitative measures of the image reconstruction quality for one subject. A and B, Structural Similarity (SSIM) for MPRAGE and 3D GRE respectively, higher SSIM signifies
better reconstruction; C and D, Relative Error for MPRAGE and 3D GRE respectively, lower Relative Error signifies better reconstruction It is evident from the plots that chirp encoding performed better than
the Fourier encoding and the performance difference between the two encodings increases with the acceleration factor [Color figure can be viewed at wileyonlinelibrary.com]

For SWI experiments, twof ully sampled datasets were acquired, one
with Fourierencoded and another with chirp encoded data having
the same protocol as 3D-GRE except for TE/TR = 20/30
ms. Additionally, for SWI sequence flow compensation gradients were in
corporate a long all the three x, y and z directions after each RF pulse.

3. Results

An un-regularized reconstructed image using fully sampled k-space data
(Figure 4, Ref images) from chirp encoding was of similar quality as the
Fourier-encoded images, having similar noise levels. The Rician
noise estimator27 metric was used to compute the noise variance
of the normalized (between 0 and 1) reconstructed magnitude
images. The noise variance in the normalized 3D image was 1.50%
and 1.51% for Fourier-GRE and chirp-GRE respectively. The noise
variance in the normalized 3D image was 3.33% and 3.55% for
Fourier-MPRAGE and chirp-MPRAGE respectively. This indicates that
the chirp encoding is able to provide similar SNR images as the Fourier
encoding.

MCS reconstruction after retrospective undersampling by a factor of 3, 4,
5 and 6 are shown in Figure 4 and for the MPRAGE sequence.
The reconstructed images from the chirp encoding are able to preserve

spatial resolution better than the Fourier encoding. SSIM28 and
Relative Error are the two metrics used for quantitative evaluation of
reconstructed image quality. Figure 5 shows the SSIM and
Relative Error with respect to the acceleration factor for GRE
and MPRAGE data acquisition. Both SSIM and Relative Error show
improvement in image quality for the chirp encoding. It can be
observed from the plots (Figure 5) that chirp encoding performs
better in terms of SSIM and Relative error at higher acceleration
factors.

The images retrospective
prospective under sampling by factors of 3, 4and 5are shown
in Figure 6.The prospective reconstruction results are consistent with
the retro-spective reconstruction demonstrating the feasibility for
routine use of the proposed encoding scheme. Small motion
between the fully sampled and accelerated scans makes it difficult to
compute the quantitative group
undersampling. Thus, we computed quantitative group scores
across all the subjects for the retrospective undersampling as shown
in Figure 7. Both quantitative scores showed better-reconstructed
image quality for chirp encoding at higher acceleration factors.
Minimum intensity projection (MIP) across 20 consecutive slices was
obtained from the SWI processed images reconstructed with fully
sampled and undersampled k-space data (Figure 8).

reconstructed from  the and

scores for  prospective
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Figure 6: Multichannel compressive sensing reconstruction on the prospectively and retrospectively sampled Fourier-encoded and chirp-encoded data from MPRAGE sequence where the acceleration

factors are given on the bottom-left comer of the panels; Ref: represents the fully sampled reference image.

Simple visual inspection reveals that the MIP images from CS
reconstructed chirp encoding provides sharper images compared to
Fourier encoding. As indicated by blue arrows in Figure 8,
the sharpness in the CS reconstructed chirp encoding image is more
pro-nounced. The vessels in the cerebral circulation are sharper
and delineated well in the chirp encoded images. The improved
visual quality is evident from error images (Figure 8 [C, F]) the
quantitative scores of structural similarity and relative error. To find the
limit of chirp encoding we performed simulation up to an
acceleration factor of 9 and calculated peak signal to noise ratio as
shown in Figure 9.

4 Discussion

The work presented in this paper is motivated by the fact that non-
Fourier encoding schemes demonstrate better performance in
compressive sensing reconstruction. Previous works such as spread
spectrum,13 random encoding,14 Toeplitz encoding15 and noiselet
encoding17 have demonstrated the advantages of using non-Fourier
encoding for compressive sensing imaging. Most of the works
presented before have implemented the non-Fourier encoding for 2D
imaging in spin echo sequences where slice selection was achieved
by using an 180 refocusing pulse. The work in Ref. 16 on hybrid
encoding presented a 3D acquisition using Toeplitz encoding;
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Figure 7: Mean and SD of the Structural Similarity (SSIM) and the Relative error computed across five subjects, both the scores Mean and SD of the Structural Similarity (SSIM) and the Relative error
computed across five subjects, both the scores show improvement in chirp encoding reconstruction with the increasing acceleration factor [Color figure can be viewed at wileyonlinelibrary.com]

however, the experiments were only performed on pummelo fruit and
were not extended to in vivo imaging. Here we have implemented 3D
GRE and MPRAGE sequences and demonstrated that high quality in
vivo images with good SNR can be obtained using chirp encoding.
One of the advantages of the proposed chip encoding
implementation is that it does not require modification of the second
order shim coefficients, but uses spatially selective RF pulses to realize
chirp encoding. In Fourier encoding, gradients are used to encode
spins on to the Fourier space. This requires careful implementation of a
spoiling scheme to avoid ghosting from the residual transverse
magnetization. For instance, in order to maxi-mize the spoiling, the
polarity of the spoiling gradient lobe in Fourier encoding needs to
be reversed while mov-ing from negative PE to positive PE.
However, in chirp encoding, a constant gradient spoiling lobe is
enough to avoid ghosting.

Variable density undersampling in Fourier encoding captures the low-
frequency components more than the high-frequency components.
Insufficient information from the sparsely sampled high-frequency
components in Fourier encoding results in loss of resolution in the CS
reconstructed images. However, the chirp encoding is able to preserve
the resolution better than the Fourier encoding due to the fact that each
chirp encode is a linear combination of all the frequency components
present in the k-space. Therefore, sufficient high-frequency compo-
nents are captured by each chirp encode resulting in bet-ter resolution
in the reconstructed images.

One of the limitations of chirp encoding is evident in the simulations
(Figure 9) using very high acceleration factors. At the acceleration
factor of 9 there is little improvement offered by the chirp encoding.
This can be attributed to the fact that at high acceleration factor chirp
encoding was not able to capture enough energy. Thus, acceleration
factors ranging from 4 to 8 are better suited for the chirp encoding
scheme. It is worth noting that at high acceleration factors starting from
6, the reconstructed images for both the chirp and the Fourier
encodings were severely degraded, rendering them unusable
for clinical purposes. Nevertheless, chirp encoding is still a good
candidate for accelerated imaging with intermediate acceleration
factors.

(C)

ssim = 0.9487 rel err = 0.0408

(E) (F)

ssim=0.9604 relerr=0.0326

Figure 8: Minimum intensity projection (MIP) across 20 slices of processed susceptibility-
weighted imaging (SWI) images; A and D, MIP from Fully sampled Fourier encoded and chirp
encoded data respectively; B and E, MIP from undersampled sampled Fourier encoded and chirp
encoded data respectively with acceleration factor of 3; C and F, Absolute Error image (scaled by
4x) between fully sampled and undersampled Fourier and chirp reconstructed MIPs
respectively. Image. The images reconstructed from chirp encoding is sharper compared to
Fourier encoding images as evident from visual inspection (blue arrow, error images) and
quantitative scores of SSIM and Relative Error (rel emr) [Color figure can be viewed at
wileyonlinelibrary.com]
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Figure 9: Peak signal to noise (PSNR) plot for Fourier and chirp encoding reconstructions from the acceleration factor of 3 to 9. The figure shows that at the acceleration factors of 4 to 8, chirp encoding

performs better than the Fourier encoding [Color figure can be viewed at wileyonlinelibrary.com]

5. Conclusion

Successful implementation of chirp encoding in two frequently used
pulse sequences (GRE and MPRAGE) was demonstrated. For fully
sampled k-space data, image quality and SNR was comparable to that
of Fourier encoding.
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The experimental results on prospectively undersampled k-space data
showed that the chirp encoding preserves anatomical details better in
the reconstructed using MCS framework. Improved
performance of chirp encoding for CS reconstruction and SWI, along

images

with the feasibility of implementation makes them a practical candidate
for clinical MRI scans.
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