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Preface

This book is a compendium of the main contributions that our lab has done in
the field of noise analysis in MRI along the last 8 years. Since many different ap-
proaches have been proposed, we think that it is important to have a chronological
point of view to fully understand the different approaches. This book is the seed of
another book in which the journals are rewritten with the same notation to give a
deeper unity to the work.

Valladolid, Spain
Feb. 2015 Santiago Aja Ferndndez
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Noise Models






Statistical noise models for Magnetic Resonance
Imaging

Santiago Aja-Fernandez, Antonio Tristdn-Vega*

Abstract Many image processing applications within MRI are grounded on stochas-
tic methods based on the prior knowledge on the statistics of noise. The ubiquitous
Gaussian model provides a poor fitting for medium-low SNRs, yielding to the use
of Rician statistics: the noise in MRI has been traditionally modeled as a stationary
process governed by a Rician distribution with constant noise power at each voxel.
Modern MRI systems turn this model questionable, making it necessary to develop
into more complex patterns. We aim at comprehensively reviewing the main statis-
tical rationales and formulations for the noise in MRI lately found in the literature.
We attend to three different criteria: the first-order, voxel-wise probability law, the
possible spatial variability of the parameters of such distribution, and the possible
noise interdependences between neighboring voxels. Several applications using sta-
tistical methods are overviewed, discussing the implications each of the models has
on them. Finally, we explore the applicability of the surveyed models to some MRI
protocols commonly used. Whereas many parallel and nonparallel acquisitions like
GRAPPA and SENSE may be fitted into one of the existing models, other nonlinear
reconstruction procedures are lacking a proper noise characterization.

1 Introduction

Magnetic Resonance (MR) data is known to be affected by several sources of qual-
ity deterioration, due to limitations in the hardware, scanning times, movement of
patients, or even the motion of molecules in the scanning subject. One source of
degradation that affects most of the acquisitions is noise.

* This chapter was previously published as a Technical Report:Santiago Aja-Ferndndez, Antonio
Tristdn-Vega, A review on statistical noise models for Magnetic Resonance Imaging, Tech Report
of the LPI, TECH-LPI2013-01, Universidad de Valladolid, Spain, Jun. 2013
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The term noise in MR can have different meanings depending on the context.
For example, it has been applied to degradation sources such as physiological and
respiratory distortions in some MR applications and acquisitions schemes [1, 2].
Even acoustic sources (the sound produced by the pulse sequences in the magnet)
are sometimes referred to as noise [3]. In this paper we will obviate these issues, fo-
cusing on the thermal noise introduced during data acquisition. The principal source
of thermal noise in most MR scans is the subject or object to be imaged, followed
by electronics noise during the acquisition of the signal in the receiver chain. It is
produced by the stochastic motion of free electrons in the RF coil, which is a con-
ductor, and by eddy current losses in the patient, which are inductively coupled to
the RF coil.

The presence of noise over the acquired MR signal is a problem that affects not
only the visual quality of the images, but also may interfere with further processing
techniques such as segmentation, registration or fMRI analysis [4, 5, 6]. There are
different ways to cope with this degradation, but, due to the random nature of ther-
mal noise, a probabilistic modeling is a proper and powerful solution. The accurate
modeling of signal and noise statistics in MR data usually underlies the tools for
processing and interpretation within Magnetic Resonance Imaging (MRI).

One of the most direct approaches to cope with acquisition noise in MRI (of
course, not the only one) is signal estimation via noise removal. Traditionally, noise
filtering techniques in different fields have been based on a well-defined prior statis-
tical model of data, usually a Gaussian model. Noise models in MRI have allowed
the natural extension of many well known techniques to cope with features specific
of MRI. Many examples can be found in the literature, such as the Conventional
Approach (CA) [4], Maximum Likelihood (ML) [7], linear estimators [8, 9, 10], or
adapted non-local mean schemes [11, 12, 13]. However, an accurate noise model-
ing may be useful in MRI not only for filtering purposes, but also for many other
processing techniques. For instance, Weighted Least Squares methods to estimate
the Diffusion Tensor (DT) have proved to be nearly optimal when the data follows
a Rician [14] or a non-central Chi (nc-y) distribution [15]. Other approaches for
the estimation of the DT also assume an underlying Rician model of the data: ML
and Maximum a Posteriori (MAP) estimation [16, 17], or sequential techniques for
online estimation [18, 19] have been proposed. The use of an appropriated noise
model is crucial in all these methods to attain a statistically correct characterization
of the underlying signals.

Other methods in MRI processing that benefit from relying on a precise noise
distribution model include automatic segmentation of regions [20, 21], compressed
sensing for signal reconstruction [22, 23], and fMRI activation and simulation [24,
25, 26]. All in all, many examples in literature have shown the advantage of statisti-
cally modeling the specific features of noise for a specific typology of data.

For practical purposes, it has been usually assumed that the noise in the image
domain is a zero-mean, spatially uncorrelated Gaussian process, with equal variance
in both the real and imaginary parts. In case the data is acquired by several receiving
coils, the exact same distribution is assumed for all of them. As a result, in single
coil systems the magnitude data in the spatial domain are modeled using a station-
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ary Rician distribution [5]. When multiple (independent) coils are considered and
the k-space is fully sampled, the natural extension of the Rician model yields to a
stationary noncentral-y (nc-y) distribution [27], whenever the different images are
combined using sum of squares, the variance of noise is the same for all coils, and
no correlations exist between them.

These two distributions, Rician and nc-, have been extensively used in the MR
literature whenever a noise model is needed. However, in modern acquisition sys-
tems, they may no longer hold as reliable distributions. Interpolations due to non-
Cartesian sampling, ghost-correction post-processing for acquisitions schemes such
as EPI [28, 29], manufacturer-specific systems for noise and artifacts reduction, or
coil uniformity correction techniques will dramatically alter spatial noise charac-
teristics. Thus, in many practical situations, the initial assumptions on the nature
of noise do not completely hold. On the other hand, even when these schemes are
not used, nowadays MRI systems often collect subsampled versions of the k-space
to speed-up the acquisitions and palliate phase distortions. In order to correct the
aliasing artifacts produced by this subsampling, some reconstruction methods are
to be used, the so-called Parallel MRI (pMRI) techniques [30, 31]. The most popu-
lar among them, owing to their common use in commercial devices, are Sensitivity
Encoding (SENSE) [32] and GeneRalized Autocalibrated Partially Parallel Acqui-
sitions (GRAPPA) [33], but there are many more, and lots of new emerging ones
every day [30, 34].

In this paper we will review the main statistical models commonly used in MRI,
under the assumption of a direct acquisition, i.e., we will assume that: (1) data are
acquired in the k-space using a regular Cartesian sampling; (2) the different contri-
butions of noise are all independent, so that the total noise in the system is the sum
of the noise from each individual source; and (3) post processing schemes such as
EPI correction are not applied. Though these assumptions may seem unrealistic for
certain applications, they are common in the literature, and otherwise necessary to
achieve a reasonable trade-off between the accuracy of the model and its general-
ization capabilities. Note the corrections mentioned in the previous paragraph are
usually manufacturer-dependent or they even depend on the particular magnet de-
vised, hence they will need a more in-depth study which is far from the scope of this
paper. In many cases, however, such study can be derived from the general models
here described.

With the aforementioned limitations, we present a comprehensive study of the
noise models arising in the most common MRI protocols currently used, mainly
single- and multiple-coil acquisitions without k-space subsampling, SENSE, and
GRAPPA. In first place we review the popular Rician model as a first order statistical
model for the voxel-wise distribution of noise, and introduce the nc-y model as
a necessary generalization in many multiple-coil systems. pMRI methods require
a more careful study, presented in the next section, with the identical conclusion
that the nc-y generalization is mandatory for GRAPPA. The other widely accepted
assumption in noise modeling, i.e., the noise power being constant for the whole
image domain, is reviewed next. We reason that a non-stationary behavior must be
assumed in many cases due to the inhomogeneous sensitivity of the receiving coils,
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the existing correlations between the thermal noise produced by each of them, and
the reconstruction process itself with GRAPPA. With SENSE, the reconstruction
process introduces a different side effect, the spatial correlation of the noise pattern,
which is studied in the final part of the manuscript. To conclude, we show the actual
relevance of the features studied through representative examples, and discuss their
impact over a number of MRI processing pipelines, explaining how to adapt the
existing methods based on stationary Rician noise to more complex models.

2 First-order statistical models for fully sampled signals

2.1 Complex single— and Multiple—Coil MR signals

The k—space data are acquired in multiple-shot acquisitions through the repeated
application of excitation pulses with a different phase encoding gradient for each
readout gradient. Each sampled line of the k—space is frequency encoded, and the
measured signal is uniformly sampled at the desired rate. The points in the k-space
measured from the MRI scanner are thus independent samples of the RF signal
received by each coil. The primary origin of random fluctuation is the so-called
thermal noise [35], whose variance depends on the following parameters:

Othermal X 4T Rett Bw (1)

where kp is Boltzmann’s constant, 7" is the absolute temperature of the resistor,
Regr is the effective resistance of the coil loaded by the object to scan, and Byy is
the bandwidth of the noise-voltage detecting system.

Under the assumption that the noise affects equally to all the frequencies, it is
independent for each source, and independent on the signal, it can be modeled as
a complex Additive White Gaussian Noise (AWGN) process, with zero mean and
variance cff(l [36, 37]:

Sl(k) = al(k) —|—’I’Ll(k;0,0'?(l(k)), l= 17' o aLa (2)

with a;(k) the noise-free signal at the [-th coil (of a total of L coils) and s;(k)
the received (noisy) signal. If the noise in the RF signal is considered stationary, it
makes sense to consider n; itself stationary (which implies that 0%, (k) = 0%, isa

constant), so that we may write:
n;(k; 0, U%{l (k)) = ny(k; O,O’%Q) =ny, (k; 0, of(l) + 5 ny, (k; O,O’%(L).

The complex image domain is obtained as the inverse Discrete Fourier Transform
(iDFT) of s;(k) for each slice and at each coil. Under the assumption that the
data is sampled on a Cartesian lattice, and the iDFT is applied without any kind
of interpolation/filtering/apodization/zero-padding, the iDFT will be an orthogonal
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linear transformation, and the noise in the complex image domain will still be Gaus-
sian for each receiving coil:

Si(x) = Aj(x) + Ni(x;0,07), 1=1,...,L, 3)

where N;(x;0,07) = N;.(x;0,0%) + j - Nj,(x;0,07). Since the iDFT is applied
to each coil, it will not introduce any correlation per sé. However, there may be
an initial noise correlation between the receiver coils due to electromagnetic cou-
pling [38, 39, 40]. As a consequence, the noise pattern in the complex image domain
may be seen as a complex multivariate (one variable per coil) AWGN process, with
zero mean and covariance matrix X [41]:

2 2 2
T
021 03 """ 03
2 2 2
011012 """ 0L

with o7; = p;00; and pj; the coefficient of correlation between coils i-th and j-th.
While this coefficient of correlation depends only on the electromagnetic coupling
between coils ¢ and j, the variance of noise for each coil may be easily predicted
from that in the k—space [36, 42, 43]:

1
of = @o%q, 5)

where |(2| is the size of the Field of View (FOV), i.e. the number of points used in
the 2D iDFT.

2.2 Fully sampled single coil: the Rician distribution

For a single—coil acquisition the complex model in eq. (3) simplifies to:

S(x) = A(x) + N(x;0,0?),
with N(x;0,0%) = N,(x;0,0%) + j - N;i(x;0,0%) a complex AWGN with zero
mean and variance o2, The magnitude signal M (x) is the Rician distributed enve-
lope of the complex signal [5]:

M(x) = [S(x)]. (©)

The probability density function (PDF) of the Rician distribution is defined as [44]%:

2 To simplify the notation, the dependency with x has been removed from the PDFs.
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Fig. 1 Single-coil acquisition process. The data in both the k-space and the image domain follow a
Gaussian distribution. The final signal after the magnitude is taken will follow a Rician distribution.

M M? + A2, ArM
par(0tlar,0) = Zep (<252 ) 0 (250 won, 0

where we call I,,(.) the n-th order modified Bessel function of the first kind, u(.)
the Heaviside step function, and Ar(x) = |A(x)|. In the image background, where
the SNR is zero due to the lack of water-proton density in the air, the Rician PDF
simplifies to a Rayleigh distribution with PDF:

M M?
par(Mlo) = 2 exp (20) u(M). ®)
For the sake of illustration, a pipeline with the distributions involved in single coil
acquisitions is depicted in Fig. 1.

2.3 Fully sampled, uncorrelated multiple coils: the noncentral-x
distribution

In a multiple coil system, if the k—space is fully sampled, the Composite Magnitude
Signal (CMS) must be reconstructed from the L complex signals from every coil,
Sp(x), with I = 1--- | L. One of the most used methods is the so-called Sum of
Squares (SoS), which can be directly applied over eq. (3) [27, 38]:

€))
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In an ideal scenario the variance of noise is the same for all the coils, which are
assumed to produce uncorrelated samples. The covariance matrix 3 in eq. (4) is
hence diagonal with identical eigenvalues:

=021,

where T is the L x L identity and 0 = ({;0%. Under these assumptions, M (x)
follows a noncentral y (nc-x) distribution [27, 45] with PDF:

AL M? + A2 ArM
pML (ML|AT,O', L) = ;2 Mf exXp <_LZU2T) IL—I ( :,;_2 L) u(ML)v

(10)
L
with A% (x) = > |4;(x)[. Obviously, for L = 1, the nc-y reduces to the Rician
I

=1
distribution. In the background, this PDF simplifies to a central y (c-x) distribution
with PDF:

o, (Mplo, L) =

21—L M[Q/L—l M[%
F(L)aTeXp <_W> u(Mp), (11)

which reduces to Rayleigh for L = 1.

2.4 Fully sampled, correlated multiple coil: the noncentral-x
approximation

The nc-x distribution proposed in the previous section has been used to model
the noise in MRI when the signals at different receiving coils are combined with
SoS [27, 46, 47, 48]. However, this CMS will only show nc-y statistics if the vari-
ance of noise is the same for all coils, and no correlation exists between them. Al-
though it is well known that in phased array systems noise correlations do exist
[41, 38, 39, 40], this effect is usually left aside due to their minimal effect and prac-
tical considerations, as stated in [27].

However, for modern acquisition systems comprising up to 32 or 64 coils, the
receivers will show in general a certain coupling. This means that the noisy samples
at each k—space location will be correlated from coil to coil. Assuming such corre-
lation is frequency-independent (i.e. the same for all k—space samples), the linear
iDFT operator will clone this exact same correlation between coils in the complex
image domain, so that 3 becomes a non-diagonal, symmetric, positive definite ma-
trix. The off-diagonal elements stand for the correlations between each pair of coils.
In this case, the actual PDF is not strictly a nc-y, though for small correlations it
is expected that such model remains approximately valid [49]. Even when the nc-y
assumption is feasible, correlations will affect the number of Degrees of Freedom
(DoF) of the distribution. If SoS is used, the PDF of the CMS can indeed be accu-
rately approximated with the traditional nc-y model in eq. (10) whenever effective
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Fig. 2 Multiple-coil acquisition process. The data in both the k-space and the image domain follow
a Gaussian distribution in each coil. The final composite magnitude signal will follow different dis-
tributions depending on the method employed to aggregate coils and on the possible correlations.

parameters (reduced L and increased o) are used [49]:

A () 1 (2) + (r(2)*
Fent0) = K0 = A+ I (12
2 (X))
7ett) = Loty (3
with ||.]|r the Frobenius norm and A(x) = [A;(x), A2(x),- -+, Ar(x)]*. Note

that, with this approximation, the L.¢r(x) becomes a non integer number.

Thus, for multiple correlated coils the nc-x model is just an approximation of
the real distribution, and effective parameters must be considered. The parameters
of the final distribution are signal-dependent, and therefore they become harder to
estimate than simpler models [50].

For the sake of illustration, a pipeline with the distributions involved in multiple-
coil acquisitions is depicted on Fig. 2. Note the correlations between coils are the
same in both the k-space and the image domain. These correlations are hardware-
dependent and thus inevitable.

3 First-order statistical models for pMRI acquistions

In the previous section we have reviewed the noise model for multiple—coil systems
when the k—space is fully sampled. However, pMRI protocols usually increase the
acquisition rate by subsampling the k—space data [30, 31], while reducing phase
distortions when strong magnetic field gradients are present. The immediate ef-
fect of the k—space subsampling is the appearance of aliased replicas in the image
domain retrieved at each coil. In order to suppress or correct this aliasing, pMRI
combines the redundant information from several coils to reconstruct a single non-
aliased image domain.
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The previously presented Rician and nc-y models do not necessarily hold in
this case. Depending on the way the information from each coil is combined, the
statistics of the image will follow different distributions. It is therefore necessary to
study the behavior of the data for a particular reconstruction method. In this paper
we focus on two of the most popular methods, SENSE [32] and GRAPPA [33], in
their most basic formulation.

In the following sections we will assume that sf(k) is the subsampled signal
at the [-th coil of the k—space, Sls (x) is the subsampled signal in the image do-
main, and r is the subsampling rate. Since sf (k) is just a subsampled version of the
k—space signal, it is still corrupted with AWGN. If the iDFT is directly applied to
the subsampled signal, we will have an AWGN process [43] with variance (compare
with eq. (5)):

2

g 2

r
= @0’ K-
with |£2| the final number of pixels in the FOV. Note the final noise power is greater
than in the fully sampled case due to the reduced k—space averaging, as it will be
the case with SENSE (see below). On the contrary, the iDFT may be computed after
zero-padding the missing (not sampled) k—space lines, and then we have [42]:

1

ot = Waf(l.

In the latter case the noise power is reduced with respect to the fully sampled case,
since we average exactly the same number of samples but only 1 of each r of them
contributes a noise sample (this will also be the case with GRAPPA), see Table 1 for
a more thorough description. Finally, note that although the level of noise is smaller
in GRAPPA due to the zero padding, the SNR does not increase, due to a reduction
of the level of the signal.

3.1 Statistical model in GRAPPA reconstructed images

GRAPPA estimates the missing lines in a subsampled k—space by linear interpo-
lation of the complex data [30, 33, 34]. While the sampled data s‘ls (k) remain the
same, the reconstructed lines s7% (k) are estimated through a linear combination of
the existing nearby samples from all the available coils. Given a neighborhood 7(k)
of k, the interpolation reads:

L
stk) =" > o (k—c)wmlc), (14)

m=1cen(k)

where w,,;(c) is a complex coefficient weighting the contribution of the measured
signal at the m-th coil in the interpolation of a missing line at the [-th coil, given
an offset ¢ between the measured and the missing samples. These coefficients are
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Noise relations
k-space Parameters X-space Relation
2 _ 1 .2
Fglly sampled, of = o719k,
K, x-size: | 2|
k-size: | (2|
Subsampled r 0? = L.02
’ 1T 101%k
x-size: |2|/r
Sl21bsampled r, o = ﬁail,
Ok, x-size: | 2|
k-size: |2
(zero padded)

Table 1 Relations between the variance of noise in complex MR data for each coil in the k-space
and the image domain.

learnt from the low-frequency spectrum (as it will show the highest SNR), the so-
called Auto Calibration Signal (ACS) lines, which are sampled at the Nyquist rate.
Breuer et al. in [51] pointed out that eq. (14) can be rewritten using the convolution

operator:
L

sit(k) = s, (k) ® wo(k), (15)

m=1

where w,,,; (k) is a convolution kernel that can be easily built from the GRAPPA
weights wy,; (k). For the sake of simplicity in the analysis, these weights are usu-
ally considered as constant (non-stochastic). Since a (circular) convolution in the
k-space is equivalent to a product in the image domain, we can write:

L
SE(x) =12 Sa(x) x Wi (x) (16)
m=1

L L
=[02] > AT (%) X Wi (x) + |92 Y Nin(02) x Wia(x)  (17)
m=1 m=1

Reconstructed Signal Gaussian Noise

= AR (x) + N (%), (18)
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with W,,,;(x) the 2D iDFT of w,,; (k). This result assumes the signal plus noise
model in each coil used in the previous section, a Cartesian sampling of the k-
space, and the GRAPPA weights are considered as constant (non-stochastic). The
first important conclusion is that the noise power at each image location x will be
different, since W,,;(x) is spatially variant. Since the convolution in eq. (15) is
again a linear operator, the noise in the image domain is still an AWGN process. In
addition, even assuming that the coils are initially independent, the signals SZR (x)
will become correlated when the signals from each coil are mixed through w,,;(c).
The composite magnitude image M, (x) can be obtained using SoS as shown in
eq. (9). Following a similar reasoning to the one for fully sampled correlated coils,
we can conclude that the resultant distribution is not strictly a nc-. Again, it can be
modeled as such with a small error if effective values are taken into account [42]:

A3 (Ch) + (n(Ck)”

tr (C?
Tapr(x) = (Lff) (20)

where C% (x) = W(x) ¥ W*(x) is the covariance matrix of the interpolated data
at each spatial location; A (x) = [AT(x), AR(x),--+, AR(x)]? is the noise-free
L

reconstructed signal; A2.(x) = > |AR(x)|2, and W (x) is a matrix arranged by
i=1

the set of complex weights W,,,;(x):

%11(30 %120() %M(X)
W(x) = 2{(X) 22:(X) 2L:(X) @1
WLl(X) WLQ(X) s WLL(X)

The reduced number of DoF in the nc-x model is originated by the correlation
and inhomogeneous variance of the complex Gaussians, i.e. by C%. In GRAPPA,
this artifact mainly comes from the interpolation matrix W and not from the covari-
ance matrix 3.

Summarizing, the nc-y model does not hold for GRAPPA reconstructed data.
However, this distribution can be used as a good approximation of the actual one.
For this approximation to hold, effective parameters have to be considered which
represent an equivalent, non-subsampled configuration with a smaller number of
coils (DoF) and, consequently, a greater level of noise. Note the effective parame-
ters Ler and o2 are signal dependent (hence spatial-dependent), which is further
discussed in the next section.
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st

data from 8 coils

O«

Fig. 3 Example of the SENSE interpolation for 8 coils and an acceleration factor r = 2.

3.2 Statistical model in SENSE reconstructed images

Most of the noise related studies in SENSE are usually done from a SNR or a g-
factor (noise amplification) point of view [32, 34]. In what follows we present an
equivalent reformulation, implicit in previous studies [43, 52, 46] but more coherent
with the signal and noise analysis done for the other modalities reviewed in this
paper.

For the sake of simplicy, let us assume that SENSE [32] is only be applied to
MRI data regularly subsampled by a factor r. The reconstruction takes place in the
image domain. Assuming an original size |£2| = M, x M, the subsampled signal
S5(x) = SP(x,y) are the (complex) Fourier inverse transform of s (k), of size
My x (My/r).

In multiple coil scanners, the image received in coil I-th, S;(z, y), can be seen as
an original image So(x,y) weighted by the sensitivity of that specific coil:

Sl(xay) = Cl(xay)SO(xvy)a l= ]-7 T 7L (22)

An accelerated pMRI acquisition with a factor » will reduce the matrix size of the
image at every coil. The signal in one pixel at location (z, y) of I-th coil can be now
written as [34]:

Sl(xvy) = Ol(l',y1>50(l’,y1) + U + Cl(xa yT‘)SO(‘T7y7‘) (23)

In SENSE, the reconstructed image S™(z, ) can be seen as an estimator of the orig-
inal image S™(z,y) = So(x,y) that can be obtained from eq. (23). For instance,
for r = 2 for pixel (x,y), ST(x,y) is obtained as

3

Sﬂ:[w1 W x [S5 .. S5]. (24)

An example for 8 coils and r = 2 is depicted in Fig. 3. In matrix form for each
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output pixels an arbitrary r

SR=W,xS8% i=1,---,r (25)

S® =W x S°, (26)

with W(z, y) = [Wy,--- W,] a reconstruction matrix created from the sensitivity
maps at each coil. These maps, C(z,y) = [Cy,---,Cp] are estimated through
calibration right before each acquisition session. Once they are known, the matrix
‘W (z,y) reduces to a least-squares solver for the overdetermined problem C(z, y) X
SR(x,y) ~ SS(x,y) [32, 34]:

W(.Z‘,y) = (C*(J;7y)C(gj7y))7lc*(x’y) (27

The correlation between coils may be incorporated in the reconstruction as a pre-
whitening matrix for the measurements, and W (xz, y) becomes then a weighted least
squares solver with correlation matrix 33:

W(z,y) = (C*(z,y)= "' C(x,y)) ' C*(z,y)T~".

The SNR of the fully sampled image and the image reconstructed with SENSE are
related by the so-called g-factor [52, 34]:

SNRfull
Vg

However, we will focus on the actual noise model underlying the SENSE re-
construction and on the final variance of noise. The final signal for each of the r
reconstructed pixles, SiR, is obtained as a linear combination of the samples in each
coil, Sls , where the noise is Gaussian distributed. Thus, the resulting signal is also
Gaussian, with variance:

SNRSENSE = (28)

0?2 = WiZW,. (29)

Since W; is position dependent, i.e. W; = W,(z,y), so will be the variance of
noise, af (z,y). For further reference, when the whole image is taken into account,
let us denote the variance of noise for each pixel in the reconstructed data by 0% (x).
Note now that all the lines S/ reconstructed from the same data S{ will be
strongly correlated, since they are basically different linear combinations of the
same Gaussian variables. In that case, the covariance between SZ-R and S]R, i #£j

can be calculated as
0}, = WiZW,, (30)

and the correlation coefficient is derived straight forward:
o _ WiXW;
%%\ [(WiBW,) (W;EW,)

€1V

2
Pij =
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However, each r correlated lines are far enough within the final image, so we can
neglect this correlation effect for processing purposes. In other pMRI modalities
that carry out the interpolation in the Kk-space, such as GRAPPA, there will also
be spatial correlations. However, the iDFT will sparsely distribute them among the
entire image domain, considerably reducing their impact when compared to those
in x-space reconstruction methods. Accordingly, they are usually left aside.

All in all, noise in the final reconstructed signal S™(x) will follow a complex
Gaussian distribution. If the magnitude is considered, i.e. M(x) = |S™(x)|, the
final CMS will follow a Rician distribution, just like single-coil systems.

We can summarize our developments as follows:

1. Subsampled multi coil MR data reconstructed with Cartesian SENSE follow a
Rician distribution at each point of the image.

2. The resulting distribution is non-stationary. This means that the variance of noise
will vary from point to point across the image.

3. The final value of the variance of noise at each point will only depend on the
covariance matrix of the original data and on the sensitivity map.

4. Each pixel in the final image will be strongly correlated with all those pixels
reconstructed from the same original data. Each pixel is correlated with r — 1
other pixels. Due to the distance between correlated pixels, this correlation may
be left aside.

For the particular case in which there is no initial correlation between coils and
all the coils have the same noise variance o2, we can write eq. (29) as:

o? = 0% x |W; % (32)

Since o2 is the noise variance of the subsampled data in the image domain, accord-
ing to eq. (5), it is related to the original noise level without subsampling, say o3,
by the subsampling rate:
o’ =r-op,
and therefore
0i =100 x [W, (33)

which is totally equivalent to the formulations for SNR reduction in literature [32,
43].

4 Spatial variation of the noise distribution parameters: Noise
maps

We have concluded in the previous sections that the noise pattern in certain multiple-
coil systems may show spatially-variant, or even signal-dependent distributions. The
origin of this artifact may be the initial correlation (coupling) between the receiver
coils in the MRI scanner, or the reconstruction process in pMRI protocols. In all
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these cases we are interested in characterizing the variability of the parameters of
the noise distribution. From now on, the values of these parameters for each pixel at
each coil or in the final CMS will be referred to as noise maps.

4.1 Noise maps for fully sampled k—spaces from multiple
correlated coils

The existence of correlations between the noise in different coils compels using
effective parameters for the nc-y distribution, whose value is given in eq. (13):

y2 () — ATCOBAL) +]IBIE
T TR u(D)

This magnitude depends on the signal itself, hence it is spatially variant, as it is also
the case for Lew(x). This fact makes it very difficult developing statistical models
for signal processing. On the other hand, the value of Leg or 02 is usually not as
relevant as the value of their product, Lg offf which can be found in some of the
moments of the nc-y.

From eqs. 12 and 13, it is easy to check:

Leg(x) - 024(x) = tr (), (34)

which depends now only on 3. In the particular case in which the variance of noise
is equal in each coil :
Lege(x) - Ufo(X) =L-o°

which is similar to the uncorrelated case.

Hence, the parameter of interest is both signal-independent and spatially-invariant,
and building a noise map is worthless. On the contrary, suppose we are interested
in the individual value of o7. Assuming o7 = o is the same for every coil, the ef-
fective variance of noise becomes largely different in the background (SNR=0) and
signal (SNR— o0) areas [49]:

e Background: ol , = 0® (1 + (p*)(L — 1)).
e Signal: Ugff,s =02 (14 (p*)(L —1)).

with (.) the sample mean operator, so that:
< n> _ 1 Z n

Since p?j € [0, 1], the effective variance of noise in the signal areas will be greater
or equal than in the background, i.e. 02 ¢ > O'gff - This reasoning suggests the
definition of the noise ratio as:
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Fig. 4 Noise ratio analytically computed for different numbers of coils.
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For the sake of illustration, this ratio is depicted in Fig. 4 for different values of the
true L and the particular case (p™) = p™. Even for small values of the correlation
coefficient p, there is a large variability of ogﬂ between signal and background areas,
which disappears when we consider L - Ugff.

4.2 Noise maps for GRAPPA

Unlike the previous case, the GRAPPA interpolation makes the signal at each coil
non-stationary even before SoS is done. According to eq. (17), the noise at the [-th
coil in the image domain will follow a complex non-stationary Gaussian distribu-
tion, whose noise map for either the real or the imaginary component is defined
by:

of (x) = Wi (x) 3 Wi(x), (36)

with W (x) = [Wy;(x), -+, Wr;(x)]T. If there are no initial correlations between
coils, this equation simplifies to:

T W (%) (37)

L
®

]
M=

m=1

This noise map does not depend on the signal, but on the original covariance matrix
and on the GRAPPA reconstruction coefficients. Once the SoS is taken, the effective
map of noise becomes signal dependent; from eq. (20):

0_2 (X) — A*C%(A—i_ HC%(H%
eff AZ + 1 (C%)
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If we consider now the product Leg 02 in the nc-x distribution, egs. 19 and 20 show
that this parameter is at least signal-independent. As opposed to the fully sampled
case, this product is indeed spatially variant, hence it makes sense defining a noise
map:

Legr(x) - Ugff(x) =tr (C§( (X)) .

4.3 Noise maps for SENSE

After SENSE reconstruction, the final signal follows a non-stationary complex
Gaussian, which becomes a Rician when its magnitude is taken. Thus, the same
parameters and noise maps can be considered for both. The final noise map will
follow eq. (29):

o’,?(x) =W/ (x)EW;(x) i=1,--,r

The noise map in SENSE does not depend on the signal, but only on the original
covariance matrix and on the sensitivity maps of the coils. This means that, knowing
the sensitivity maps and the acceleration rate beforehand, it is possible to predict the
output noise map for SENSE.

In addition, note that in the case of SENSE, the noise map is not the only in-
teresting noise-related map to take into account. Due to the reconstruction process,
there will be a high correlation between adjacent lines. A correlation map can also
be defined following eq. (31).

4.4 Some practical examples

Fig. 5 MR data used for illustration: Top: Synthetic 8-coil acquisition with correlated noise. Bot-
tom: Actual brain imaging acquisition from a GE Signa 1.5T scanner with 8§ coils.

In this section we will show some of the noise maps previously defined. For the
sake of illustration, two different data sets will be considered:
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Fig. 6 Sensitivity Maps used for the experiments. Top: Synthetic sensitivity map created so that
the SoS of the maps gives a constant image. Bottom: Sensitivity map estimated from an actual
brain imaging acquisition in a GE Signa 1.5T scanner with 8 coils.

1. In order to know before hand all possible parameters such as 33, number of coils,
A; and so on, a synthetic phantom mimicking a parallel acquisition will be used,
as shown in Fig. 5. The starting point is a 2D synthetic slice Ag(x) in the image
domain from the BrainWeb MR volume [53], with intensity values in [0, 255].
The average intensity value for the White Matter is 158, for the Gray Matter is
105, for the cerebrospinal fluid 36 and O for the background. An 8-coil system is
simulated using an artificial sensitivity map coded for each coil so that A% (x) =
Zle |A;(x)|? = Ag(x), as shown in Fig. 6 (top). The image domain for each
coil is corrupted with complex Gaussian noise with o7 = 100 and a correlation
coefficient of p2 = 0.05 between all coils, so that:

1 0.05---0.05

0.06 1 ---0.05
3 =100 x

0.050.05--- 1

2. A real T1 acquisition of a brain, as shown in Fig. 5, done in a GE Signa 1.5T
EXCITE, FSE pulse sequence, 8 coils, TR=500 msec, TE=13.8 msec, image
size 256 x 256 and FOV: 20cmx20cm. We will consider the sensitivity maps
estimated by the scanning software, see Fig. 6 (bottom).

First we will consider the fully sampled case (FS) for the synthetic data, using
SoS to calculate the CMS. Using eq. (12) and eq. (13) we can calculate the maps
for oegr(x) and Leg(x), we show them in Fig. 7-(a) and 7-(b). There are basically
two different areas to take into account: the background area and the signal area.
The background has a smaller level of noise than the signal. The product between
the two maps is a constant value for the whole image:

02(%) - Legi(x) = r(X) = 07 - L =100 x 8,

as shown in Fig. 7-(c). From the same data in each coil, the k-space is subsampled
using an acceleration rate r = 2, keeping 32 ACS lines for calibration, and GRAPPA
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Fig. 7 Maps of noise for the synthetic example. (a) Effective noise map for the fully sampled
case. (b) Effective number of coils for the fully sampled case. (c) The map of Leff(x)asz(x)
for the fully sampled case. (d) Effective noise map for the GRAPPA reconstruction. (e) Effective
number of coils for the GRAPPA reconstruction. (f) The map of Leff(x)agff(x) for GRAPPA

reconstruction. (g) Noise map for SENSE reconstruction. (h) Coefficient of correlation for the
SENSE reconstruction.

is used for reconstruction. The final CMS is obtained using SoS. Again, we can
calculate the maps for noise and number of coils using eq. (20) and eq. (19). Results
for GRAPPA are shown in Fig. 7-(c) and 7-(d). Note that there is a great range of
values for oef(x), mainly due to the GRAPPA coefficients. Most of the background
lies in values around 10, while there are signal areas with levels of noise around 45.
In addition, the background and the signal do not show a pattern as regular as the
FS case. The product 02(x) - Legr(x) for GRAPPA will not be a constant either,
but a map with different values for different x. The advantage of this product is that
it does not depend on the signal, but only on the reconstruction coefficients and on
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Fig. 8 Maps of noise for the real acquisition. (a) The map of , /Leﬂ:(x)ogff(x) for GRAPPA

reconstruction. (b) Noise map for SENSE reconstruction. (c) Coefficient of correlation for the
SENSE reconstruction.

the original covariance matrix. In Fig. 7-(e) we show the map for the synthetic data,
and in Fig. 8-(a) the same map is calculated for the real acquisition. For the real
acquisition we have just used the GRAPPA coefficients and assumed a 3 matrix
like the one in the synthetic experiment. (There are methods allowing the estimation
of the actual X, but for the sake of illustration and comparison we will consider the
same for the two experiments).

Fig. 9 Synthetic example: o;(x), map of noise in each coil for GRAPPA before SoS.

e a

Fig. 10 Real acquisition: o;(x), map of noise in each coil for GRAPPA before SoS.

Even assuming the same 3 matrix, note that the resultant map differs from the
two cases, which gives an idea of the great influence of the GRAPPA coefficients
over the final distribution of noise. Using eq. (36) we can also calculate the variance
of noise of the complex Gaussian distributions in each coil before the SoS. They are
depicted in Fig. 9 (synthetic data) and in Fig. 10 (real acquisition).

Finally, the k-space is again subsampled using an acceleration rate r = 2, and
SENSE is used for reconstruction using the sensitivity maps of each of the data sets.
Results for o (x) and pi j (x) are shown in Fig. 7-(f) and 7-(g)(synthetic data) and
in Fig. 8-(b) and 8-(c) (real acquisition). Note that the uniformity of the noise map
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depends highly on the sensitivity maps. For the synthetic case, the levels of noise
take values in a small range. Thus, with a small error, we can assume the noise to
be stationary, and work as if it were a single coil acquisition. However, for the real
acquisition, the range of values is broader.

5 Discussion

While many of the features previously discussed for the noise pattern in MRI are
well known, many other are not equally familiar to the image processing commu-
nity. In this section we briefly discuss some important implications of the properties
explained before, and provide useful guidelines for the design of image processing
pipelines involving the statistical characterization of noise in MRI. The discussion
is divided in three blocks corresponding to the voxel-wise (first order) statistics, the
spatially variant noise patterns, and the spatial correlations (second order statistics),
each of them arising challenging problems in image processing tasks such as image
denoising, quantitative diffusion MRI, functional MRI, perfusion MRI, and others.

5.1 The Rician and nc-x models in voxel-wise statistics

The Rician distribution has been widely accepted in the MRI literature as a suitable
model for the noise in magnitude images [5]. In spite of this, the complexity of
Rician statistics has favored the approximation of this distribution with Gaussian
functions. This simplification is justified as long as for large SNRs both distributions
are virtually identical. The main advantage of the Gaussian approximation relies on
the huge background on image processing techniques based on this model. In a
statistical sense, Gaussian corrupted signals fulfill two useful properties:

E{M(x)} = Ar(x); (38)
E{(M(x) - Ar(x))*} = 0%, (39)
i.e. the expected value of the observation equals the magnitude of interest itself,

and the expected value of the estimation error does not depend on the actual signal
Ar(x). This behavior does not hold for Rician-distributed signals, for which we

have:
B{M(x)} = \/le/2 (—A;g)Q) o, (40)

with L,,(z) = 1F1(—n; 1;x), and the estimation error in this case does depend on
the actual value of Ap(x). The use of the Gaussian approach to estimate the value
Ar(x) will introduce a systematic error (bias) in the estimation, which will decrease
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when Ar(x) > o. Though this bias does not have an impact on the visual assess-
ment of MRI volumes for diagnostic purposes, it will negatively affect quantitative
modalities such as diffusion, perfusion, or functional MRI, especially when the SNR
is decreased. One very illustrative example is the case of diffusion MRI. In the DWIs
image intensities are lower for those gradient directions aligned with the major di-
rections of diffusion. This means that the relevant information is coded in low SNR
areas, for which M (x) is systematically greater than A7 (x) and the diffusivity will
be underestimated. This effect is even more noticeable in High Angular Resolution
DWI (HARDI), where the sensitizing gradients are typically stronger and the SNR
is dramatically worsened due to the diffusion-induced attenuation [54].

Many authors have pointed out before this consideration, introducing the Rician
statistics in the estimation of diffusion models [17, 55], curve fitting for quantitative
perfusion measurements [56, 57, 58], hypothesis tests to assess the activation level in
functional MRI [24, 25], or in a preprocessing (denoising) step to get rid of the afore-
mentioned bias for the subsequent processing stages [48, 59, 60, 61]. These methods
are usually based on non-linear, iterative procedures to recover Ay (x) from M (x)
in eq. (40), or they alternatively use the Rician distribution in eq. (7) to estimate
Ar(x) from noisy measurements. This complexity can be reduced by alternatively
considering the squared magnitude signal, whose relation with the squared original
signal is linear [4]:

B{M?(x)} = A%(x) 4 20°.

The so-called CA implies the actual signal can be directly computed from the ex-
pected value of the squared magnitude signal by simply subtracting the bias term:

Arp(x) = VE{M2(x)} — 202, 41)

which has been intensively used in the MRI denoising literature [9, 11, 12, 13, 62].

On the other hand, the nc-y model is not equally popular in the literature (see
Table 2), despite of the fact that it has been proved a suitable model for many multi-
ple coils systems, for example those using GRAPPA reconstruction. In these cases,
using Rician statistics may lead to great errors [10, 50], and yet a Gaussian distri-
bution might be a preferable model. Nevertheless, for multiple coil systems, both
Rician and Gaussian models will cause a certain bias to appear in the estimation of
Ar(x), since the expected value of the magnitude signal is not equal to the magni-

tude to estimate:
_ /T rL—1 AT(X)2
E{ML(X)} = §L1/2 (_ 952 . (42)

The biases induced by nc-x signals are typically larger due to the combined effect
of all the Gaussian sources (effective coils), and they are also dramatically increased
when the data sets exhibit a poor SNR [15]. In this case the CA can be easily ex-
trapolated [50]:

E{M}(x)} = A%(x) + 2Lo”* = Ap(x) = \/E{Mg(x)} —2Lo2,  (43)
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Fig. 11 1D example of estimation of A using different models.

while quantitative methods based on the non-squared magnitude signal for diffu-
sion MRI [17, 55], perfusion MRI [56, 57, 58], functional MRI [24, 25], and oth-
ers [48, 59, 60, 61] need a deeper reformulation. As a matter of fact, the popular
Weighted Least Squares method for diffusion tensor estimation is still usable with
nc-y signals [15]. As described in Section 2.4, L and o have to be replaced by
their corresponding effective values in case that correlations between coils and/or
GRAPPA interpolation are considered (and the nc-xy model becomes then an ap-
proximation). This consideration adds an extra layer of complexity to the problem,
since neither L.g nor oeg are known beforehand in general, and they must be esti-
mated. Fortunately, the product Lego 2 is typically the relevant magnitude, since it
accounts for the total amount of noise in the magnitude image instead of the inde-
pendent contribution of each coil separately. Consider for example eq. (43), which
will translate into:

Ar(x) = \JE{ME(x)} — 2Legr(x) - 02y(x) = \/ E(MZ (x)} — 2w (5),  @44)

Indeed, it is usually simpler estimating Leg o2 from a noisy data set than it is as-
sessing each of them isolated, in a way that the estimation problem has a similar
complexity to the one in the Rician case (although the equations involved are com-
pletely different, see the review in [47]).

As an illustration of how a mismatch in the choice of the noise model can affect
the estimation, see Fig. 11. 500 samples of two 1D random signals were gener-
ated, following a Rician and a (non correlated) nc- distribution, with A7 = 1 and
o; = 0.8. The signal value A is estimated using eq. (38), eq. (41) and eq. (44),
respectively assuming a Gaussian, Rician and nc-y model. Note that since we are
working in a low SNR scenario, the mismatch between the chosen model and the
real data yields to a bias in the estimation of the actual signal value.
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5.2 Noise non-stationarity and noise maps

The main assumption for single coil Rician acquisitions is that the noise is station-
ary, and therefore a single value of o characterizes the whole data set. This premise
is extensible to multiple coils systems if the correlations between the receiving coils
are neglected. In this case, two unique values of L and ¢ equally describe the noise
properties at all imaged voxels. In case appreciable correlations do exist, however,
the model has to be redefined in terms of effective nc-x parameters that are spa-
tially variant. The noise map for the synthetic example in Fig 7-(a) illustrates the
great mismatch of noise values between the signal and background areas. Addi-
tionally, L.g¢ and oeg are not only spatially dependent but also signal-dependent.
Fortunately, the product Lego2; (the overall noise contribution for all coils) is con-
stant, thus signal-independent, for the whole image domain. As previously stated,
this means that most of the quantitative MRI techniques based on local moments
computations will be equally valid for single and multiple coils systems whenever
fully sampled k—spaces are acquired. For example, in eq. (44) 3 is a constant.

Parallel reconstructions from partially sampled k—spaces raise more serious is-
sues. The non-stationarity is even more severe, and signal-dependent artifacts are
also present. In this paper we have analyzed the effect of GRAPPA and SENSE
over the noise in the final CMS, but a similar study can be carried out for other tech-
niques, such as SMASH, PILS or non-Cartesian SENSE [30, 34]. With SENSE, the
noise map mainly depends on the original level of noise and the sensitivity map
of each coil. The corresponding map o (x) provides an estimation of how far from
the Rician stationary case we are. In the synthetic example previously presented in
Fig. 7-(f), for instance, the assumption that ¢ is constant for the whole image will
not produce a great error, while it will considerably simplify the computations.

With GRAPPA, both the initial correlations between coils and the reconstruc-
tion interpolation favor the appearance of signal-dependent noise. Contrary to the
fully sampled case, considering Lefr(x) - o2(x) = tr (C% (x)) will not remove
the spatial variability. Even so, tr (Cg( (x)) depends only on 3 and the GRAPPA
reconstruction coefficients, so that Lego2; is at least signal independent and hence
easier to work with [63].

The actual impact of the non-stationarity of noise in quantitative MRI will depend
on whether the processing needs a prior estimation of the distribution parameters.
For example, ML estimators for Rician PDFs can embed the assessment of o at
each voxel themselves [17]. The most of the algorithms for the estimation of diffu-
sion MRI models are run voxel by voxel, and they do not require the actual knowl-
edge of the noise distribution, mainly because they assume an underlying Gaussian
distribution of noise [14, 15, 55, 64]. In all these cases, the non-stationarity is not
a serious issue as long as the computations involve a unique voxel or a neighbor-
hood small enough to consider an approximately homogeneous noise distribution
whose parameters are not relevant. On the contrary, other diffusion MRI methods
include some sort of spatial regularization, and in this case the spatial variability
of noise urges a reformulation [22]. In other quantitative methods based on Rician
statistics, though they treat each voxel independently, the computations require a
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prior knowledge of the noise power; hence they will suffer from noise inhomo-
geneities [24, 25, 56, 57, 58]. This is the case also for denoising and other local
moments-based techniques [9, 10, 11, 12, 13, 48, 60, 61, 62]: local moments are
computed as sample estimates in a small neighborhood, mixing up noise samples
with different statistical properties. Luckily, noise maps are smooth enough, so that
the variability of the distributions parameters can be considered negligible inside
those neighborhoods. In any case, the statistical model used for denoising must vary
across the image voxels, as it may be checked from one of the simplest cases in
eq. (44).

With these considerations, we may conclude that most of the quantitative tech-
niques in MRI may be generalized to the non-stationary case once a proper estimate
of the spatial map of distribution parameters is known. Accordingly, the problem
of properly estimating o(x) (or Leg(x) and oeg(x)) earns a capital importance
over the remaining applications. Many methods have been proposed for noise esti-
mation, most of them showing a very good performance in terms of accuracy and
low variance of the estimates [47]. Unfortunately, they usually assume a station-
ary pattern, hence they do not directly apply to those noise models accounting for
non-stationarity.

Certain works have appeared addressing the different properties of noise in signal
and background areas (especially when the latter are artificially removed), but they
still estimate individual noise parameters for the entire MRI volume [8, 65, 66].
There have been proposals to carry out a rough estimation of non-stationary noise
maps assuming a Rician models. However, most of these approaches require extra
information beyond the simple magnitude signal: multiple acquisitions or different
signals are required ([67, 68, 69]), a biophysical model must be defined ([69]), or
even acquisition information such the estimated sensitivity of the coils is needed
([70]). This need of extra information has supposed a drawback in the usage of
more complex noise models. Recently, there have been some novel proposals to
estimate these non-homogeneous maps of noise out of a single image, not only in
the MRI context. The most usual approaches are based on wavelet decomposition or
local moments[71, 72, 73, 68, 74], on a homomorphic decomposition of the nosie
components [75]. Similar efforts can be found for GRAPPA [70, 76, 77].

As a summary of this section, the traditional noise estimation methods will
work “as they are” for single- and multiple-coils systems without subsampling or
inter-coil noise correlations. For the other scenarios, some reformulations will be
required. We have presented here how to predict the spatial pattern of noise pa-
rameters, so that the complexity of noise estimation may be dramatically reduced
from the model-free approaches in [78, 73] to a problem where only one degree of
freedom has to be estimated. In order to predict the spatial patterns, we need to a
priori model, for SENSE, the sensitivity maps of each coil (which is inherent to
this method), meanwhile with GRAPPA we need to characterize the interpolation
weights. Once the maps are derived, local moments-based estimators of noise may
be generalized by embedding a regularization step based on the prior knowledge of
the spatial patterns.



28 Aja-Fernandez and Tristdn-Vega

[Model [Application |References |
Rician Signal and noise models |[5, 44, 79]
Noise Estimation [7, 8, 37, 47, 80, 81, 82, 83, 84, 66, 65, 78,
85]
Noise Filtering [4,7,9,11, 12, 13, 80, 82, 86, 87, 88, 89, 6,
59, 62, 73, 90, 91, 92]
Segmentation [20, 21, 37, 93]

Gaussian Correction [48, 60, 61, 55]
Diffusion Tensor Esti-[[14, 16, 18, 19, 23]
mation
fMRI [24, 25]
Perfussion Analysis [56, 57, 58]

nc-y Signal and noise models |[27, 49, 46]

Noise Estimation [27, 46, 47, 48, 94, 50, 95, 77]
Noise Filtering [10, 48, 96, 97, 50]

Gaussian Correction [48, 60]

Diffusion Tensor Esti-[[15]

mation
GRAPPA |Signal and noise models |[33, 42, 43, 51]
Noise Estimation [63, 70, 76, 77]
Noise Filtering [50]
SENSE |Signal and noise models [[32, 43, 35]
Noise Estimation [69, 70, 72, 98, 99, 100, 101, 67, 68, 75]
Noise Filtering [99, 100, 102]

Table 2 Some examples of usage of the models proposed in this paper. Most of them have been
focus of the stationary Rician model.

To sum up, in Table 2 we summarize some of the different applications in liter-
ature that make use of the statistical models reviewed in this paper. Note that, from
a practical point of view, most of the authors have assumed a simple Rician model
for most applications, while procedures that take into account pMRI statistics are
scarce. This gives a global idea of the potential of future research in MRI modeling,
since the amount of unfinished problems is still large.

6 Conclusion

The proper modeling of the statistics of thermal noise in MRI is crucial for many
image processing and computer aided diagnosis tasks. While the stationary Rician
model has been the keystone of statistical signal processing in MR for years, nei-
ther the stationarity assumption nor the Rician distribution are always valid. The
deviations of the actual statistics of noise with respect to the traditional model will
imply very different outcomes depending on the final application, as we describe in
the previous section. As a consequence, each application will need a careful choice
for a proper and realistic model for the data sets at hand, attending to the need for
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modeling the actual voxel-wise PDF and/or the spatial distribution of its parameters
and possible second-order artifacts (noise correlations).

The existing models for noise statistics surveyed in this paper are suitable for
many MRI acquisition sequences, as long as the k—space is formed by Carte-
sian sampling, the phase-encoded lines independently acquired, and the image do-
main retrieved by means of a linear operator. On the contrary, single-shot acquisi-
tion sequences like EPI require post-processing schemes, ghost-correction, and oth-
ers [28, 29]. Further post-processing stages may include customary noise reduction
systems or corrections to the sensitivity inhomogeneities. In all these cases, large
deviations of the noise statistics and the correlation between samples with respect
to the AWGN model will appear. This might be the case also for the emerging tech-
niques beyond pMRI, like non-linear GRAPPA [103] or compressed sensing-based
reconstructions [104, 105, 106]. Even when the k—space was contaminated with
AWGN, the retrieval of the image domain is in these cases heavily non-linear, so
that the Rician or nc-x models are not necessarily appropriate.

Finally, in Table 3 a survey of the different models reviewed in this paper is
carried out.

Composite Magnitude Signal

Number of|Acquisition Statistical Stationarity Parameters
coils Model
1 coil Single coil Rician Stationary o?
Multiple coils |No subsampling +|nc-x Stationary o?
SoS
(Uncorrelated) L (Number of
coils)
Multiple coils [No subsampling +|nc-x (approx.) |Non-stationary asz(x)
SoS
(correlated) Leagr(x)
Multiple coils [pMRI + SENSE  |Correlated Ri-|Non-stationary [o% (x)
cian
pz? ] (x)
Multiple coils |pMRI +|nc-x (approx.) |Non-stationary szf(x)
GRAPPA+ SoS
Leff(x)

Table 3 Survey of noise models in the final composite magnitude signal for different acquisition
schemes.






Influence of Noise Correlation in Multiple-Coil
Statistical Models with Sum of Squares
Reconstruction

Santiago Aja-Ferndndez, Antonio Tristdn-Vega*

Abstract Noise in the composite magnitude signal (CMS) from multiple-coil sys-
tems is usually assumed to follow a noncentral x distribution when Sum of Squares
(SoS) is used to combine images sensed at different coils. However, this is true only
if the variance of noise is the same for all coils, and no correlation exists between
them. We show how correlations may be obviated from this model if effective values
are considered. This implies a reduced effective number of coils and an increased ef-
fective variance of noise. In addition, the effective variance of noise becomes signal-
dependent.

1 Introduction

The noncentral x (nc-y) distribution has been extensively used to model the noise in
MRI when the signals at different receiving coils are combined as the Sum of their
Squares (SoS) [27, 46, 47, 107, 48]. However, this Composite Magnitude Signal
(CMS) will only show nc-x statistics if the variance of noise is the same for all
coils, and no correlation exists between them. Although it is well known that in
phased array systems noise correlations do exist [38, 39, 40, 41], the effect of noise
correlations has been usually left aside due to their minimal effect and practical
considerations, as stated in [27]. With the break-up of modern acquisition systems
comprising up to 32 or 64 coils this simplification is at stake.

We study here how correlations effect the nc-chi model, and under what as-
sumptions this approximation is still valid. The deviations from ideal statistics with
GRAPPA reconstructions due to k-space interpolation artifacts have been studied in
a recent paper [42]. We [the authors] concluded that the divergence with respect to

* This chapter was previously published as: S. Aja-Ferndndez, A. Tristidn-Vega, “Influence of
Noise Correlation in Multiple-Coil Statistical Models with Sum of Squares Reconstruction” Mag-
netic Resonance in Medicine,67(2), pp. 580585, 2012.
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the ideal demeanor can be obviated with the introduction of certain effective statis-
tics. In a similar fashion, we show in the current paper how inter-coil correlations
can be modeled by means of an effective (increased) number of coils and an effective
(decreased) noise variance. The resulting model accurately fits the actual statistics
found in real data sets [46].

2 Theory

2.1 Statistical Model in Multiple—Coil MR signals

The k-space data at each coil can be accurately described by an Additive White

Gaussian Noise (AWGN) process, with zero mean and variance a%(:

si(k) = ai(k) + ni(k;o%), l=1,---,L (1)

with a; (k) the noise-free signal and n;(k;0%) = ny, (k;0%) + jn, (k;0%) the
AWGN process, which is initially assumed stationary so that 0% does not depend
on k. The complex x-space is obtained as the inverse Discrete Fourier Transform
(iDFT) of s;(k) for each slice or volume, so the noise in the complex x-space is still
Gaussian:

Si(x) = Aj(x) + Ni(x;02), 1=1,---,L

where Nj(x;02) = N;, (x;02) + jN;,(x;02) is also a complex AWGN process
(note we are assuming that there are not any spatial correlations) with zero mean
and covariance matrix X. If the k-space is fully sampled, SoS can be directly used
to recover the MRI [27, 38]:

L
> 1Six)2. @)
=1

In the same fashion as [42], we consider M7 (x) instead, and distinguish two differ-
ent scenarios regarding the covariance matrix 3:

1. In the ideal scenario, the variance of noise at each coil is the same, and no corre-
lations exist: 3 is therefore diagonal with identical eigenvalues:

S=02-1

where I is the L x L identity, 02 = ﬁaf( is the original variance of noise and

|£2| is the number of points used to compute the iDFT. Since the variance of noise
is the same for all coils and they are uncorrelated, M?(x) follows a noncentral
x? (nc-x?) distribution [45] with Probability Density Function (PDF):
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AlfL L 73:+A%.‘ A
pX(1'|AT,0'n,L) — 2:;_2 xE(Lfl)e 202 ILl( Zﬁ) 'LL(.’E), (3)

n

L
with AZ(x) = > |Ai(x)|%, IL(.) the L" order modified Bessel function of the
=1

first kind, and u(.) the Heaviside step function. In the background, this PDF sim-
plifies to a central x? (c-x?). The mean and the variance of the nc-x? distribution
are:

E{M}} = A% +252L 4)
Var{M3?} = 4A%02 + 4Lo2. 5

2. In the general case, 3 is an arbitrary, symmetric, positive definite matrix:

2
01 012 '+ 01L
2
021 03 -+ 02L
Y= ,
2
0r10L2 " 07,

the off-diagonal elements standing for the correlations between each pair of coils.
Though the corresponding PDF cannot be theoretically derived, the mean and
variance are easily computed as [42]:

E{M{(x)} = A7 + 2t (3); (©)
Var{M3?(x)} = 4 A*SA +4[|Z]%. (7)
with ||.|| 7 the Frobenius norm and A = [A;, As,--- , Az]7T.

This case will be found in coils systems where correlations do exist. As a conse-
quence, the actual PDF is not strictly a nc-x?2, though for small correlations it is
expected that such model remains approximately valid. Correlations will affect the
number of Degrees of Freedom (DoF) of the distribution. To deduce an effective
nc-x? PDF, we use the method of moments: eqs. 4 and 5 are respectively equated
to 6 and 7 to solve for the following effective parameters:

A u (D) + (r(2)*

Lope = 8

eff A*ZA +[|Z]E ®)
tr (X

ot = L(eff)' 9

2.2 Simplified scenarios

Consider the following covariance matrix:
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1 pi2 - pir

) pa1 1 - pap
Y=o, . (10)

pr1 pr2 - 1

where p;; € [0,1] is the correlation coefficient between coils 7 and j. We assume
that the variance of noise o = o2 is the same for every coil. Although this premise
might be not completely realistic, its study provides a simple, yet powerful insight
on the behavior of the true statistics with regard to noise correlations. Under this

assumption, eq. 8 and eq. 9 read:

AZ + L o2 1
Lo = L T n =L 11
A N e S L Wi s oX A NI
i#] i#£]

Y AT Ajpij +on Y pi
7 =

2 2 2
= 1+ = C,(L 12
Oeff n A% T L U% o, Cr(L) (12)

where C,.(L) can be seen as a correction factor. Since C.(L) > 1, Legg < L and
agff > U,%. As expected, noise correlations induce effective numbers of coils smaller
than the actual one. The effective variance of noise, on the contrary, is increased due
to the reduced DoF to be averaged. A further simplification is to assume A; = A;
for all ¢, 5:

_ A2 )+ Lo (0
Leff =L (1 + (L — 1) A% L O'TQL (13)
A (p) + Loy (p*)
2 2 o T n
Ocff = On (1 +(L-1) Lo > , (14)

with (.) the sample mean operator, so that:

1
(p") = mZpZ

i

Results in eqs. 13 and 14 make clear that the effective values of L and o2 do depend
on the signal value Ar(x). If A%(x)(p) is comparable to L o2 (p?), i.e. the SNR
is low, the effective parameters will depend on the position x. Therefore the data
is no longer stationary, the noise power varying along with M? (x). Consider these
extreme cases:

1. In the background, where no signal is present and hence SNR=0, the effective
values are:
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Fig. 1 Noise ratio analytically computed for different number of coils.

L
L = 15
eff, B 1+ <p2>(L _ 1) ( )
g = 0n (L4 (p°)(L —1)). (16)
2. For high SNR areas, say ?—zT — 00, we have:
L
L = — 17
ods = 0n (14 (p)(L —1)). (18)

Since p;; € [0, 1], the effective variance of noise in the signal areas will be greater
or equal than in the background, i.e. agff g 2 agff - This reasoning suggests the
definition of the noise ratio as:

o35 _ 1+ L -1
UgfﬂB 1+ (p*)(L—1)

Re = 19)

For illustration this ratio is depicted in Fig. 1 for different values of the true L and the
particular case (p") = p™. The maximum is found in low values of the correlation
coefficient, meaning that the non-stationarity is more noticeable for moderately low
(but not null) values of p.

We can summarize our main points up to now as follows:

—_

. When correlation between coils is considered, the nc-y model does not hold.

2. The nc-x can be used as a good approximation as long as effective parameters
are considered.

3. The effective number of coils is decreased and the effective variance of noise is

increased.
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4. The final distribution is signal-dependent. Thus, the resulting distribution be-
comes non-stationary, and its parameters are spatially dependent for low SNR
and/or large numbers of receiving coils.

3 Material and Methods

3.1 Synthetic experiments

We present some experiments supporting the initial hypotheses. First, we numer-
ically validate the nc-x approximation proposed and measure the error introduced
with this approach. The SoS of 128 x 128 Gaussian correlated synthetic images are
considered. We assume 0 mean and the following covariance matrix:

1p-.-p

2 pl...p
Y=o, .
pp-..l

with 02 = 1, p € [0 — 1], and L € [4,32]. The analysis in terms of p is used
to characterize whether or not a nc-x model can be accurately fitted in each par-
ticular situation (since we are considering 0 mean, it will actually be a central-Y).
In addition, note that, in this case, the assumption of p;; = p is irrelevant for the
experiment. Our target measure is the relative Mean Squared Error (tMSE):

[ 19x(2) — gy (2)[*da
[ lox(@)|2dx

where g, () is the real distribution of the CMS obtained by SoS and g, (z) is the
distribution of an equivalent nc-. 100 different realizations are considered and the
average of the error is calculated.

In the second experiment we test areas with different SNR. 10000 samples of
Gaussian correlated synthetic images are considered. We assume two areas, the for-
mer with 0 mean (background) and the latter with A; = 1 (signal), the same covari-
ance matrix as before, p € [0 — 1] and L € [8, 32]. The CMS is obtained using SoS.
A nc-Y is fitted to the signal area and a c-) to the background. We measure tMSE,
Legr, and O'gff as the average among 100 independent trials.

rMSE =
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Fig. 2 Slice of an 8-coil 2D acquisition of the phantom used for the experiments.

3.2 Experiments with MR Data-Sets

A final set of experiments is carried out using real data: 100 repetitions of the same
slice of a phantom, see Fig. 2, scanned in an 8-channel head coil on a GE Signa 1.5T
EXCITE 12m4 scanner with FGRE Pulse Sequence to generate low SNR, Matrix
size= 128x128, TR/TE=8.6/3.38 ms, FOV 21x21cm, slice thickness = 1mm.

First we test the existence of noise correlation between coils. Since, in real cases,
pi; will be different for each pair of coils, we will no longer assume the 3 matrix of
the synthetic experiments, but the following one in eq. 10. The sample correlation
coefficient is calculated for each pixel using the 100 samples:

ol

(zi —Z)(yi — 9)

1
(n—1)oz0y

7

Py (X) =

The global p,, ,, for each pair of coils is estimated as the average for all pixels.

Once we assure that correlations exist, we expect that the CMS will show a higher
variance of noise and a value of the effective number of coils smaller than 8. For
the sake of simplicity we will focus on the background, though results may easily
be extrapolated to the signal area. The original noise variance o2 can be initially
estimated using the variance of the real part of every coil of every sample, where the
noise is known to be AWGN [108, 47]. The effective values are calculated fitting a
c-x to the histogram of the background data of the CMS, which is obtained by SoS.
For statistical purposes, the data of the 100 images are used for estimation.

4 Results

The average rMSE for the first experiment is plotted in Fig. 3. Fig. 3-A shows the
rMSE for effective parameters, meanwhile Fig. 3-B corresponds to the original L
and 02. According to the plots, it seems clear that the original parameters cannot
be used to model the actual distribution, since the error committed will be huge.
The use of effective parameters significantly reduces the error of the nc-y model, or
almost cancels it for low correlations. The error grows with p, and it is more signif-
icant for larger coil numbers. Finally, for high correlation coefficients, the situation
is similar to have an identical image in each coil or, alternatively, to have a single
coil system. In this case the noise is Rician distributed, and thus the error decreases.
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Fig. 3 Relative errors in the PDF for the central x approximation (Montecarlo simulations from
synthetic data), as a function of the correlation coefficient. A) Using effective parameters. B) Using
the original parameters.
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Fig. 4 Effective number of coils as a function of the coefficient of correlation, analytically com-
puted for the setting-up of the first experiment. A) Absolute value. B) Relative Value.

Complementary, on Fig. 4 the effective number of coils for the experiment is
depicted. As the correlation grows, all the values tend to one, i.e., for very high
correlation the system is equivalent to a single coil. Those configurations with a
greater number of coils are the ones with the greater slope (see the relative values
in Fig. 4-B): this means they are much more affected by correlations. For instance,
a 32-coil configuration with p = 0.2 will be equivalent to a 18-coil configuration,
which gives an idea of the importance of the correlations in the performance of
the scanner. Little correlations will provide higher effective number of coils, and
therefore smaller effective noise powers.

The results for the second synthetic experiment are shown in Fig. 5. The back-
ground (solid line) and signal area (dashed line) have been treated separately. The
experiment shows that there is a mismatch between what occurs in the background
and what occurs in the signal areas. The effective number of coils, for instance, de-
cays faster in the signal areas, even when a moderate SNR (SNR=1) is considered.
With a larger numbers of coils (see L = 32) the difference between the signal ar-
eas and the background is very noticeable for all p. The results are similar for the
variance of noise. The different behavior of the effective parameters between the
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Fig. 5 Effective number of coils, effective variance of noise (analytically computed for the setting-
up of the second experiment), and rMSE (numerically computed) for the second experiment.

background and the signal areas will potentially affect noise estimation algorithms
based on the background, see [47].

For the final experiment with the MRI phantom, the estimated covariance matrix
is:

1 0.0060 0.0025 0.0043 0.0070 0.0107 0.0068 0.0132
0.0060 1 0.0270 0.0017 0.0029 0.0144 0.0220 0.0025
0.0025 0.0270 1  0.0277 0.0058 0.0126 0.0113 0.0056
0.0043 0.0017 0.0277 1  0.0056 0.0035 0.0112 0.0003
71 0.0070 0.0029 0.0058 0.0056 1  0.0359 0.0006 0.0107
0.0107 0.0144 0.0126 0.0035 0.0359 1  0.0192 0.0000
0.0068 0.0220 0.0113 0.0112 0.0006 0.0192 1  0.0234
0.0132 0.0025 0.0056 0.0003 0.0107 0.0000 0.0234 1

As expected, there are some correlations between coils, although their values are
bounded by p < p5 6 = 0.0359. Thus, the effective values are expected to be close
to the actual ones. The actual variance of noise o2 is estimated using the variance
of the real part of every coil and location [47]. The effective values estimated over

the background are as follows:
L = 8; Legr = 7.3073; 0y, = 0.0430; oegr = 0.0447.

Even for relatively low correlations, the reduction in the effective number of coils
(respectively, the increase of the effective variance of noise) is clearly noticeable.
We would like to stress that this effect has been previously reported in [46] in a
merely empirical basis.

In order to study the non-stationarity of the noise we can also estimate the noise
ratio between the signal areas and the background

(L)

Ko =T i@ -1

= 1.0721.

The small value means that the non-stationarity is barely noticeable.
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5 Discussion and conclussions

Although correlations between coils are usually left aside in multiple coil systems,
we have shown that they can seriously affect the statistical distribution of data, espe-
cially for modern machinery with a large number of receiving antennae. The effect
has been quantified for SoS, although it seems likely to persist with other algorithms.
We have evidenced that the CMS can indeed be accurately approximated with the
traditional nc-y model whenever effective parameters (reduced L and increased o,)
are used. This variation of the effective parameters can have a deep impact on the
effectiveness of certain coil architectures depending on the resulting correlations.

Since the effective parameters depend on the value of the signal at each point,
the final variance of noise will also depend on the signal, and hence on the position
within the image. Although this effect has been previously described for parallel
imaging techniques such as SENSE and GRAPPA, we may now conclude it is not
a particularity of these protocols, being present even without k-space subsampling.
Actually, the spatial variability in GRAPPA described in [42] responds to the same
correlation phenomenon reported here.

The clearest artifact related to this non-stationarity is the different variance of
noise in the background and the signal areas. One could argue that what happens
in the background is not important, since the information is in the signal areas.
Nonetheless, the background has been traditionally used as a source for parameter
estimation and calibration. Many noise estimation techniques are based on the as-
sumption that the variance of noise in the background and the signal areas are the
same, and hence the estimation is done using the background pixels. If this under-
estimated value is used over the signal areas, proper corrections must be made.

The study carried out is also relevant in image denoising. Many of the most pop-
ular filtering algorithms are based on the statistical characterization of noise, un-
derlying the assumption that it can be considered as a stationary process. We have
shown this is not a realistic assumption in multiple coil systems even without sub-
sampling, and there exists a certain asymmetry between areas with different SNR.
These differences are more important as the number of coils grows, the reason being
two-folded: first, the change in the effective values directly depends on L; second,
as the number of coils in the system increases, it is known that stronger correlations
between them will appear, which is the other factor influencing the non-stationarity
of the signal.

To sum up, the main consequence of the correlation between coils is a reduction
in the effective number of coils in the system. For devices with a large number of
coils this reduction could be quite significant, and it is followed by the increase of
the effective variance of noise. Hence, to improve the effectiveness of the scanner,
the increase of the number of coils should go together with a proper architecture
design to reduce the correlation between them.
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Statistical Noise Analysis in GRAPPA using a
parametrized non-central chi approximation
model

Santiago Aja-Ferndndez, Antonio Tristdn-Vega and W. Scott Hoge*

Abstract The characterization of the distribution of noise in the magnitude MR im-
age is a very important problem within image processing algorithms. The Rician
noise assumed in single-coil acquisitions has been the keystone for SNR estimation,
image filtering, or diffusion tensor estimation for years. With the advent of parallel
protocols such as SENSE or GRAPPA that allow accelerated acquisitions, this noise
model no longer holds. Since GRAPPA reconstructions yield the combination of the
squared signals recovered at each receiving coil, noncentral Chi statistics have been
previously proposed to model the distribution of noise. However, we prove in this
paper that this is a weak model due to several artifacts in the acquisition scheme,
mainly the correlation existing between the signals obtained at each coil. Alterna-
tively, we propose to model such correlations with a reduction in the number of
degrees of freedom of the signal, which translates in an equivalent non-accelerated
system with a minor number of independent receiving coils and, consequently, a
lower SNR. With this model, a non-central Chi distribution can be assumed for all
pixels in the image, whose effective number of coils and effective variance of noise
can be explicitly computed in a closed form from the GRAPPA interpolation coef-
ficients. Extensive experiments over both synthetic and in vivo data sets have been
performed to show the goodness of fit of out model.

1 Introduction

Statistical models of signal and noise play a fundamental role in medical image pro-
cessing. In particular, many different applications in the Magnetic Resonance (MR)
processing field rely on a well defined prior statistical model of the data. Many ex-

* This chapter was previously published as: S. Aja-Ferndndez, A. Tristdn-Vega, W. Scott Hoge
“Statistical Noise Analysis in GRAPPA using a parametrized non-central chi approximation
model” Magnetic Resonance in Medicine, 65:11951206 (2011)
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amples of these model-based methods may be found in literature: noise removal and
signal estimation methods as the Conventional Approach [4], signal and noise max-
imum likelihood estimation [7], Linear Minimum Mean Square Error (LMMSE)
filtering based schemes [8] or unbiased non-local mean filters [11]; noise estima-
tion techniques that assume an homogeneous noisy background which follows a
Rayleigh or central Chi distribution [27, 47, 81, 37, 8, 84]; Weighted Least Squares
methods to estimate the Diffusion Tensor (DT) in DTI, which has proved to be opti-
mal when the data follows a Rician [14] or a non-central Chi distribution [109]; and
new procedures for DTI tensor estimation based on an underlying statistical model
[110].

For practical purposes, this modeling is usually done assuming noise in MR data
is a zero-mean uncorrelated Gaussian process with equal variance in both the real
and imaginary parts in each acquisition coil. As a result, in single coil systems mag-
nitude data in the spatial domain are modeled using a stationary Rician distribu-
tion [5]. A natural extension can be made to stationary non—central Chi models
when more that one coil is present and the k—space is fully sampled [27]. Multi-
ple coil systems were developed to enhance the Signal to Noise Ratio (SNR) of
the magnitude image while maintaining a large Field of View (FOV). Parallel MRI
(pMRI) techniques [30, 31] extended the applicability of these systems by increas-
ing the image acquisition rate via subsampling of the k—space data. The k—space
subsampling creates aliasing and underlying artifacts in the spatial domain image.
In order to suppress or correct these artifacts, reconstruction methods such as Sen-
sitivity Encoding (SENSE) [32] and GeneRalized Autocalibrated Partially Parallel
Acquisitions (GRAPPA) [33] are employed.

If k—space data is subsampled and reconstructed with some pMRI method, the
noise power in the final image will become non-stationary: it will vary across the
image and also be different in each receiving coil image. Depending on the way
the information from each coil is combined (i.e., depending on the reconstruction
method), the statistics of the image no longer follow the non—central Chi distri-
bution. It is therefore necessary to study the behavior of the data for a particular
reconstruction method. For instance, the reconstruction in SENSE takes place into
the spatial domain [32] and it can be seen as a combination of the subsampled coils
weighted by some factors dependent on the sensitivity map. As a result, the recon-
structed image will follow a complex Gaussian distribution [46], and as a conse-
quence of different weighting for each pixel, this distribution will be non-stationary.
When taking the magnitude value, this Gaussian becomes a non-stationary Rician
distribution. For GRAPPA, some simulation based [43] and preliminary studies [46]
have been made, but these methods still lack a theoretical statistical model.

In this paper, we will focus on GRAPPA. This method performs the recon-
struction in the k-space domain, it does not need an explicit coil sensitivity field
map estimation to perform the reconstruction, and supports reconstruction of vari-
able density sub—sampling. We will study how the reconstruction method affects
the assumed prior noise models. As a result, we will propose a parametrized non-
stationary non-central chi distribution to model the composite magnitude image with
GRAPPA reconstruction and sum-of-squares (SoS) coil combination. This will nat-
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urally lead to the definition of an effective number of coils and an effective variance
of noise which depend on both the original chi distribution parameters of the mea-
sured data and on the GRAPPA reconstruction weights.

2 Theory

2.1 Statistical model in single— and multiple-coil MR signals

k—space data is typically acquired through repeated application of excitation pulses
with a different phase encoding gradient for each readout gradient. Each sampled
line of k—space is “frequency encoded”, and the measured signal is uniformly sam-
pled at the desired rate. As a consequence, points in the k—space measured from
the MRI scanner are independent samples of an RF signal measured with a receiver
coil, for which the noise can be modeled as a complex stationary Additive White
Gaussian Noise (AWGN) process, with zero mean and variance a%.

For a single—coil acquisition the complex spatial MR data is therefore also mod-
eled as a complex Gaussian process and the magnitude signal M (x) is the Rician
distributed envelope of the complex signal [5]. In the image background, where the
signal-to-noise ratio is zero due to the lack of water-proton density in the air, the Ri-
cian simplifies to a Rayleigh distribution. In a multiple—coil MR acquisition system,
from a merely statistical point of view, the acquired signal in the k—space data for
each coil can be modeled as:

si(k) = ay(k) +ny(k;0%), 1=1,---,L (D

with a; (k) the original signal if no noise is present and n; (k; 0%) = ny, (k;0%) +
jnu, (k; 0% ) complex uncorrelated Gaussian processes with zero mean and variance
0% . The noise is initially assumed to be stationary, and therefore parameter o does
not depend on k.

The complex x—space image is obtained via the 2D inverse Discrete Fourier
Transform (iDFT) of s;(k) for each slice. Since the iDFT is a linear operator, the
noise in the complex signal in the x—space for each coil will also be Gaussian, and
it can be expressed as:

Si(x) = Ai(x) + Ni(x;02),

where N;(x;02) = N;_(x;02) + jN;, (x;02) is a complex Gaussian process with
zero mean and variance o2. It is easy to prove the relation [111]:

1
O'i = EU%{, (2)

where |{2| is the size of the image in each coil, i.e. the number of points used in the
2D iDFT.
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If the k—space is fully sampled, the composite magnitude image may be obtained
using methods such as SoS [27, 38]:

3)

L
Defining Ar(x) = 4/ > |Ai(x)|?, and assuming the noise components to be iden-
=1

tically and independently distributed, the envelope of the magnitude signal M, will
follow a non—central Chi (nc-x) distribution [27] with probability density function
(PDF):

Al*L 7M%+A% A M
pay, (Mp|Ar, 00, L) = UTQ Mpe IL—l( TUQ L)U(ML)7 4)

with I7,(.) the L™ order modified Bessel function of the first kind and u(.) the Heav-
iside step function. Eq. 4 reduces to the Rician distribution [5] for L = 1. In the
background, this PDF simplifies to a central Chi distribution with PDF:

21—L M2L—1 _ﬁ
PML(ML|0'mL)=F(L) Lor—e Fhu(My). (5)

As a final remark, note that three requirements are needed for the SoS of Gaussian
random variables (RV) to be modeled as a stationary nc-:

1. The noise is stationary in each of the Complex Gaussian x—space images. If the
k—space data is fully sampled, the noise variance will be the same for all the
points in the image in both the k—space and x—space domains, and the noise can
be assumed to be stationary.

2. The variance of noise o2 is the same for each of the coils.

3. No correlation is assumed between the Gaussian RVs.

We will see that these requirements are not fulfilled when GRAPPA is employed.
One of the aims of parallel imaging is precisely to accelerate the image acquisition
process by sub—sampling data in each coil. From a statistical point of view, such a
reconstruction will affect the underlying model and the stationarity of the noise in
the reconstructed data.

2.2 Statistical model in GRAPPA reconstructed images

The GRAPPA reconstruction strategy estimates the missing lines in a sub—sampled
k—space data [33, 30, 34] acquisition for each coil. While the sampled data sf (k)
remain the same, the reconstructed lines s/ (k) are estimated through a linear com-

bination of the existing samples. Weighted data in a neighborhood 7 (k) around the



Title Suppressed Due to Excessive Length 47

estimated pixel from several coils is used for such an estimation:

L
k) =" > sh(k—cwnml(lc), (6)

m=1 cen(k)

with s; (k) the complex signal from coil [ at point k and w;,, (I, k) the complex recon-
struction coefficients for coil [. In self-referenced reconstructions, these coefficients
are determined from the low-frequency coordinates of k—space, termed the Auto
Calibration Signal (ACS) lines, which are sampled at the Nyquist rate (i.e. unac-
celerated). Breuer ef al. in [51] pointed out that eq. 10 can be rewritten using the
convolution operator:

L
SF(k) = Z an(k) ® Wm(la k)7 @)

m=1

where w,,, (I, k) is a convolution kernel that can be easily built from the GRAPPA
weight set w,, (1, k). Since a (circular) convolution in the k—space is equivalent to a
product into the x-space, we can write [51]:

L
SE(x) =121 > 55(x) x Wa(1,x) (8)
m=1

L
=192 Y [A5.(0) + Nin(02)] x Wil %)

m=1
L L
=121 > A5 (x) X Win(1,%) +192] Y Nin(07) X Win(l:x)  (9)
m=1 m=1
Reconstructed Signal Gaussian Noise
= AF(x) + N (x) (10)
with W, (1, x) the GRAPPA reconstruction coefficients in the x-space. The variance
2
of noise in the x-space of the sampled data is 02 = I S‘K 7» With R the reduction rate.
Note that:

1. As a consequence of the coefficients W, (I, x) (which have different values for
each pixel) the reconstructed signal in each coil SJ¥ (x) becomes a non-stationary
Gaussian process, i.e. a complex distributed Gaussian image with different pa-
rameters (mean and variance) in each point of the image:
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L
B{SF(x)} = AR(x) = 2] > A5,(x) x Win(l,x) (11)
L
Var{SF(x)} = 217 | Y o7, x [Win(1,x)]> + 2 o7, Re{W,(1,x)W; (I,x)}
m=1 P#q
= 02" (x). (12)

Therefore, the stationarity requirement in described in section 2.2 fails.

2. For the same pixel x, the mean and the variance will also vary along the coil
dimension, and therefore the second requirement for the nc-x model fails.

3. Even assuming that the coils are initially uncorrelated, signals SZR (x) will be
correlated due to the GRAPPA reconstruction. Note that the signal in each coil is
a linear combination of the signals at all remaining coils, hence the third require-
ment also fails.

The composite magnitude image M, (x) can be obtained using SoS. For conve-
nience, in what follows we will equivalently consider M? (x) instead of M (x) (if
M, follows a nc-y distribution, M? will follow a nc-x squared).

After GRAPPA reconstruction, the interpolated lines at each coil Sf¥(x) can be
seen as strongly correlated non-stationary complex Gaussian RVs. Therefore, from
a theoretical point of view the magnitude image after SoS, M (x), will not strictly
be a nc-y, although it is usually modeled that way in the literature [46].

The SoS image can be expressed as

L
ME(x) =) |ISF)P (13)
=1
L
=D ISFE)P - CPx) +2>  Re{Sy (x) (S5(x))" Cry(x)} (14)
=1 p>q
with
L L
CP(x) = 27> Wil,x) - W (l,x) =2 ) |[Wi(l,x)|?
=1 =1

L
C2,(x) = |21* 3" Wi(p,x) - Wi(g,%) = C2,(x)".
=1

Signal M?(x) can be seen as the SoS of the sum of weighted Normal variables. A

deep study of the resultant distribution is done in Appendix 6.1. The mean and the
variance (for each x) of the resulting distribution are:

E{M}(x)} = A7 +2tr (C%); (15)

Var{MZ(x)} = 4 A*C% A + 4]|C% 3. (16)
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where C%2 = WXW?* is the covariance matrix of the interpolated data at each
spatial location, M(x) = [M2, M2,--- , M?]T. Accordingly, 2 is the covariance
matrix of the original data at each coil. ||.||r is the Frobenious norm, and A (x) =
[A1, Ag, -+, AL]"T is the noise-free reconstructed signal, from which we define:
L L
Af(x) =) AR )P =) 147 (%)) - CF(x).
i=1 =1

Although the resultant distribution is not strictly a nc-x2, our hypothesis is that
its behavior will be very similar and could be modeled as such (the error in this
approximation will be quantified in the results section). However, the high correla-
tions between the reconstructed signals in each coil should translate in a decrease
of the number of Degrees of Freedom (DoF) of the distribution. In Appendix 6.1,
the method of the moments is used to show that the reduction in the number of DoF
translates in an effective number of coils (obviously reduced, since the number of
coils L is clearly related to the DoF) and an effective variance of noise:

A3 (C%) + (r(C))”

Fenl) = TR oA okTE )
tr (C2
olp(x) = (Leff) (18)

Finally, note that the origin of the reduced DoF of the nc-x? model is in the
correlation and inhomogeneous variance of the complex Gaussians, i.e. in C% not
being of the form 02T with I the identity matrix. With GRAPPA the distortion comes
mainly from the interpolation matrix W which is not diagonal. For unaccelerated
acquisitions we may write W = I, so that C% = 2. Even in this case, 32 is
not necessarily diagonal, since a certain correlation does exist between the signals
at each channel especially for those systems with a large number of receiving coils
L. This means that effective parameters should be considered even if no subsam-
pling is performed, as has been empirically shown by [46]. We can summarize our
developments as follows:

1. The nc-x model does not hold for GRAPPA reconstructed data. However, this
distribution can be used as a good approximation of the actual one.

2. For this approximation to hold, effective parameters have to be considered which
represent an equivalent, non-subsampled configuration with a smaller number of
coils (DoF) and, consequently, a greater level of noise.

3. Even when the nc-) model is feasible, the resulting distribution is non-stationary
(the effective parameters are spatially dependent).
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Fig. 1 Data sets for the experiments.

3 Materials and Methods

3.1 Data sets

In order to validate the hypothesis posed in the previous section, the following data
sets are considered for the experiments, see Fig. 1:

e Data set 1: 1 repetition of 8-channel head coil data acquired on a GE Signa 1.5T
EXCITE 11m4 scanner, FGRE Pulse Sequence, TR=500 ms, TE= 13.8 ms, ma-
trix size= 256 x256, FOV=20x20 cm, slice thickness= 5 mm.

e Data set 2: the MR brain data-set from [112] (the authors provide their data
set on-line?); eight-channel head array from 3 Tesla GE scanner, fast spoiled
gradient-echo sequence, TR/TE=300/10 ms,RBW= 16 kHz, matrix size = 256 x256,
FOV 22x22 cm.

e Data set 3: 60 repetitions of the same slice of a phantom, scanned in an 8-channel
head coil on a GE Signa 1.5T EXCITE 12m4 scanner with FGRE Pulse Se-
quence to generate low SNR. matrix size= 128 x 128, TR/TE=8.6/3.38 ms, FOV
21x21cm, slice thickness = 1mm.

In addition, synthetically generated random variables will also be considered.

3.2 Synthetic Experiments

First, we numerically validate the nc-y approximation proposed and measure the
error introduced with this approach. To that end synthetically generated RVs are
considered in the following experiments and the following distributions are com-
pared:

2http://www.ece.tamu.edu/” jimji/pulsarweb/index.htm
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o A nc-)?2 distribution with the effective parameters L and agff.
e A nc-y?2 distribution with the original parameters (L = 8).
e A Normal distribution fitted using the mean and the variance in eqs. 15 and 16.

The validation experiments are as follows:

1. For the sake of illustration, we fit the histogram of the real distribution to the
proposed three statistical models. We consider 5 - 10* samples of 8 complex
Gaussian RVs with zero mean and unitary variance, N (0, 1). The RVs are com-
bined using 8 x 8 complex random weights (W ~ N(1,4)) and then combined
using the (square) SoS. The experiment is repeated with the same parameters,
but considering a signal value of A; =3,i=1,---8.

2. We will analyze the error committed with the nc-x? approximation for different
configurations of matrix C?2. To avoid any effect of the signal over the noise, we
first assume that y1; = 0. We define 10* samples of 8 complex Gaussian RVs and
a 8 x 8 coefficient matrix W, so that three different scenarios are considered (see
Appendix for more details about the relation between matrix C? configuration
and the final distribution):

a. Matrix C? is diagonal (different elements in the diagonal).

b. Matrix C? is not diagonal and the diagonal elements are greater than the rest
of the elements (diagonal dominant).

c. Matrix C? is totally random.

Since we are assuming unitary noise variance and no correlation, note that C? =
C% . These configurations will be measured by two parameters:

a. The coefficient of variation of the elements of the diagonal: CV2{Cl2 }.

b. The ratio between the determinant of C? and the trace of the matrix: ||C?|| /Tr(C?).
This is a measure of the weight of the non-diagonal elements over the diago-
nal. Note that for the first case, this parameter is a constant.

The RVs are combined following eq. 14. The analysis in terms of the elements
of matrix C? is used to characterize whether a nc-x? can be accurately fitted in
each particular situation®. The following (relative) Mean Squared Error (rMSE)

is measured: -
I Ipo(x) — p.(x)]?dx
[ |p-(2)[2da

where po () is the PDF of the original data (estimated from the histogram of the
10* samples for each pixel) and p, (z) is the distribution to fit.

3. We will test the model fit for different SNR values with a given set of weights.
We consider 10 samples of 8 complex Gaussian RVs with unitary variance and
mean in the range p € (0,3), i.e ~ N(u,1). The RVs are combined using 8 x
8 complex random weights (selected in a range similar to an actual GRAPPA

rMSE =

19)

3 Note that since A; = 0, we are really fitting a central x2 rather than a nc-x?, but the reasoning
and the conclusions are similar.
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reconstruction) and the SoS is considered. We calculate the error of fitting a nc-
x? and a Gaussian for different SNR values, defining the original SNR in each
coil as SNR= £ = .

3.3 Experiment with the MR data-sets

In a second stage, GRAPPA coefficients from actual MR acquisitions will be used.

In

each case, a rectangular 2 k, -by- 5 k, GRAPPA convolution kernel n(k) is

employed. The following experiments are considered:

1.

Data sets 1 and 2: The k—space data are 2x subsampled with 32 ACS lines—
skipping every other line except in the central region. From the ACS lines the
GRAPPA coefficients w,, ([, k) are estimated. The k-space domain coefficients
are then transformed to x-space, W, (I, x). The experiments proposed for syn-
thetic data are repeated using the calculated GRAPPA coefficients. For each of
the pixels in the image we consider 10* samples of 8 complex Gaussian RVs with
unitary variance and mean in the range p € (0, 4), so that original SNR € (0, 4).
To simulate the reconstruction process, for each of the values of x the RVS are
combined following eq. 9, and the composite magnitude image is obtained by
SoS. For the sake of simplicity, M7 (x) will be used. After reconstruction, 10*
samples of the 256 x 256 image are available.The distribution of the data is tested
by fitting a theoretical probability distribution to the real data. To that end, the
rMSE is measured. The same three distributions used in the synthetic experi-
ments (nc-x? with effective parameters, nc-x? with the original parameters and
Gaussian) are considered.

. Data set 1: To further test it, the experiment for Data set 1 is repeated with SNR=

1. A variable number of samples is considered, and a Kolmogorov—Smirnov test
at a significance level of @ = 0.05 is used to decide whether the sample data
follow any of the proposed distributions.

. Data set 3: The GRAPPA reconstruction coefficients are derived from one of the

60 samples, using 2x subsampling and 32 ACS lines. All the 60 samples are
2x subsampled and reconstructed with the same GRAPPA coefficients and the
composite magnitude image is obtained by SoS. A Golden Standard (to obtain
the A; values) is created by averaging the complex data in each coil. The original
oy, and o values for each coil are estimated from the background of the fully
sampled images [47]. Theoretical values of Leg(x) and 02(x) are calculated for
each point x. A Kolmogorov—Smirnov test at a significance level of o = 0.05 is
used to decide whether each x point of the 60 samples follow a nc-x distributions
with parameters Legr(x) and o2(x).
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Fig. 2 Actual distribution of the SoS of the sum of weighted Normal RVs compared to nc-x?2
distribution approximation and Gaussian distribution.

4 Results

4.1 Synthetic Experiments

First, we will consider the experiments with synthetically generated weights. Results
for the first experiment are shown in Fig. 2. Note that the nc-x? distribution with
effective parameters is the distribution that better follows the actual variations of the
data for both experiments. The more asymmetric the distribution, the better is the
behavior of the nc-x? when compared to the Gaussian.

The second experiment measures the error of the different approximations as a
function of the configuration of matrix C2, i.e. the C’gq (x) coefficients. Results are
depicted in Fig. 3. In all the cases, the nc-y? distribution with effective values is
the one that shows a lower rMSE for a wider range of variation of parameters. In
all the cases, the error of approximating the actual distribution by a nc-y? is always
smaller than 0.1, usually around 0.05. In Fig. 3-(a) (diagonal case) we can see that
as the values in the diagonal are more different, the Gaussian and the nc-x2 with
original parameters produce a greater error. However, the approximation with effec-
tive parameters remains constant. Fig. 3-(b)-(c) shows the results for the dominant
diagonal, and Fig. 3-(d)-(e) the results for the random C?2. An interesting effect in
these two experiments is that for the original nc-x? and the Gaussian approaches the
error increases when the ratio ||C?||/Tr(C?) grows. It means that, as the diagonal
becomes less significant, these two approaches are not a good representation of the
data. The nc-x? approximation with effective parameters due precisely to the fine
tune of these effective parameters, is able to properly fit the actual distribution.

The evolution of the effective number of coils for the experiment in Fig 3-(d)-
(e) is reproduced in Fig. 4. As the ratio ||C?||/Tr(C?) grows, the correlation be-
tween variables also grows. As a consequence, the number of DoF of the system
will decrease together with the effective number of coils, Legr. This reduction in
Legr implies an increase in agff and consequently a decrease in the SNR.
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Fig. 3 Relative errors in the PDF for the non-central Chi approximation with effective parameters.

For the sake of comparison, the non-central Chi with fix parameters and the Gaussian distribution
are also considered.
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Fig. 4 Evolution of the effective value of parameter L for the experiments in Fig 3-(d)-(e).

The third synthetic experiment deals with the error of the approximation for dif-
ferent SNR configurations. Results are depicted in Fig. 5. For large SNR values
(SNR> 2), the nc-x2 and the Gaussian approximation converges, as expected.
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Fig. 5 Relative errors for the nc-x? approximation with effective parameters and Gaussian for
different SNR values.
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Fig. 6 tMSE of different statistical approximations using the GRAPPA coefficients of dataset 1.
Different original SNR are considered. Top row: nc-x? with effective parameters. Middle row:
Gaussian. Bottom row: nc-x?2 with original parameters.

4.2 Experiment with the MR data-sets

The next step is to analyze the results generated by estimated GRAPPA coefficients.
Results for the data fit for different distributions are shown in Fig. 6 for the data set
1 and in Fig. 7 for the data set 2. In both cases, the rMSE for each of the points
of the final image is shown. For better illustration, the average of the rMSE in the
whole image is depicted in Fig. 8. Regardless of the SNR level, the error committed
when approximating the distribution by a nc-y? with effective parameters is always
lower than 6%, while the other two models (Gaussian and nc-x2) show greater val-
ues. What is more, the rMSE for nc-x? is quite independent of the SNR value. As
expected, the Gaussian model is a good approximation when SNR increases. On the
other hand, if nc- X2 is considered but the effective parameters are not used, the error
even increases together with the SNR in certain areas of the image.
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Fig. 7 tMSE of different statistical approximations using the GRAPPA coefficients of dataset 2.
Different original SNR are considered. Top row: nc-x? with effective parameters. Middle row:
Gaussian. Bottom row: nc-x? with original parameters.
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Fig. 8 Average of the rMSE in the whole image for the different SNR values.

From these results, we can conclude that the nc-y model (with effective param-
eters) proposed gives a small error when considering the GRAPPA reconstruction
coefficients from actual parallel acquisitions.

It is also interesting analyzing the distribution of the effective parameters along
the image. Note that these parameters only depend on the GRAPPA coefficients. The
effective number of coils (Lefr) is shown in Fig 9 and the effective variance of noise
(agff) is shown in Fig. 10. Note that those cases with low SNR also show low levels
of the effective number of coils. Note also that the distribution of L.g correlates
with the error committed when considering nc-x? without effective parameters. The
points with lower rMSE are logically those with greatest values of Legf.

The variance of noise, on the other hand, shows a great variation along the image,
which confirms the non-stationarity assumption previously done. Values of o, range
between 2 and 6. However, note that the variation of this parameter across the image
is soft. So, in some applications (like filtering methods) local stationarity may be
assumed if needed.
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Fig. 11 Rate of sets passing the Kolmogorov—Smirnov test for the distributions under study as a
function of the size of the population. Significance level is « = 0.05, and a SNR=1. The data are
synthetically generated from the GRAPPA coefficients of data set 1.

In Fig. 11 the acceptance rate by the Kolmogorov-Smirnov test for different set
sizes is depicted. The acceptance rate for the nc-x? model (with effective param-
eters) is over the 90% even for large population sizes. The larger the size of the
sample, the easier for the test to reject the null hypothesis. For the Gaussian and nc-
x? models the rate goes down very fast, so that they can only be accepted for very
small populations. It may be concluded that the effective nc-y? model accurately
fits data generated following the GRAPPA reconstruction algorithm.
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Finally, the Kolmogorov-Smirnov test is run over the 60 GRAPPA reconstructed
samples of the MR phantom (data set 3). The 90.13% of the points in the image
passed the test, which correlates well with the results of the previous experiment,
and confirms the nc-y (with effective parameters) as a suitable distribution to accu-
rately model data after GRAPPA reconstruction and SoS.

5 Discussion

The statistical characterization of the composite magnitude signal after GRAPPA re-
construction as a parameterized non—stationary nc-y distribution has been derived.
In fully sampled images, the derivation of the magnitude signal distribution is a
straight transformation from the prior Gaussian model for each coil. With pMRI
techniques, the final model strongly depends on the particular algorithm used. In
general, those reconstructing one single image domain drive to a Rician distribu-
tion, since the magnitude is computed as the modulus of a Gaussian variable. Con-
trary to conventional MRI, the noise in the image cannot be considered stationary
strictly speaking, since its variance shows fluctuations across the image. Besides,
noisy samples cannot be considered independent either, due to interpolation arti-
facts.

The analysis of GRAPPA reconstructed signals is more difficult. Although its
feature of providing one complete image domain for each receiving coil assimilates
it to conventional multiple coils systems, the non—central Chi distribution does not
directly apply to this case. Apart from the aforementioned interpolation artifacts
related to non—stationary noisy patterns and correlations, the noise variance for each
receiving coil is different with this kind of reconstruction. Hence, a non—central Chi
model cannot be assumed in general. For brain images, which are the data sets of
interest in this dissertation, it has been shown that in fact this distribution is a very
accurate approximation to the actual statistics of noise. However, as a consequence
of the correlation between the reconstructed data in each coil, reduced effective
parameters, namely the effective number of coils and the effective variance of noise,
must be taken into account. Thus, the final distribution for each point is equivalent
to an acquisition with a fewer number of coils and a greater variance of noise.

We want to remark the importance of the suitable statistical model for GRAPPA
proposed here. As an example. we will propose some future applications. (1) In
the case of tensor estimation in DTI, in [109] authors show that Weighted Least
Squares (WLS) is theoretically a good method to estimate the DT if the data is nc-y
distributed. GRAPPA reconstructed data is being widely used for these purposes,
but knowing the models we assure a good estimation, and we can measure the bias
and variance of the estimation error. (2) Although the signal is non-stationary, we
can assume a small spatial variation of the parameters. This way, we can calculate
local statistics and reformulate Rician noise filtering methods, like the conventional
approach [4], ML [7], or LMMSE [8]. These algorithms will need as an input the
number of coils L and the variance of noise 2. When applied over GRAPPA im-
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ages, the new derived effective parameters must be used instead.(3) Noise estimation
is usually done assuming that the noise is stationary in the background [113], i.e. the
value of the variance of noise is homogenous for all the pixels in the background. As
a consequence, those methods cannot be directly applied with GRAPPA. However,
with the effective o, value derived for each x value in the image, the inhomogeneous
background in GRAPPA can be easily corrected and used for estimation, straightly
applying some of the methods in [47].

It is also convenient to stress the limitations of the study performed in this paper.
First, the analysis carried out in this paper is only valid for the SoS to combine
the images from each coil. Other methods used by newer systems, such as linear
channel combination or B1 maps have not been considered. With these methods
eq. 14 will differ, and a new study of parameters will be needed. Finally, certain
MRI techniques, such as EPI, which can show their own peculiarities with regard to
the statistical characterization of noise, has been removed from the study.

6 Conclusions

The main contribution of this paper is the statistical characterization of the com-
posite magnitude signal after GRAPPA reconstruction as a parameterized non—
stationary nc-y distribution. We have shown that although data does not strictly
follows a non—central Chi model, in practical cases this distribution is a very ac-
curate approximation to the actual statistics of noise in the magnitude composite
signal when SoS is used. To really fit the distribution to the data, reduced effective
parameters are considered: the effective number of coils and the effective variance
of noise. As a final remark we want to point out that the studied carried out is totally
valid if initial correlations are assumed between coils.

6.1 About the SoS of the sum of weighted Normal variables

Let Ny(p,07),1 = {1,---, L}, be a set of independent Gaussian complex random
variables (RVs) with mean f; and variance o7. For simplicity, let us initially as-
sume a diagonal covariance matrix, i.e. there is not any initial correlation between
variables:

o2 0 -+ 0
s | 17
0002

We define a linear combination of these RVs (as the one done for each pixel in
GRAPPA in the x-space, see eq. 1) using complex weights as
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L
=D N
=1

with W,;; a set of known (generic) complex weights which are arranged into the
following matrix:

Wi Wiz -+ Wiy

Wor Wa -+ Way

W = ) . . (20)
Wi Wra --- Wi

The (square) sum of squares (SoS) is defined as:

L

Xy =Y [M;]? @1
=1
L
=D N> CP+2) Re{N,N; - Cp.} (22)
=1 p>q

with
L L
ZZWu' il =Z|Wiz|2
ZW Wz* 02 )*

Note that 012 = C’l?l. Let us define matrix C? as

0212 01222 .‘.ClzL
C? — C.21 C.YQ '."C.ZL — WW*

C/%l 0%2 CJ%
There are three possible scenarios directly related to the three requirements for the
nc-x described in section 2.2:

1. Matrix C? is diagonal and with all the elements in the diagonal equal and the
variance of all the Gaussian variables is the same, i.e. 012 = o2. All the require-
ments are fulfilled and X, follows a non-central Chi square (nc-x?) distribu-
tion [45] with PDF:

AlfL o+ A2 A
v(z|Ar, 0, L) = %‘2%%@71)6— o < Z;/E) u(x), (23)
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L L L
with A; = >~y - Wy and A2 = Y |Ai|?2 = 3 |u]? - C7. The mean and the
=1 i=1 =1
variance of the distribution will be
E{X,} = A2 +20°L (24)
Var{X,} = 4A%0% + 4Lo*. (25)

2. Matrix C? is diagonal, but the variance of each variable o} is different, and

therefore the elements of the diagonal are different. In this case, the second re-
quirement is not fulfilled and the distribution of X5 is no longer nc-x?2. For each
variable, | M;|? will follow a nc-x? distribution as the one in eq.23 with L = 1
and its characteristic function will be

G ( ) 1 |Al |2 j w

W) = ———5— €X —_—— .
Mg 1— 2jwo?CZ “P\ 1= 2jwo?C?
Therefore, the characteristic function for X> will become:

L

L .
1 |A;|%jw
Gxuw) =1 Gar ) =11 5= 2jwo?C2 P (1 — 2jwo?CE’
i=1 () ()

i=1

The mean and the variance of this distribution are:

L
E{Xy} = A7 +2) 0lC} (26)
i=1
L L 2
Var{ X, } = 4A% Z 0lC? +4 (Z afo) 27
i=1 i=1

The greater the fluctuation of the noise power o7 along the coils, the greater the
error committed when approximated by a nc-x2. The error in the approximation
can be measured by the variability of o7.

3. Matrix C? is not diagonal. Neither the second nor the third requirements are
fulfilled. In this case, the final PDF or the characteristic function become hard to
derive theoretically. The mean and the variance can be calculated:

L
B{Xy} = A7 +2) o} -C} (28)
=1
L L L
Var{Xp} =4) oflou? +4) > |C2 Poror. (29)
=1 p=1qg=1

with

L L

2

al:E A; ;Z:E wi - Cy
i=1 i=1
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If we define the covariance matrix of X5 as [51]
CZ=W.X. . W* (30)

the mean and the variance can be rewritten as

E{X,} = A} + 21 (C%) (31
Var{X,} = 4 A*C% A +4||C%|%. (32)
with ||.||r the Frobenious norm and A = [Ay, Ag, -+, Ar]T.

The third case is the one usually found when dealing with GRAPPA reconstruc-
tion. As an effect of the correlation between the RVS M;, the number of Degrees of
Freedom (DoF) of the final distribution would decrease. In order to fit the new distri-
bution to a nc-x2, the method of the moments is used over the theoretical mean and
variance in eqgs. 24, 25, 28 and 29. As a result, the final nc-x2 shows new effective
values for the parameters L and o

A3 (C%) + (ir (C%))°

Ler = (33)
tr (C%
o = (C%) (34)

Lest

The effective L parameter is directly related to the DoF of the distribution, and it
will decrease. As a consequence, parameter o will increase.

This solution has been obtained assuming that there is no initial correlation be-
tween coils. However, it can be easily extrapolated to the correlated case. Note that
even if ¥ is not diagonal, it is an Hermitian, positive-definite matrix, and therefore
it can be decomposed as:

¥ =UDU"

with D the real, diagonal matrix with positive eigenvalues. Thus, we can write:
Cx =(WU)-D-(WU)".

So, although 3 is not diagonal, we can decorrelate it by assuming an effective
weight matrix W, = WU and an effective decorrelated initial covariance matrix
3., = D. The final covariance matrix will be

Cx=W. =, W

With this formulation, results in eqs. 33-34 are totally valid for the correlated case.
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Statistical Noise Analysis in SENSE Parallel
MRI

Santiago Aja-Fernandez, Gonzalo Vegas-Sdnchez-Ferrero, Antonio Tristan-Vega*®

Abstract A complete first and second order statistical characterization of noise in
SENSE reconstructed data is proposed. SENSE acquisitions have usually been mod-
eled as Rician distributed, since the data reconstruction takes place into the spatial
domain, where Gaussian noise is assumed. However, this model just holds for the
first order statistics and obviates other effects induced by coils correlations and the
reconstruction interpolation. Those effects are properly taken into account in this
study, in order to fully justify a final SENSE noise model. As a result, some inter-
esting features of the reconstructed image arise: (1) There is a strong correlation
between adjacent lines. (2) The resulting distribution is non-stationary and there-
fore the variance of noise will vary from point to point across the image. Closed
equations for the calculation of the variance of noise and the correlation coefficient
between lines are proposed. The proposed model is totally compatible with g-factor
formulations.

1 Introduction

An accurate statistical model of signal and noise is the keystone for many different
applications in medical image processing and in the Magnetic Resonance (MR) field
in particular. Traditionally, noise filtering techniques are based on a well-defined
prior data statistical model. Many examples can be found in literature, such as the
Conventional Approach [4], ML [7] and LMMSE [8, 9, 10] estimators or unbiased
non-local mean filters [11, 12, 13]. A proper noise modeling may be useful not only
for filtering purposes, but for many other processing techniques. Lately, for instance,
Weighted Least Squares methods to estimate the Diffusion Tensor have proved to

* This chapter was previously published as: Santiago Aja-Fernindez, Gonzalo Vegas-Sanchez-
Ferrero, Antonio Tristdn-Vega “Statistical Noise Analysis in SENSE Parallel MRI”. LPI Technical
Report TECH-LPI2012-01. V2.0 June 2013. arXiv:1402.4067.
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be nearly optimal when the data follows a Rician [14] or a non-central Chi (nc-y)
distribution [109, 15].

For practical purposes, the modeling is usually done assuming noise in MR data
is a zero-mean spatially uncorrelated Gaussian process with equal variance in both
the real and imaginary parts in each acquisition coil. As a result, in single coil sys-
tems magnitude data in the spatial domain are modeled using a stationary Rician
distribution [5]. When multiple coils are considered and the k-space is fully sam-
pled, the natural extension of the Rician model yields to a stationary nc-y distribu-
tion, whenever the different images are combined using sum of squares, the variance
of noise is the same for all coils, and no correlations exist between them. However,
multiple coils systems are preferably set up to work with subsampled k-space data,
which have to be combined by some means to avoid the inherent aliasing artifact
introduced by the under-completeness of the Fourier domain. The most popular
algorithms to accomplish this task are GRAPPA [33] and SENSE [32], the latter
focusing the discussion in the present paper.

While the nc-x has been used to describe noise in GRAPPA [51, 42], SENSE
acquisitions have been usually modeled as Rician distributed, owing to the com-
putation of the modulus of the complex signal linearly obtained from the array of
coils [43]. However, this model stands exclusively for the first order statistics of
noise, and obviates some other side effects induced by coils correlations and k-space
interpolation. For example, in GRAPPA reconstructions, both the initial inter-coil
codependence and the k-space interpolation introduce a strong correlation between
the signals to be combined, and the nc-y model is not strictly fulfilled. This inac-
curacy can be worked around introducing an effective value of the power of noise
and an effective number of receivers in the nc-y distribution [42, 49], both of them
being spatially dependent.

For SENSE, the subsampling/interpolation effects have been previously de-
scribed through the so-called g-factor, a global parameter that explicitly measures
the SNR degradation in the acquisition process [52]. In this work we aim at fully
characterizing the first and second order statistics of noise in SENSE reconstructed
images, including the effects of k-space subsampling and inter-coil noise correla-
tions. Since the reconstruction will take place into the spatial domain, and it can be
seen as a weighted combination of the subsampled coils, the reconstructed image
will be modeled as a complex Gaussian distribution. Its magnitude will be a non-
stationary Rician distribution, with a spatial pattern that we can predict from certain
imaging parameters such as the coils sensitivities and the speed-up factor (first order
characterization). The study will show, in addition, another interesting feature of the
reconstructed image: there exists a strong correlation between adjacent lines in the
reconstructed volume, with an extent directly dependent on the acceleration factor
(second order characterization).
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2 Theory

2.1 Statistical Model of MR signals

The k-space data at each coil of the MR scanner can be accurately described by
a noise-free signal plus an Additive White Gaussian Noise (AWGN) process, with

zero mean and variance o%l:

Sl(k):al(k)+nl(k;070—§(l)7 1:17 7L (1)

with a; (k) the noise-free signal and n; (k; 0, 0% ) = ny, (k; 0, 0%, )+jn, (k; 0,0%,)
the AWGN process, which is initially assumed stationary so that o’%ﬁ does not de-
pend on k. The complex x-space is obtained as the inverse Discrete Fourier Trans-
form (iDFT) of s;(k) for each slice or volume, so the noise in the complex x-space
is still assumed to be Gaussian:

Si(x) = Ai(x) Jer(x;O,alz)7 l=1,---,L

where Nj(x;0,07) = N .(x;0,07) + jN;,(x;0,07) is also a complex AWGN
process (assuming that there are not any spatial correlations) with zero mean and
covariance matrix X:

2 2 2
0’21 0'122...0'511
021 02 " 031

- . )
2 2 2
011012 """ 0L

The variance of noise for each coil in k- and x-spaces are related through the number

of points in the image:
1
O'l2 = ﬁ(f%z (2)

with |{2| the size of the image in each coil, i.e. the number of points used in the 2D
iDFT. If the k-space is fully sampled, the Composite Magnitude Signal (CMS) can
be directly obtained using SoS [27, 38]:

L
> 1Sux)2. 3)
=1

For a single—coil acquisition, the CMS, M (x), is the Rician distributed envelope
of the complex signal [5]. In the image background, where the signal-to-noise ratio
is zero due to the lack of water-proton density in the air, the Rician simplifies to
a Rayleigh distribution. For multiple coils, if the variance of noise is the same for
all coils, no correlation exists between them, and the signals are combined using
SoS, the CMS may be modeled as a nc-x distribution [27, 46, 47, 42, 48]. In a
more general case where correlations are taken into account, the nc-x is only an
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Fig. 1 Example of the SENSE interpolation for 4 coils and an acceleration factor r = 2.

approximation of the real distribution. It can be accurately approximated with this
model if effective parameters (reduced number of coils and and increased variance
of noise) are used [49].

2.2 Statistical model in SENSE reconstructed images

For the sake of simplicy, let us assume that SENSE [32] is only be applied to MRI
data regularly subsampled by a factor r. The reconstruction takes place in the image
domain. Assuming an original size |2| = M, x M,, the subsampled signal in the
x-space S{°(x) = S (,y) is the (complex) Fourier inverse transform of s (k), of
size M, x (M,/r) . Note than since the size of subsampled data in each coil in the
x-space is reduced by a factor 7, the variance of noise will be umplified by that same
factor:

r
O'l2 = ﬁafﬁ
In multiple coil scanners, the image received in coil I-th, S;(z, y), can be seen as
an original image So(x,y) weighted by the sensitivity of that specific coil:
Sl(.T,y):Cl(.T,y)So(l',y), lzla 7L (4)

An accelerated pMRI acquisition with a factor r will reduce the matrix size of the
image at every coil. The signal in one pixel at location (z, y) of I-th coil can be now
written as [34]:

Si(x,y) = Ci(x,y1)So(x,y1) + -+ + Ci(z,y,)So(x, yr) Q)

In SENSE, the reconstructed image S™(x,y) can be seen as an estimator of the

original image S™(z,y) = 35(33, y) that can be obtained from eq. (4). For instance,
for r = 2 for pixel (x,y), ST(x,y) is obtained as
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data from 8 coils

10

Fig. 2 Example of the SENSE interpolation for 8 coils and an acceleration factor r = 2.

S"R
[Sﬂz[vvlwg]x[sf...sf]. ®)
In matrix form:
S* =W x S° (7
with W (z,y) = [Wy,--- , W,] areconstruction matrix created from the sensitivity

map of each coil, C(a:,y) [Cy,---,Cy):
W(z,y) = (C*(z,y)C(z,y)) ' C*(z,y)

If the correlation between coils is taken into account, the reconstruction matrix must
incorporate the covariance matrix:

W(J?, Z/) = (C*(a:,y)Z_lC(x, y))_lc*(xvy)z_l

For the sake of simplicity, we will remove any pixel dependency, so that we can
write for each output pixel:

SE=W;x8% i=1,---,r 8)

Two examples can be found on Fig. 1 and on Fig. 2.
The SNR of the fully sampled image and the image reconstructed with SENSE
are related by the so-called g-factor, g [52, 34]:
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SNR;,
VT g

However, we will focus on the actual noise model underlying the SENSE recon-
struction and on the final variance of noise. The final signal S is obtained as a
linear combination of S, where the noise is Gaussian distributed. Thus, the result-
ing signal is also Gaussian, with variance:

SNR e = ®

ol = WIZW, (10)

Since W; is position dependent, i.e. W; = W,(z,y), so will be the variance of
noise, a,? (x,y). For further reference, when the whole image is taken into account,
let us denote the variance of noise for each pixel in the reconstructed data by 0% (x).

Note now that all the lines S reconstructed from the same data S{ will be
strongly correlated, since they are basically different linear combinations of the
same Gaussian variables. In that case, the covariance between SZ-R and SJR, i#£j
can be calculated as

o} ;= W;EW; an
and the correlation coefficient is derived straight forward:
o?. WIEZW,;
pi] — 5] 7 J (12)

oij \/(W;‘EW,») (W;EWJ-)’

However, these correlations are not strongly affecting the data, since the correlated
pixels are separated by N, /r lines

All in all, noise in the final reconstructed signal S™(z, y) will follow a complex
Gaussian distribution. If the magnitude is considered, i.e. M (z,y) = |S®(z,9)|,
the final CMS will follow a Rician distribution, just like single-coil systems.

We can summarize our developments as follows:

1. Subsampled multi coil MR data reconstruted with cartesian SENSE follows a
Rician distribution in each point of the image.

2. The resulting distribution is non-stationary. This means that the variance of noise
will vary from point to point across the image.

3. The variance of noise final value in each point will only depend on the covariance
matrix of the original data and on the sensitivity map.

4. Each pixel in the final image will be strongly correlated with all those pixels
reconstructed from the same original data. Each pixel is correlated with r — 1
other pixels. These correlated pixels are far enough and they can be neglected.

For the particular case in which there is no correlation between coils and all the

coils has the same noise variance 072” we can write eq. (9) as:

0? =02 x |[Wy|? (13)

Since o2 is the noise variance for the subsampled data in the -x-space, according to
eq. (2), it is related to the original noise level without subsampling, say o2, by the
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subsampling rate:

ai =r- 0(2)
and therefore
g; = \/’Ii og X |W1| (14)

which is totally equivalent to the g-factor formulations for SNR reduction in litera-
ture [32, 43].

3 Materials and Methods

For the sake of validation and illustration of the results in the previous section, the
following experiments are considered:

First, we will study the statistical behavior of Gaussian data when a combination
like the one in SENSE is done. To that end, we consider 10° samples of 8 corre-
lated complex Gaussian RVs with zero mean and unitary variance, N (0, 1) and two
different correlation coefficients, p?> = 0 and p? = 0.2. (Note the correlation is be-
tween variables, not between samples of the same variable). The RV's are combined
using real random weights, W and W, both following a uniform distribution in
[0, 1] and normalized so that

[Wi2=1, i=1,2

Two new variables are created by using a combination like the one in eq. (6), ob-
taining two new RVs. The sample variance and correlation coefficient are estimated
from the data and then compared to those calculated from eq. (9) and eq. (12).

Secondly, we will test how the values of 0% (x) varies across the image. To that
end, we will work with one sensitivity map synthetically generated, as shown in
Fig. 1 (top). This map simulates an 8-coil system using an artificial sensitivity map
coded for each coil so that Y, |Cy(x)[* = 1, with I = 1---,8, and C(x) the
sensitivity map of coil /-th. For the experiment:

e We assume that each coil has an original variance of noise o7 = 100. We will
simulate two different configurations, first, assuming that there is no initial corre-
lation between coils, and second, assuming a correlation coefficient of p2 =0.1
between all coils, so that

1 01---01
011 ---0.1

3 =100 x
010.1--- 1

e From the data, and using the theoretical expressions in eq. (9) and eq. (12) we
calculate the variance of noise for each pixel in the final image.
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7

Fig. 3 Sensitivity Maps used for the experiment. Top: Synthetic sensitivity map created so that the
SoS of the maps gives a constant image. Bottom: Sensitivity map estimated from an actual brain
imaging acquisition in a SENSE Signa 1.5T scanner with 8 coils.

e Inorder to test the theoretical distributions, 5000 samples of 8 complex 256 x 256
Gaussian images with zero mean and covariance matrix X are generated. The k-
space of the data is subsampled by a 2x factor and reconstructed using SENSE
and the synthetic sensitivity field. We estimate the variance of noise in each point
using the second order moment of the Rayleigh distribution [47]:

oh(x) = S BIM()}

We estimate the E{M?(x)} along the 5000 samples.

Last, the previous experiment is repeated for the correlated case, now using real
sensitivity maps as shown in Fig. 1 (bottom). These maps are estimated from a real
brain T1 acquisition done in a GE Signa 1.5T EXCITE, FSE pulse sequence, 8 coils,
TR=500msec, TE=13.8msec, image size 256 x 256 and FOV: 20cmx20cm.

4 Results

Experiment|Parameter|Sample Value| Theoretical

p?=0 o1 1.0072 1.0000
fop) 1.0023 1.0000
03y 0.9262 0.9247

p?=02 |oy 1.4198 1.4121
P 1.4536 1.4412
035 0.9706 0.9703

Table 1 Results from the first experiment. Standard deviation and correlation coefficient of the
SENSE-like combination of synthetic Gaussian data. Theoretical and sample values.
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Fig. 4 Maps of standard deviation of noise o (x) in the final image: (a-c-e): Theoretical values.
(b-d-f): Estimated from samples. (a-b) Synthetic Sensitivity Map with no correlation. (c-d) Syn-
thetic Sensitivity Map with correlation between coils. (e-f) Real sensitivity map with correlation
between coils.

The first experiment studies the behavior of a SENSE-like combination of Gaus-
sian data. Results of the standard deviation and correlation for the two resulting
variables are collected in Table 1. As expected, the theoretical values match the es-
timation through samples. Note that the variances in the final RVs in the correlated
case are higher than the ones in the case without correlation. This effect can be
found in real data, where correlations exist and must be taken into account.

The second and third experiments deals with the non homogeneous spatial lay-
out of the noise and the influence of the sensitivity map over the final noise distribu-
tion. Visual results are depicted in Fig 2. For the synthetic maps, when no correla-
tions are considered, since Y, |C;(x)|? = 1 for all pixels, the final variance of noise
will not depend on the position x. Therefore, in this particular case 0% (x) = 0%.
The estimated values in Fig 2-(b) show a noise pattern that slightly varies around
the real value (note the small range of variation). In this very particular case, the
noise can be considered to be spatially stationary, and the final image (leaving the
correlation between pixels aside) is equivalent to one obtained from a single-coil
scanner.

When correlations are taken into account, even using the same synthetic sensi-
tivity map, results differ. In Fig. 2-(c), the theoretical value shows that the standard
deviation of noise of the reconstructed data is not the same for every pixel, i.e., the
noise is no longer spatial-stationary. The center of the image shows a larger value
that decreases going north and south. So, in this more realistic case, the 0% (x) will
depend on x, which can have serious implications for future processing, such as
model based filtering techniques. The estimated value in Fig. 2-(d) shows exactly
the same non-homogeneous pattern across the image.

In the last experiment, Fig. 2-(e) and Fig. 2-(f), a real sensitivity map is used,
and correlation between coils is also assumed. Again, the noise is non-stationary. To
increase the dynamic range of the images, the logarithm has been used to show the
data.
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5 Discussion and conclusions

Noise analysis in SENSE in literature is usually focused on the study of the SNR
loss due to the acceleration process, being the so-called g-factor the most common
measure. However, despite its proved utility, the g-factor is insufficient when trying
to design certain MR applications. In those cases, the need of a complete statistical
modeling arises naturally. In SENSE, the Rician model has been widely assumed
by the MR community, as seen in recent literature [46, 43]. This assumption has
traditionally been taken as a guarantee to use the methods designed for single coil
MR data over multiple-coil SENSE reconstructed data.

The study of the noise distribution in SENSE carried out in this work has brought
to light some serious implications that must have been taken into account when
working with SENSE data. Even when the final distribution is always Rician, de-
pending on the sensitivity maps and on the coils covariance matrix, this distribu-
tion is likely to be non-stationary. In the examples proposed, even in the optimal
synthetic case, when correlations between coils were present, the non-stationarity
arises. As a consequence, the variance of noise will differ from point to point across
the image. The first implication of this feature is related with noise estimation. Since
the variance of noise depends on the position, most noise estimation techniques, as
the ones proposed in [47], have no longer sense. There is no longer a single value
to estimate for the whole image, but one for each point. Thus, those algorithms that
need an estimation of the level of noise, cannot be used either in its original shape.
See, for instance, those filtering techniques reviewed in the Introduction.

As an example, let us consider a very simple noise reduction technique, the Con-
ventional Approach (CA) for Rician data [4]:

Ax) = \/EME(x)} - 202,

whose same philosophy is shared by several other methods mainly based on NLM
denoising [11, 12, 13]. When dealing with SENSE reconstructions, the variance
of noise o2 will no longer be unique for the whole image, i.e. 02(x). The noise
estimation is no longer a simple task. Some prior data regulation like the one done
in [63] could be necessary. Note that, even an approach as simple as the CA cannot
be directly applied from the single coil Rician formulation over SENSE data.

To sum up, SENSE MR data is known to follow a Rician distribution, but non-
homogeneity of the variance of noise arises due to the reconstruction process. A
prior knowledge of the sensitivity maps and the coils covariance matrix will help to

properly design applications to deal with this kind of data.
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Noise and Signal Estimation in Magnitude MRI
and Rician Distributed Images: A LMMSE
approach

Santiago Aja-Ferndndez, Carlos Alberola-Lépez and Carl-Fredrik Westin*

Abstract A new method for noise filtering in images that follow a Rician model
—with particular attention to Magnetic Resonance Imaging (MRI)— is proposed.
To that end, we have derived a (novel) closed-form solution of the Linear Minimum
Mean Square Error (LMMSE) estimator for this distribution. Additionally, a set of
methods that automatically estimate the noise power are developed. These methods
use information of the sample distribution of local statistics of the image, such as
the local variance, the local mean and the local mean square value. Accordingly,
the dynamic estimation of noise leads to a recursive version of the LMMSE, which
shows a good performance in both noise cleaning and feature preservation. The
paper also includes the derivation of the probability density function of several local
sample statistics for the Rayleigh and Rician model, upon which the estimators are
built.

1 Introduction

Noise in magnitude Magnetic Resonance (MR) images is usually modeled by means
of a Rician distribution, due to the existence of zero-mean uncorrelated Gaus-
sian noise with equal variance in both the real and imaginary parts of the com-
plex k-space data [44, 5]. This noise may affect the performance of different post-
processing techniques applied to MR data, such as segmentation, registration or
tensor estimation in Diffusion Tensor MRI (DT-MRI) [87]. Accordingly, a great
amount of noise-removal methods has been reported in the literature.

One of the first attempts proposed to estimate the magnitude MR image from a
noisy image is due to Henkelman [36] who investigated the effect of noise on MR

* This chapter was previously published as: S. Aja-Fernndez, C. Alberola-Lopez and C.-F.
Westin. “Noise and Signal Estimation in Magnitude MRI and Rician Distributed Images: A
LMMSE Approach”, IEEE Trans. on Image Processing, Vol. 17, No. 8, Aug. 2008, pp. 1383-1398.
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magnitude images. The author showed that the noise influence leads to an overes-
timation of the signal amplitude and proposed a correction scheme based on image
intensities. The so-called conventional approach (CA) was proposed by McGib-
ney et al. [4] utilizing the noise properties of the second-order moment. Sijbers e?
al. [80, 7, 82] estimate the Rician noise level and perform signal reconstruction
using a maximum likelihood (ML) approach. A similar method is used by Jiang
and Yang [114]. Expectation maximization (EM) formulations with Rician noise
assumptions have been used in SAR imaging [98, 89]. Fillard et al. [110] recently
proposed another ML-based scheme that uses an anisotropic regularization term to
exploit the spatial correlation, and apply it to correct the bias in tensor estimation in
DT-MRL

Other approaches use wavelet-based methods for noise removal, as Nowak’s [86]
—in which the authors assume an underlying Rician model—- or the one due to
Pizurica et. al [115]. Lysaker et al. [116] proposed a method for noise removal
in MRI using fourth-order partial differential equations. McGraw et al. [117] use
a weighted total-variation-norm denoising scheme and Ahn et al. [118] propose
a template-based filtering procedure; none of this approaches use a Rician noise
model. Basu et al. [87] use a Perona-Malik-like smoothing filter combined with a
local Rician data attachment term (effectively trying to remove the intensity bias
locally), assuming a known noise level for the Rician noise model. Using local
statistics as priors, Awate and Whitaker [119] introduced a method to denoise a
MR image using nonparametric neighborhood statistics. Recently, Koay and Basser
in [48] developed a correction scheme that allows to analytically estimate the sig-
nal, also assuming the Rician model, and in [59] Martin-Fernandez et al. proposed
a Wiener-filter approach with a correction for MRI data.

In this paper we propose a new method for noise filtering of MRI data, and by ex-
tension, of images that follows a Rician distribution, by using the Linear Minimum
Mean Square Error (LMMSE) estimator for Rician noise.

As it is well-known, LMMSE estimators are a trade-off between optimality and
simplicity; we obtain a closed-form analytical solution for our estimator which
makes the filtering process far simpler than other estimation techniques that find the
solution via an iterative optimization scheme. Results from our method are satisfac-
tory as the experiments in Section 5 show. Additionally, the goodness of the filter
will be intrinsically related to the accuracy of the estimation of the noise variance
in the images. In the paper we will present four novel techniques to estimate this
parameter; although three of them rely on the assumption of a uniform background,
none of the cases require any sort of background segmentation.

The paper is organized as follows: Section 2 is a background section on Rician
and Rayleigh distributions and their estimators. In Section 3 the LMMSE estimator
for Rician noise is presented. Then, Section 4 describes the different procedures to
estimate the noise. Some experiments have been added in Section 5. A number of
appendices have been included for readability purposes.
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2 Background

2.1 Rician distributed data

If both real and imaginary parts of a signal are corrupted with zero-mean uncorre-
lated Gaussian noise with with equal variance, the envelope of the magnitude signal
will follow a Rician distribution. This kind of noise may be encountered in many
practical situations, such as MR data, speckle [98], communication fading prob-
lems [120] and many others. The magnitude signal may be expressed

M= /(A+n1)?2+n3 (D)

being M the magnitude image, A the original signal level if no noise is present and
n1 and n9 uncorrelated Gaussian noise variables with zero mean and equal variance
o2, The probability density function (PDF) of such an image is, as indicated, a
Rician distribution [44, 45]

M st AM
pu(M|A, o) = ok 203 Io( > > u(M) )

n n

being I (.) the 0" order modified Bessel function of the first kind and u(.) the Heavi-
side step function. Although generally speaking the moments of this distribution are
difficult to calculate, the even-order (non central) moments are simple polynomials
as, for instance, he second order moment

po = E{M?} = A? 4+ 252 3)

In the image background, where the signal-to-noise ratio is zero due to the lack of
water-proton density in the air, the Rician PDF simplifies to a Rayleigh distribu-
tion [45] with PDF

M2

M
pum(Mloy) =pu(M|A=0,0,) = = € 2= u(M). 4)

g2
O’TL

2.2 Parameter estimation of the Rician distribution

In this section we review a number of methods to estimate parameters in a Rician
distribution. Although many approaches have been reported in the literature (see, for
instance, the papers cited in the introduction) we will focus now only on those based
on a stochastic model. Most of the papers cited hereafter focus on MRI processing,
although some of them deal with other type of images, such as SAR [98].

The Conventional Approach (CA) [4] accounts for the relation between noise and
signal of the second order moment in a Rician distribution, see eq. (3), so the signal
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can be estimated as

A= /(M2?) - 202 (5)
being (M?) the sample second order moment. Other approaches use the Maximum
Likelihood estimator (ML) [80, 7, 82, 114] where the signal is estimated by maxi-
mizing the likelihood function. Koay and Basser in [48] propose an analytically ex-
act solution assuming a Rician noise model based on image statistics and the noise
level. In these three methods the variance of noise o2 is an input value, so it must be
known before hand, or at least, it must be estimated. The Expectation-Maximization
(EM) method [98, 89] provides a recursive scheme that aims at estimating the noise
variance and the signal simultaneously through maximization of the expected log
likelihood.

Note that the last three schemes (ML, EM and Koay’s) are originally designed
to estimate the signal from multiple samples. When only one image is available, the
statistics must be calculated locally. In addition, in the three methods the solution is
found via an iterative optimization scheme.

The different methods reported to estimate o2 from the magnitude data in Rician
distributions may be roughly divided into two vast groups, namely, those that use a
single magnitude image and those that use multiple images. In this paper we will
mainly deal with methods in the former group.

The estimation of noise in MRI using a single image is usually done out of the
background pixels, where the signal is assumed to be zero. According to eq. (3), in
the areas where the signal is zero A? = 0, and then E{M?} = 202. So a straight-
forward estimator —based on the method of moments— will be [7, 86, 81]

— 1 N
2 _ 2
an—ZN;Mi (©)

being N the number of points considered for the estimation. Eq. (6) is in fact, an
unbiased estimator of o2 with variance
4
- g,
Var (ag) =2z %)

This estimator is also the Maximum Likelihood estimator of this parameter for the
Rayleigh distribution [7].

An alternative way to estimate o,, in non-signal areas is obtained by using the
first order moment of the Rayleigh PDF. An unbiased estimator then will be [7]

21 &
on=1\—%= > M, 8
7 \/;Nz_; ®)

In [114] the authors propose an estimator based on the method of moments for a
Rician distribution

~ 2
Op —

(ar2) = (2(002)2 = () '")

N —
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Recently Sijbers et al. [83, 84] proposed a new method to estimate o, from the im-
age histogram. As in the background the image distribution is Rayleigh, and since
the mode of this distribution equals the parameter o,,, then o, = My,.x, being
M ,.x the mode of the histogram of the image. Noise can also be estimated us-
ing multiple images taken under identical conditions [81]. Finally, in [14] noise is
estimated by using the information of several images and how they match a model.

3 Signal estimation: the LMMSE estimator

The method proposed in this paper to estimate the signal from the magnitude image
is based on the Linear Minimum Mean Square Error (LMMSE) estimator [121]. Our
aim is to find a closed-form estimator for a signal that follows a Rician distribution.
This is in contrast to many other estimation techniques —such as ML and EM—
which find the solution via an iterative optimization scheme. Closed-form solutions
make estimation methods computationally more efficient than optimization-based
solutions. In addition, the estimator will be based on local statistics, so one single
(noisy) image —as opposed to several perfectly aligned images— will suffice to
estimate the signal.

As previously stated, the moments of the Rician distribution have a non-trivial
integral expression but for even-order moments, which are simple polynomials. In
order to achieve a closed-form expression we will use A2 instead of A. Conse-
quently, all the moments to be used hereafter will be even.

3.1 LMMSE filter derivation for the general Rician model

The LMMSE estimator? of a parameter 6 is defined [121]
0 = E{0} + CpxCl(x — E{x}) )

being x the vector of available samples, Cyy the covariance matrix of x and Cgyy the
cross-covariance vector. Rewriting eq. (9) for a 2D signal with a Rician distribution
/2\ _ 2 -1 2 2
Ajy = E{AG Y + Caz a2, CM%JVIEJ (M7, — E{M}}}) (10)
where A;; is the unknown intensity value in pixel ¢j and IM,;; the observation vector.

If the estimator is simplified to be pointwise, vectors and matrices become scalar
values. Then

2 As it is well known, this type of estimators model the parameter to be estimated as a sample
of a random variable, the parameters of which have a known relation with the parameters of the
observation [121].
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T
Cijij = E{(ij - E{M?J}) (M12] - E{ij}) }

= B{(M — BQME})") = B{MG) - B(ME)

= Oz

T
Coz iz, = E{(A}; — B{AG}) (M5 — B{M})" }
= B{(42 - B{43}) (M2 - E{M2})}
= Caz
and making use of the model in eq. (1)
_ 4 24 2 2 2
CA?]M;"J. = B{Aj;} + 2E{Aj;}o, — E{Aj;} E{M;}
Finally, the LMMSE estimator is

E{AY} +2B{A% o7 — E{AL}E{M}
E{M3} — E{M2)?

A% = E{A}} + (M7 — E{M}})

ij
(11)

Assuming local ergodicity, the expectation may be replaced by its sample estimator

(.), that can be defined
1
i) = g 2 I (12)
il pen

with 7; ; a square neighborhood around the pixel 7j. This estimation may be also
done using non-square weighted windows, such as Gaussian functions. Using the
relations from eq. (1)

2 _ 2 2
44 _ 4 2 2 4
E{M;;} = E{A;;} + 80, E{Aj;} + 80,
and (.), the LMMSE estimator may finally be written as
A = (M) — 207, + Kij (M5 — (MF)) (13)
with Kij

doj ((M7) — 07)
(M) = (M5)*

K;j=1- (14)
Note that the o2 value must be properly estimated. This task is usually done from
a selected region from the background pixels, where the signal is assumed zero. In
Section 4 some new automatic methods will be presented.

Since only pointwise dependence has been considered in the filter, the extension
to an arbitrary number of dimensions is straightforward by changing the estimation
neighborhood. For example, for 3D images
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n=—" 31,

|7]ijk'| PENijk

Some experiments have been done in section 5.1 to illustrate the LMMSE filtering
performance.

4 Estimation of noise using local statistics

The performance of the estimator previously described, as well as other methods in
the literature, is directly related to the quality of the estimate of the noise variance
afl. Noise estimation schemes described in section 2.2 (but the one in [83]) have
some disadvantages: they need the background pixels of the image to be manually
selected and the estimation is done considering that the signal is always zero in the
background pixels. These two considerations make the estimate sensitive to errors
and artifacts. In this section we will propose a new approach based on local statistics.
We will estimate the noise using the distributions of some sample local statistics
of the image, such as the sample second order moment, the sample mean and the
sample variance.

Using the second order moment and the mean we will develop two estimators
that can be used only when the image has a background where the distribution can
be assumed Rayleigh (i.e., a non-signal background). This is the case of many MR
magnitude images. Then, we will define a variance-based estimator that can be used
with any kind of image that follows a Rician distribution.

4.1 Noise estimator based on the local second order moment

Taking expectations in eq. (1) for zero-mean and equal variance noise components
we obtain
2y _ 2 2
E{M;;} = E{A];} + 203, (15)

being £ {112 j} the local second order moment of an image /. It may be estimated
using a neighborhood 7); ; centered around the pixel under analysis giving rise to
fiz; ; = E{I?;} = (I?;). For the sake of simplicity we will use a square neighbor-
hood, as in eq. (12).

If we assume that o,, is constant throughout the image, the effect of the noise
over the local second order moment distribution will be a shift to higher values. In
those regions where A; ; = 0, it holds

E{Mz]} = 20721

This fact has been used in the past to estimate the noise from MRI by selecting areas
in the background (see Section 2.2). In this new approach, we will not be working
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with selected regions, but with the distribution of the local statistics of the whole
image.

As an effect of the noise, the shape of the local second order moment distribution
remains fairly unchanged in the noisy image with respect to that in the original im-
age, but for a right-shift of the whole distribution. See, for instance, the distribution
of this moment for the image in Fig. 1 when Rician noise is present; this is depicted
in Fig. 2-(a).

Fig. 1 Original image (left) and noisy counterpart (right) with o, = 10.
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Fig. 2 Distribution of the local second order moment. (a) Lenna image without noise (solid) and
with Rician noise with o, = 10 (dashed). (b) MR image without noise (solid) and with noise
(dashed), with o, = 10. A 7 x 7 window has been used.

However, in MR images —see for instance Fig. 3, taken from the BrainWeb
database [53]—, due to the presence of an extensive background in which the signal
is virtually zero, the distribution of the local second order moment of the original
image will have a maximum in the origin, as shown in Fig. 2-(b) solid line. If the
image is corrupted with Rician noise with o,, = 10, the effect, according to eq. (15),
will be a shift of the maximum from zero to 202. This effect can be seen in Fig. 2-
(b), dashed line, where the distribution of the local second order moment shows a
bell shape with its maximum in 200, with in fact is 20,% when o,, = 10.
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Fig. 3 Original magnitude MRI from the BrainWeb database (left) and noisy one (right) with
on = 10.

So, the position of this maximum may be used in order to estimate o2

—

7% = 5 axgmax{p()}
being p(j2) the distribution of the sample (local) second order moment of the noisy
image. This maximum may be calculated as the mode of the distribution.

To analyze this assumption let us calculate the theoretical value of the mode.
In MR images, the pixels in the background follow a Rayleigh distribution. So, let
R;(0?),i = {1,--- , N} be a set of independent and identically distributed (IID)
Rayleigh random variables. Then [122]

al 1 & 202
R?(06?) ~~(N,20%), S=— R?(0?) ~ (N,)
S ) o2 $ = 3R o (35

i.e., the sample local second order moment of a Rayleigh distribution follows a
Gamma distribution with parameters = N and 5 = % The mode of this dis-
tribution is defined as mode(S) = (a — 1)8, so, the mode of the sampling second
order moment will be

— N -1
mode(f12; ;) = TQU%
If we redefine the estimator of the moment as
1 N
— 2/ 2
= — ‘ 16
iz N—llZ:;RZ(J) (16)
then
mode(fiz; ;) = 202
and

— 1 .
o2 = imode(,ugi’j) a7

To verify this hypothesis an experiment has been carried out for 40 different
variances of noise. The MR image in Fig. 3 has been normalized between 0 and 1.
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Local moments are calculated using 7 x 7 windows. For each o2 we would take the
average value of 100 simulations. In Fig. 4-(a) the estimated variance is depicted

versus the original one. In Fig. 4-(b), as a quality measure, we show the ratio ) =
On/On.
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Fig. 4 Estimation of variance of noise using the mode of the local second order moment. (a) o2
vs. 02.(b) opn/on VS. o,

Let us now study how the window size affects the estimation. According to eq. (7)
the variance of the estimator is inversely proportional to the number of points used.
So, as far as ergodicity is maintained within the window, the estimation should be
better for larger window sizes. However, the influence of the window size is not

paramount in this new estimator, as only the maximum of the distribution is consid-
ered.
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Fig. 5 (Normalized) local second order moment distribution of the noisy image with oy, = 10
using 3 x 3 window (dashed), 7 x 7 window (solid),11 x 11 window (dash-dotted) and 21 x 21
window (dotted). (a) Normalizing by N (b) Normalizing by N — 1, as in eq. (16).
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As an illustration, we have calculated the local second order moment distribution
of the noisy image using square windows of different sizes. The result is in Fig. 5.
The effect of increasing the size of the window is that the function goes narrower,
as an effect of the decrease in the variance. However, its maximum is fixed to the
same value.

4.2 Estimator based on the local mean

Following a similar reasoning to the one done in the previous section, we can define
a local measure based on the estimator of eq. (8). This estimator is also based on
the assumption that the distribution in the background of an MR image follows a
Rayleigh distribution. Due to the influence of the pixels in this background, when
the local mean distribution of a non-noisy MRI is depicted, it presents a maximum
around zero (see Fig. 6-(a), solid line). When the image is corrupted with Rician
noise, this maximum is now shifted to a value related to o,, (see the dotted line in
Fig. 6-(a)). As the mean of a Rayleigh distribution is defined as p1 = o,+\/7/2,
following a similar reasoning as the one done in the previous section, we can define

a new estimator
— 2 —
N \/;arg max{p(u1)}

being p(j21) the distribution of the sample local mean. The maximum may be cal-
culated as the mode of the distribution:

— 2 _
N \/>mode(u1i ;) (18)
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Fig. 6 (a) Sample local mean distribution of the image without noise (solid-bold) and with noise
(dashed), with oy, = 10. (b) Normalized distribution of \/g ﬁL J of the noisy image with oy, =
10. Window size: 3 x 3 (dashed), 7 x 7 (solid), 11 x 11 (dash-dotted) and 21 x 21 (dotted).
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To study this assumption, let us analyze the PDF of the sample local mean. Let
R;(0?),i={1,---, N} beaset of [ID random variables with Rayleigh distribution
and

The sum of Rayleigh variables is a classical-hard-to-find problem in communica-
tions. Some approximations are usually employed, as the one in [123]

2
p2N—1,—27/2bN

Ps(®) = SRTNF N (N = 1)1 (19)
o o? 1/N
b= =[N —1)!] (20)

which can be approximated by b = 02% (see appendix 7.1). The mode of the distri-
bution is defined as mode(.S) = arg max,{ps(x)}, so

2(2N —1)N
mode(S) = o, 22N = DN
e
which can be approximated when N >> 1 by mode(S) ~ on%. Therefore, as the
sample mean is defined 7 = ﬁS the noise estimator becomes
~ 6 —
Oy ~ %mode(uli)j) 21

Note than in this approximation, the factor is % = 0.8244, and in eq. (18) the

factor is \/g = 0.7979. This small difference is due to both the approximation in
the PDF and to the simplifications made to obtain the mode. In what follows we will
use the estimator in eq. (18), as it experimentally shows a better behavior.

To test this estimator a new experiment has been carried out for 40 different
standard deviations of noise. The MR image has been normalized between 0 and 1.
Local moments are calculated using 7 x 7 windows. For each ,, we would take the
average value of 100 simulations. In Fig. 7-(a) the estimated standard deviation is
depicted vs. the original one. In Fig. 7-(b), as a quality measure, we show the ratio
On/On.

As in the previous case, the effect of changing the size for the window used for
estimation —see Fig. 6-(b)— is a change in the width of the distribution, but in any
case, the maximum stays on the same value.
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Fig. 7 Estimation of standard deviation of noise using the mode of @Z 5 (a) op VS. op. (b)
Q =0pn/on VS. op.

4.3 Estimation based on the local variance

The estimators previously introduced require a Rayleigh distributed area, i.e. an area
in which A;; = 0. In this section we introduce a new estimator that can be used in
signals with general Rician noise. However, we will first study the case of images
with zero background.

The distribution of the local variance for most non-noisy images, is a decreasing
function with its maximum in zero (see appendix 7.2 for details). When corrupted
with noise, the distributions present a bell-shape distribution whose maximum is
located in a point that should be related to o2. An illustration is depicted in Fig. 8.
We will take advantage of this feature for both estimators.
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Fig. 8 Sample local variance distribution. (a) MRI with Rician noise. (b) Lenna Image with Rician
noise. Original image (solid), Rician noise with o,, = 10 (dash-dotted), with o,, = 20 (dotted) and
with o, = 40 (dashed).
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4.3.1 Local variance in MR data

In the background of MR data the variance reduces to the variance of a Rayleigh
distribution, which is defined

o2, = o2 (2 _ g) (22)

In the pixels belonging to the background then

N 1
o2 =% (2-3) 23)
If the background of the image is properly segmented, it can be used to estimate
the variance of noise using eq. (23). However, the segmentation is not necessary if
we follow a philosophy as the one stated in the previous sections. If the variance is
estimated locally, say UJQMU , we can define the variance of noise as

~2 ™\ ! 2
o, = (2 — 5) mode (aMi]_) (24)
Actually, the maximum values of the distributions in Fig.8-(b) are located at in
(2-3)on.

To give a theoretical justification to this solution it would be interesting to study
the distribution of the sample variance when the samples are Rayleigh random vari-
ables (if they are Gaussian, the result is well known [122]). The distribution of the

sample local variance for Rayleigh random variables is (see appendix 7.3 for details)

o NS (2N -2 — k)] {( e)m]"r (25)

1 _ 9 2
P KN —1-k)! 2/ 20

being

N 1 (2/e)N-1

© 202 (N — 1) (142/e)2N-1

In order to find the maximum independently of the value of o, we make the change

_ zN
t= 202

Cy

N-1
N eN -2k L
T =Cv e 2 N =1 =y [(1+3)4 (26)

We have numerically calculated the maximum of this function which is

2
tmax ~ 0.26 X (N — 1) = (1—) (N-1)
e
In Fig. 9 the function in eq. (26) has been depicted for N = 25 (dash-dotted),
N = 49 (dashed) and N = 81 (solid). To avoid the dependence with N, the z-axis
has been normalized by N — 1. The maxima of the functions for the different values
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Fig. 9 (Normalized) function of eq. (26) for N = 25 (dash-dotted), N = 49 (dashed) and N = 81
(solid). The z-axis has been normalized by N — 1.

of N are all located on the same point, around 0.26. So, the mode of the distribution,
after the variable change, will be

N -1 4\ N -1
mode(V) = Zmax & 0.52——0" ~ (2 - 6) o

Note that the IV in the denominator is due to the fact that we have used the biased
variance. Similarly as in the case of the sample mean, due to the approximation,
the solution is not exactly what it should be, as (2 — %) ~ 0.42. Previously, in
eq. (21), we have seen that y/e/2 was in fact an approximation of 4/2/m, due to
some approximation in the analysis. Note that the parameter we are using for the
variance analysis is now e/2 = 2(y/e/2)2. If we use 2(/2/7)? = 4/7 instead, the
numerical analysis sets the maximum in

tmax A 0.21(N — 1) ~ (1 - %) (N —1)

being the mode

2

mode (V) ~ 0.42NN 12~ (2 7r) NN 1,2
Due to experimental results, we define the estimator as in eq. (24).

To test this estimator a new experiment has been carried out for 40 different
standard deviation of noise. The MR image has been normalized between 0 and 1.
Local moments are calculated using 7 x 7 windows. For each o,, we would take the
average value of 100 simulations. In Fig. 10-(a) the estimated standard deviation is
depicted versus the original one. In Fig. 10-(b), as a quality measure, we show the
ratio o, /op,.
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o_estimated

Fig. 10 Estimation of standard deviation of noise using the mode of the sample variance. (a) o,
vs. op. (b) Q = Ty /op VS. 0.

4.3.2 Local variance in Rician images

Let us now focus on those images with Rician noise in which the assumption of a
low SNR background does not hold. As a result, the variance of noise cannot be
estimated using the second order moment, nor the local mean, but it can be done
using the variance.

Although most of the images we usually deal with are images that do not have a
uniform background, they do have a great amount of uniform areas. By uniform area
we mean areas of the image without borders and with soft transitions. This means
that, if no texture is present, the distribution of the local variances will have its
maximum value in the vicinity of zero. To illustrate this statement, see for instance
the sample local distributions of Lenna and the MR (non-noisy) images in Fig 8
(solid line), where it can be seen that most values are nearly zero, as expected. This
exponentially decreasing histogram may be observed in a wide range of images,
from natural scenes to medical images (see appendix 7.2). An exception to this is
obviously the case of pictures of complex textures, for which intensity variability is
considered signal content. We must remark that this assumption does not mean that
the estimation is to be done in one specific area assumed constant; the estimation
will be done using the whole variance histogram and it will not require any previous
selection of any area.

With this assumption in mind, we will first approximate the variance of a Rician
model, to afterwards study the sample variance. The mean of a Rician distribution
is given by

T _A722 A2 A2 A2 A2
M1 = E{M} = O'n\/;€ don |:(]. + M) I() <40_2> + ﬁll (40_2):| (27)

In order to obtain an approximation of the behavior of the variance of the image, we
will consider the asymptotic expansion of the Bessel functions [124]:
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z 4 2_1
I,(z) = ¢ (1— n8 ),z%oo (28)
VA z

It implies that A?; >> o7. After some algebra

0%1%02(1—4A’;—~-~> 29)

A natural image, like Lenna, has a distribution of E{Afj} as the one in Fig. 8-(a).
This means that if we take local statistics & {A?j} > o2 for the great majority of
the pixels, and even E{A?j} > 0. So, in those points we can say that

0% ~ o (30)

and accordingly, if the variance of the signal is estimated locally, the variance of
noise can be estimated as
&, = mode(ay, ) (31)
The maximum values of the distributions in Fig.8-(a) are located at UTQL.
What we have done here is similar to consider the rough approximation of the
noise being Gaussian when the SNR is high. This way, the sample variance has a
gamma distribution [122] with mode

N —
mode(o3,) = airi)

In Fig. 11 the local variance distribution of a noisy image has been calculated using
square windows of different sizes: 5 x 5 (dashed), 9 x 9 (solid) and 21 x 21 (dash-

dotted) applying the % correction.
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Fig. 11 Normalized local variance distribution of the Lenna image with Rician Noise (o, = 15)
using 5 x 5 (dashed), a 9 x 9 (solid) and 21 x 21 (dash-dotted) windows. % correction has been
applied.
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To completely justify this result, we need to calculate the distribution of the sam-
ple variance for the Rician model. This is not an easy task, though some approxi-
mations have been done in Appendices 7.4 and 7.5, where we show that the sample
variance PDF for this model may be written as

2N—-1

I s2N—1

py(t) =~ Cre™* Z ( 7;*1 )tm(1+N)mF(2N—1/2—m)
m=0

witht = % Numerically, it is easy to proof that ¢,,,x = % So the mode of the
variance distribution will be

N-322 N-3,
mode(V) = 5N = N On

Note that if the unbiased sample estimator is used, mode(V) = ¥=352
To verify this hypothesis an experiment has been carried out for 40 different
variances of noise. The Lenna image has been normalized between 0 and 1. Local
variance is calculated using 7 x 7 windows. For each o,, we would take the average
value of 100 simulations. In Fig. 12-(a) the estimated variance is depicted versus the

original one. In Fig. 12-(b), as a quality measure, we show the ratio 6,,/0,.

o_estimated
o

Fig. 12 Estimation of variance of noise using the mode of the local sample variance in the Lenna
image. (a) oy, V8. 0. (b) Tn /on VS. On

4.4 Connection between the two variance models

Two models have been presented for signal estimation based on the mode of the
local sample variance. The first one is based on the assumption that the image has



Title Suppressed Due to Excessive Length 97

< N
I I L i N P SV SS
0 100 200 300 400 500 600 700 800 900 1000

Fig. 14 Normalized local variance distribution of the lenna image with Rician noise. Without extra
background (solid) with background (dashed) and with a greater background (dash-dotted).

a background where the Rician model tends to be Rayleigh; the second one is for
images without such a background.

To study the behavior of the local variance in relation with the background, an
experiment has been done. A black background has been added to the Lenna image,
having a MR-like image. Rician noise with ¢,, = 15 has been added (see Fig. 13).
The distribution of the local variance is shown in Fig, 14. We can see that there
is a maximum set around JTQL, as the second model stated, but in addition, a new
maximum appears when the background is added. This new maximum will be set
on o2 (2 — g), the value predicted by the first model. So, depending on the back-
ground, the local variance distribution will be a multimodal distribution, being the
local maxima placed on o2 (2 - 3) and o2 respectively. The global maxima will

2
be in the mode with the highest coverage.
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5 Experimental results

5.1 Synthetic experiments

Some experiments are carried out to illustrate the LMMSE filtering behavior. To
be able to compare the results to a ground truth, we work with synthetic images
artificially corrupted with noise. A magnitude MR image originally noise-free (from
the BrainWeb database [53]) with 256 gray levels, is corrupted with Rician noise, see
Fig. 15-(a) and 15-(b), following the model in eq. (1). The noisy image is processed
using different techniques. Many methods to restore a noisy MR image have been
reported. For our experiments we will select those related somehow with the method
proposed in this paper. First, those stochastic schemes based on the Rician Model:

1. The Conventional Approach (CA) by McGibney et al. [4].

2. The Maximum Likelihood Estimator (ML) [80, 7, 82, 114].

3. The Expectation-maximization Method (EM) [98, 89].

4. The Analytically Exact Solution, proposed by Koay and Basser in [48].

In all the cases where the variance of noise is needed, it is manually set to its op-
timal value. Note that the ML and EM estimators, as well as the method by Koay
and Basser are designed to work with several samples of the same image. As in the
present experiment we suppose only one sample is available, the statistics are com-
puted using local neighborhoods. In all cases 5 x 5 neighborhoods have been used.
To compare the filters with other techniques:

5. Adaptive Wiener Filtering [125], using a 5 x 5 neighborhood. In order to achieve
the best performance of the filter, o,, is manually set to the actual value.

6. The wavelet domain noise filter for medical imaging proposed by Pizurica et al.
in [115]. The best results for this experiment are achieved using K = 5and 5x 5
window size.

And finally, the LMMSE based schemes:

7. The LMMSE Estimator, as proposed in eq. (13), with o, manually set to the
actual value. 5 x 5 neighborhood.

8. The LMMSE Estimator, as proposed in eq. (13), with o,, automatically estimated
using eq. (18). 5 x 5 neighborhood both for filtering and noise estimation.

9. The LMMSE Estimator, as proposed in eq. (13), with overestimation of noise,
manually setting the standard deviation of noise to o,, + 20.

10. Although once the image is filtered with the LMMSE estimator the output model
is no longer Rician, or at least nothing assures it is, we can think in making the
filter recursive. As the noise is dynamically estimated in each iteration, the filter
should reach a steady state as the estimated noise gets smaller and smaller. As a
result, if a proper noise estimation is done, the filter should stop modifying the
input image once the noise is eliminated. We define then a recursive LMMSE
(RLMMSE). For the experiments 8 and 50 iterations are considered, and a 5 x 5
neighborhood has been used both for filtering and noise estimation.
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on = 10 on = 20
SSIM  QILV MSE |[SSIM QILV MSE
Noisy 0.7904 0.9890 100.2940(0.5722 0.9251 395.0881
CA 0.8491 0.6430 192.1922(0.8236 0.6543 205.6214
EM 0.8685 0.6513 144.1177{0.8373 0.6342 168.0615
Koay 0.8424 0.6026 212.4360(0.8024 0.5259 290.9409
ML 0.8681 0.6516 144.2500{0.8370 0.6354 168.1712
Wiener 0.9092 0.9839 57.9197 |0.8146 0.9076 161.8120
Wavelet 0.8723 0.9889 51.8368 [0.7695 0.9441 132.4157
LMMSE (Overestimation) |0.8107 0.8206 229.0185|0.7465 0.7077 376.9618
LMMSE (Manual noise) 0.9168 0.9921 53.9731 |0.8346 0.9613 130.5361
LMMSE (Automatic noise)[0.9177 0.9921 53.6904 |0.8389 0.9606 128.1376
RLMMSE (8 steps) 0.9270 0.9917 51.8197 [0.8597 0.9502 122.5699
RLMMSE (50 steps) 0.9298 0.9915 51.8487 [0.8540 0.9429 129.5132

Table 1 Quality measures for the synthetic experiment: SSIM, QILV and MSE for the MR image
with Rician noise. Two different o,, values have been considered. In bold face the best value of
each column. LMMSE-based schemes show better results in terms of noise removal and edge
preservation.

To compare the restoration performance of the different methods, two quality
indexes are used: the Structural Similarity (SSIM) index [126] and the Quality In-
dex based on Local Variance (QILV) [127]. Both give a measure of the structural
similarity between the ground truth and the estimated images. However, the former
is more sensitive to the level of noise in the image and the latter to any possible
blurring of the edges. This way we are able to assess the noise cleaning and border
preserving capability of the different schemes. Both indexes are bounded; the closer
to one, the better the image. In addition, the mean square error (MSE) is also cal-
culated. To avoid any bias due to background, these three quality measures are only
applied to those areas of the image inside the skull.

Table 1 shows the experimental results of the average of 100 experiments for two
different values of o,,. The best value of each column has been highlighted. Some
graphical results for o,, = 10 are shown in Fig 15.

When compared with other schemes considering a Rician noise model with
proper noise estimation, the LMMSE and the RLMMSE show a better performance
in terms of noise cleaning (a larger SSIM) while the edges are preserved (the QILV
value gets better). However, when noise estimation is incorrectly done (as in Fig. 15-
(h) for the case of noise overestimation), the noise in the background is even ampli-
fied while the inner edges are blurred.

The noise cleaning performance of the ML, EM and Koay schemes are good,
but, as the QILV index points out, they cause image blurring. Consequently, image
information is lost at the border and the image edges. This performance is not due to
the schemes themselves, but to the fact that they are originally designed to estimate
the signal from multiple samples. When only one image is available, the statistics
must be calculated locally. Consequently this local estimation produces some edge
smoothing, in some cases similar to the one produced by a Gaussian filter. LMMSE,
although it is also based on local statistics does not show this edge-blurring behavior.
This is one of the arguments for using LMMSE when only one sample is available.
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(a) Original (b) Noisy

(g) Wavelet (h) LMMSE (Wrong)

(i) LMMSE (Manual)  (j) LMMSE (auto) (k) RLMMSE (8) (1) RLMMSE (50)

Fig. 15 Experiment with synthetic noise. MRI from Brainweb (Detail). (a) Original Image. (b)
Image with Rician noise with o, = 10. (c) Conventional approach. (d) ML estimator. (¢) EM
method. (f) Koay’s method. (g) Wavelet Domain Noise filter. (h) LMMSE estimator with noise
overestimation (o, = 30). (i) LMMSE estimator with o, = 10 (manually set). (j) LMMSE
estimator automatic noise estimation. (k) Recursive LMMSE (8 iterations). (1) Recursive LMMSE
(50 iterations). The LMMSE filters with correct noise estimation show the best performance, as
confirmed by the numerical results in Table 1.

It is interesting to study the performance of the Wiener filtering; although it
slightly blurs the image, it shows an overall good performance. Its performance
is worse than the LMMSE, because the Wiener filter is based on a Gaussian noise
model. This mismatch between the Rician model and the Gaussian model is not too
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large in structural MRI, but becomes more important in other kind of images, like
Diffusion Weighted Images (DWI).

On the other hand, the Wavelet based filter shows also a good behavior, both in
edge preservation and noise cleaning, though the quantitative quality indices are a
bit lower than those of the proposed schemes. In addition, the filter has a parameter
K that has to be manually tuned to achieve the best results.

Finally, the RLMMSE results show a very good performance, when compared
with the other schemes. There is a good balance between noise cleaning (SSIM
index) and edge and structural information preservation (see QILV values). In ad-
dition, the filter shows great numerical stability: after 50 iterations the results are
similar to those after 8 iterations, indicating that the filter reaches a steady state.

One main advantage of the LMMSE filter (and to some extent for the RLMMSE
filter) is that the solution can be computed in one single step (or a few steps for
the RLMMSE filter), making it computationally efficient for large data sets as fre-
quently encountered in DWI. This is in contrast to the EM and ML schemes, as well
as to the approach by Koay and Basser, where the solution is found by numerical
optimization and thus iteratively.

A further comparison has been done with the Wavelet based filter. The brain
image used in [115] has been used as ground truth, see Fig. 16. The image is arti-
ficially corrupted with Rician noise with different values of o,,; from 1 to 30. The
noisy image is filtered using the wavelet filter (with K = 2), the LMMSE scheme
and a RLMMSE with 5 iterations and noise estimation using eq. (18). In every case,
a 5 x 5 window has been used. The average of the quality measures of 100 exper-
iments for each o, value is depicted in Fig. 17. Results show a better performance
of both LMMSE schemes.

Fig. 16 Original MRI image from [115].
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- - RLMMSE

— Noisy
- - - Wavelet
04f | — LMMSE
- - RLMMSE

5 10 15 20 25 30 } 5 10 15 20 25 30 5 10 15 20 25 30

(a) SSIM (b) QILV (c) MSE

Fig. 17 Comparition between LMMSE and Wavelet-based schemes. Different values of o, have
been considered.

A next synthetic experiment is done using a 3D ball, where Rician noise has been
included (see Fig. 18). The image is filtered using a 3D version of the filter and a
5 x 5 x 3 window. As no zero background is available, the noise estimation is to be
done following the method in eq. (31). After 10 iterations, the result is the image in
Fig. 18-right.

SSIM and QILV have been used again as quality indices. 19 iterations of the
3D RLMMSE filter have been done, with adaptive noise estimation; results are in
Fig. 19. After 4 or 5 iterations the filter reaches the optimum value. If we keep on
filtering, the effect will be just a slight blurring of the image.

Fig. 18 One slice of a 3D volume. Original image (left), image with Rician noise (center) and
filtered after 10 iterations (right).
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Fig. 19 SSIM index (left) and QILV index (right) of the 3D noisy ball. There is a noise cleaning
as well as the structural information is maintained

5.2 Estimation using the background

The methods for noise estimation in MRI described so far have the advantage that
they do not need a mask to be segmented in order to estimate the noise. So, they can
be easily used in any automatic procedure. This is one of the advantages of these
methods over the traditional ones described before.

If the background of the image may be isolated, the estimation can be done only
over these background pixels. However, this is not a great advantage. In Fig. 20-(a)
the distribution of the local second order moment is depicted, both for the whole
noisy image and for the background of the image. Both distributions have almost
the same shape, and, what is more important, their maxima are located at the same
point. Very similar is the behavior of the local mean as shown in Fig. 20-(b).
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(2)

Fig. 20 (a) Distribution of the local second order moment (using 7 x 7 windows) of the image
without noise (solid) and with rice noise (o, = 10): Background pixels isolated (dash-dotted) and
whole image (dashed). (b) Distribution of the local mean of the noisy image with o, = 10 using
7 x 7 windows: Background pixels isolated (dash-dotted) and whole image (dashed).
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(@) (b)

Fig. 21 Background masks used in the experiments.

In order to understand the influence of a proper background segmentation over
the noise estimation a new experiment has been done. Local moments are calculated
using 7 x 7 windows. For the noisy image o,, = 10, and 50 simulations have been
done. First we have used the mask in Fig. 21-(a) to segment the background pixels.
This mask totally separates the background from the signal, and it has been manually
built form the original image. The second mask is in Fig. 21-(b). It has been built
from noisy data using automatic thresholding. Some of the tissue has been assigned
to background. This is a common error in automatic segmentation. We will compare
four different estimators:

1. The classical unbiased estimator for o2 of eq. (6).

2. The classical unbiased estimator for o,, of eq. (8).

3. The new o2 estimator of eq. (17), based on second order moment distribution.
4. The new o,, estimator of eq. (18), based on local mean distribution.

Results are in Fig. 22-(a) for the first mask and in Fig. 22-(b) for the second one.

When the background pixels are perfectly identified, the performance of the es-
timators is quite similar. All the estimations are around &,, = 10. So, in this case,
the new methods do not present any advantage over the classical ones. But in the
second experiment, when some of the pixels of the brain are wrongly assigned to
the background, the classical methods do not estimate properly, but the new ones
do.

The noise estimation method based on the mode of the histogram proposed in
[83] is also robust when a wrong segmentation of the background is done. How-
ever, as it is shown in Fig. 23 the estimator has a larger variance than the methods
proposed in this paper.

5.3 Filtering MRI

To further verify the hypotheses proposed in the previous sections, and to have a
visual idea of the behavior of the filter and noise estimators, a new experiment is
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(a) (b)

Fig. 22 Estimation of o,,. (a) First background mask has been used: The new o2 estimator of
eq. (17) based on the local second order moment (solid), new o, estimator of eq. (17) based on
the local mean (dashed), classical unbiased estimator of eq. (6) for o2 (dash-dotted) and classical
unbiased estimator of eq. (8) for oy, (dotted). (a) Using first Background mask. (b)Using second
background mask.
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Fig. 23 Estimation of o, using the second background mask. Method based on the mode of the
histogram (solid), new o2 estimator of eq. (17) based on the local second order moment (dashed)
and new o, estimator of eq. (17) based on the local mean (dash-dotted).

carried out based on real data. A coronal slice from a 3D MRI volume® has been
selected.

This original image, see Fig. 24-(a), exhibits noise. The image is filtered using
the LMMSE filter and for the noise estimation the mode of the sample mean is
used (eq. (18)). Result is shown in Fig. 24-(f). Some other noise-removal techniques
have been used to compare with: EM estimation, the method proposed by Koay and

3 Scanned in a 1.5 Tesla GE Echospeed system. Scanning Sequence: Maximum gradient ampli-
tudes: 40 mT/M. Six images with 4 high (750 s/mm?), and two with low (5 s/mm?2) diffusion
weighting. Rectangular FOV (field of view) 220 x 165 mm. 128 x 96 scan matrix (256 x 192 image
matrix). 4 mm slice thickness, 1 mm interslice distance. Receiver bandwidth 6kHz. TE (echo time)
70 ms; TR (repetition time) 80 ms (effective TR 2500 ms). Scan time 60 seconds/slice.
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(a) Original

(d) Wavelet (e) Wiener (f) LMMSE

(g) RLMMSE (8 steps) (h) RLMMSE (100
steps)

Fig. 24 Coronal slice from a 3D acquisition. (a) Original image. (b) EM method. (c) Koay’s
method. (d) Wavelet domain filter. (e) 2D Wiener filter. (f) LMMSE estimator, adaptive noise
estimation using the local mean and a 5 x 5 window. (g) RLMMSE estimator, adaptive noise esti-
mation using the local mean and a 5 x 5 window (8 iterations). (h) RLMMSE estimator, adaptive
noise estimation using the local mean and a 5 x 5 window (100 iterations).

Basser, the wavelet domain filter and the Wiener filter, as the latter showed a good
performance in the former experiments. In all the cases adaptive noise estimation
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Use Estimator Local Statistics Background | Eq.
MRI | 02 = fmode(a; ;) f2i= 1 > Ip Needed |(17)
i PENi,j
MRI |7, = 4/ 2mode(p1; ;) Mg =1 2 I Needed {(18)
Y PEN;
—— 2
MRI |02 = ﬁmode(o?i’j) G?i,j = Inuﬁ ez (Ip =114 ;)7| Needed |(24)
’ PEN;,j
Any image| o2 =mode(o7, ) |07, = ﬁ > (I 7;/&1-’]-)2 Not needed |(31)
’ PEN;,j

Table 2 The different estimators of o2 and o, for Rician Noise proposed in the paper.

is performed using eq. (18) with a 5 x 5 window. Results are given in Fig. 24. We
have also considered once more the possibility of making the filter recursive. Results
in Fig. 24-(g) (8 iterations) shows the good behavior of this technique. Even after
100 iterations, Fig. 24-(h), due to a good noise estimation, the filter is not blurring
the edges. Again, as expected, the visual results are much better for the LMMSE-
based schemes, as well as the wavelet based filter, though the latter still presents a
slightly noisy pattern inside the tissues. The behavior shown for the other schemes is
consistent with the synthetic experiments: noise is attenuated at the cost of blurring
the image.

6 Conclusions

A new filtering method based on the LMMSE estimator for Rician distributed im-
ages has been introduced, together with several noise estimation methods for that
model. The filtering method has proved to be suitable for restoration in this kind of
images, as it keeps the structure of the original image unaltered while suppresses
most of the noise. Its performance is directly related with the goodness of the noise
estimation method employed. If a good dynamic estimator is chosen, the filter may
also be used recursively, showing a very good performance in noise cleaning. In
addition, unlike other existing schemes also based on Rician models, the fact that a
closed-form expression for the LMMSE method has been derived makes the filter-
ing process computationally far more efficient and easier to implement.

We have also presented four different noise estimation methods, all of them based
on the mode of some local statistic. A survey of these methods is on table 2. The
use of the mode of the sample distribution of some local statistics (second order
moment, mean and variance) makes the estimator less dependent of parameters such
as the size of the estimation window, the uniformity of the background, and outliers.

The experiments done with synthetic and real images show that the combination
of the LMMSE filter with the noise estimation techniques here proposed may be a
very useful tool for future MRI restoration.
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7 Apendices

7.1 About eq. (20)

Parameter b is defined b = UWQ [(2N — 1)!!]1/N, where n!! = n(n — 2)!!, forn > 2.

We can write [124]

1/N

2N (N + 1)
43

and using the Stirling’s approximation [124]

_ {21NF(2N)] YN

[(2N — )N = S

—z  z— 1 1
[(z) ~ e 227 1/2(27)1/2 [1 + 122 + 2882 Jr]

for z — oo and | arg z| < 7 we obtain

_ _ 1/N
1N €N @NPNT2Em)VE [1 4 oy -]

efN(N)Nfl/Q(zﬂ.)l/Q [1 + ﬁ 4. ]

[(2N — DYV ~ [

And as N >> we can approximate [(2N — 1)!]'/N ~ 2¥ and b ~ 022, In Fig. 25
the function [(2N — 1)!!]'/" is depicted together with its approximation 2N /e for
N € [1,100].

80 T T T T T T T T T o.

1620 30 4o ?‘\? 60 70 80 90 100 10 25 30 4 50 6 70 85 95 100
(a) (b)

Fig. 25 (a) Function [(2N — 1)!!]1/N (solid) and its approximation with function 2N /e (dashed).
(b) Error=[(2N — )!NV/N —2N/e
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7.2 Local variance distribution in non-textured images

Fig. 26 Images to be analyzed. MRI from Brainweb [53]. Radiography from Hospital Rio Carrion,
Palencia (Spain). Aerial picture from GOES Project Science (goes.gsfc.nasa.gov).

One of the noise estimators proposed is based on the assumption that the dis-
tribution of the local variances in a non-noisy image follows a distribution whose
maximum is set on zero. To evaluate this assumption, the histogram of local vari-
ances of different kind of images has been evaluated. The images are shown in
Fig. 26. Medical, meteorological and natural images have been used. The sampling
local variance is calculated using 5 x 5 windows. The results are shown in Fig. 27.
Finally, the mean of the distribution of 29 images from LIVE database [128] is pre-
sented in Fig. 28. Two cases have been considered: firstly, gray scale images and
secondly RGB images where each color component have been evaluated separately.

7.3 PDF of the Sample Local Variance for Rayleigh Random
Variables

Let R;(0?),i = {1,--- , N} be a set of random variables with Rayleigh distribution.
The (biased) sample variance is defined as

_ 1 & PR
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Fig. 27 Normalized distribution of local variances of the images in Fig. 26, displayed in the same
order. A 5 x 5 window has been used.

We can define

1 N o2
I 2(52) ~ Z
Sl—N;le(U) Xan |

being x2xn a Chi-Square distribution, and
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Fig. 28 Mean of the normalized distribution of local variances of the images from LIVE
database [128]. A 5 x 5 window has been used. Gray scale images (left) and RGB images (right).
Each color component have been evaluated separately.

The sample variance can be defined as
V = Var(R;) = 51 — (S5)*
The PDF of S» can be approximated [123] by

2
p2N=1 N o—2>N/2b

psy () = IN-TpN (N

According to the fundamental theorem [122] the PDF of (S3)? is
sN—1 NN —zN/2b
2NN T(N)

(52" ~vaw ()

2

e’

<&V~XW(“2)

P(s.)2 () =

We can approximate (see appendix 7.1) b ~ 022, so

N e

The distribution of the sample variance is then the distribution of the difference
of two Chi-Square random variables. According to [45] this distribution, for z > 0
and the same (even) number of degrees of freedom is
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1 -2 1 o2 \V & eN-—2-k)!
px(x) = 5—e * 2, 2 TN — 1 — )1
207 (N =1 \oi+03 = EN(N —1-k)!
N-1-k k
o3
o2+ 03 203
Making 02 = %, 0% = % 2 we can write
N-1
_aN (2N —2 —k)! e\ N
e =
pvie)=Cves KN —1— k)! [ 2 202}

being
N 1 (2/e)N -1
Cy =—
202 (N —1)! (1 +2/e)2N-1

7.4 Difference of Non-central Chi-Square Random Variables

Let X; and X5 be two random variables with Non-central Chi-square distributions,
such as

X1 ~ X%, (ma; A1) Xa ~ Xk, (zag; A2)

with PDFs

T+, K;—2
— =i

(M1>4 Ty (Vrads ) u(z) 32)

g

e
2

pi(z) = fi(zay; Ki, \;) =

being I,,(z) the modified Bessel function of the first kind, which can be rewritten
using ascending series [124] as
00 1 n+2k
(32)
I,(z) = 2
(2) kz_o KIT(n+k+1)

Eq. (32) can be accordingly rewritten as

K;—2
L +2mym
A1

( ) _ mai;)\i i (1) %+2m (xal) S ( )
pilxr) =e : = - ulr
2)

m=0

Let us define the variable V as V = X; — X5. For x > 0 we can write

pv(z) = /OOO p1(z +y)p2(y)dy



Title Suppressed Due to Excessive Length 113

If using Newton’s generalized binomial theorem, the final PDF can be written as

 wagtAiEA oo 00 00 1 n+m+p+1 Ky _1+m
prln ==Y (5 (T

m=0n=0p=0

aK1/2—1+ma£(2/2—1+n I (KI;KQ —14+m+n _p)

1
(a1+a2)K1;K271+m+n7p min! I’ (%+m)]“(%+n)

2P (33)

7.5 Sample variance in Rician distributed data

Let R;,i = {1,--- , N} be a set of random variables with Rician distribution and

1 & 1Y
Si=—> R S9=—> R
The sample variance can be defined as V' = 57 — (.5'2)2 The PDF of S is [120]

_ vVaNA
ps, (x) = MlmNZ 16_’”N/2”2[N,1 < x )

o2

with M a constant, and A2 = Zi A?. The sum of Rician distribution is, as in the
Rayleigh case, a classical problem in communications. We can use the approxima-
tion in [120]. From here the PDF of (52)2 would be

psz(z) = Moz = e N2y (

\/g;TVb>

C1C2

with M» a constant, and c;, ¢y and b parameters related with /N and the Signal to
Noise ratio. Both PDF may be expressed as Non-central Chi-Square distributions:

N A2 N b?
St~ (55 ) 2w (o
1 XaN < o2 ) 0_2) 2 XaN C% C%

The subtraction of two Non-central Chi-Square random variables has been studied
in appendix 7.4. Accordingly, the PDF of the sample variance will be like the one
in eq. (33). However, this long equation may have some problems when trying to
numerically determine its maximum, specially when the argument of the Modified
Bessel function is not small.

Experimentally, a good approximation has been obtained, without any depen-
dence on the parameters c1, co, A and b.
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2]\14;1 2N—-1
t) ~ —t 4 t"(1+N)"T'(2N —1/2 — 4
p0)=Cret 321 )R NI TN <1 o
N
202 °

To show the behavior of the approximation, some data has been generated fol-
lowing a Rician model. A constant image with value 20 has been corrupted with
Rician noise with o,, = 6. The distribution of some local statistics have been calcu-
lated using 3 x 3, 5 x 5 and 7 x 7 square windows. The results are shown in Fig. 29.
In solid line the actual data distribution is depicted, and the theoretical distribution
is in dashed line.

£ w0 ED w0 %0

Fig. 29 Rician distributed data. Theoretical PDF vs. real data distribution. Left: Local Sample vari-
ance. Center: Local second order moment. Right: Square local mean. Solid line: data distribution.
Dashed line: theoretical PDF.
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Noise estimation in single and multiple coil MR
data

Santiago Aja-Fernandez, Antonio Tristan-Vega, Carlos Alberola-Lépez*

Abstract Noise estimation is a challenging task in Magnetic Resonance Imaging
(MRI), with applications in quality assessment, filtering or diffusion tensor estima-
tion. Main noise estimators based on the Rician model are revisited and classified
in this paper, and new useful methods are proposed. Additionally, all the surveyed
estimators are extended to the non—central Chi model, which applies to multiple
coil MRI and some important Parallel Imaging algorithms for accelerated acquisi-
tions. The proposed new noise estimation procedures, based on the distribution of
local moments, show better performance in terms of smaller variance and unbiased
estimation over a wide range of experiments, with the additional advantage of not
needing to explicitly segment the background of the image.

1 Introduction

Noise in the k-space in Magnetic Resonance (MR) data from each coil is assumed to
be a zero-mean uncorrelated Gaussian process with equal variance in both the real
and imaginary parts. As a result, in single coil systems magnitude data in the spatial
domain is modeled using a Rician distribution [44, 5]. In the same way, the compos-
ite signal in coils systems with multiple channels may be modeled as non—central
Chi distributed [27] if no subsampling of the k-space is assumed. The acquisition
rate can be increased with parallel MRI (pMRI) techniques via subsampled acquisi-
tions of the k-space data. In these cases, reconstruction methods have to be used in
order to suppress the aliasing and underlying artifacts created by the subsampling.
Dominant among these are SENSE [32] and GRAPPA [33], reviews of which can be
found in [30, 31]. From a statistical point of view, such a reconstruction will affect

* This chapter was previously published as: S. Aja-Ferndndez, A. Tristdn-Vega, C. Alberola-
Lépez, “Noise estimation in single- and multiple-coil magnetic resonance data based on statistical
models”, Magnetic Resonance Imaging, Vol. 27, No. 10, Dec. 2009, pp. 1397-409.
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the stationarity of the noise in the reconstructed data, i.e. the spatial distribution of
the noise across the image [43]. As aresult, the variance of noise may vary for differ-
ent image locations. Moreover it may also vary from one coil to another. However,
under the assumption of a nearly homogeneous variance [46], the data may be con-
sidered to follow a general non—central Chi distribution. This distribution reduces to
a Rician if SENSE is used.

Noise in MR data, either from multiple or single coil acquisitions, is known to
affect the visual quality of the MR images and different processing techniques, such
as segmentation, registration or tensor estimation in Diffusion Tensor MRI (DT-
MRI) [6]. Accordingly, the estimated noise power gives a measure of the quality of
the data. This estimation can be used to measure the Signal-to-Noise Ratio (SNR)
and as an input parameter in MR processing algorithms. Many filtering methods
to improve SNR in MRI need an estimated value for o2: as the conventional ap-
proach [4], maximum likelihood based methods [80, 7, 114], expectation maxi-
mization formulations with Rician noise assumptions [98], Linear Minimum Mean
Square Error (LMMSE) based schemes [6, 8, 129, 9] and unbiased non-local mean
schemes [88, 130, 11, 13]. New techniques for DTI tensor estimation [110, 17],
segmentation methods based on the Rician distribution and fiber orientation estima-
tors [55] also depend upon an estimated o2 value.

The aims of this paper are (1) to review and classify different approaches to
estimate noise in Rician magnitude MR images; (2) to propose new methods to
estimate noise in magnitude images; (3) to extend the Rician-based estimators to the
non-central Chi model; and (4) to propose a method to estimate noise in complex
MR images, if they are available. The advantage of this last estimation is that no
background assumption is needed. A survey of all the methods may be found in
Table 2. The methods are tested and compared using synthetic and real data.

2 Theory

2.1 Statistical noise model in single and multiple coil MR signal

For a single—coil acquisition the complex spatial MR data is typically modeled as a
complex Gaussian process

C(x) = A(x) +n(o3), (1)

with C'(x) the complex spatial signal, A(x) the original signal if no noise is present
and n(o?) = n,.(x;02) + jn;(x;02) complex uncorrelated Gaussian noise with
zero mean and variance o2. The magnitude signal M (x) is the Rician distributed
envelope of the complex signal [5]

M(x) = VIA(x) +n(07)[?, )



Noise estimation in single and multiple coil MR data 119

E{X} Expectation of random variable X
o3 Variance of random variable X
(M (x)) (Global) Sample mean of image M (x)

(M) =ty T M)
xE

(M(x))x  Local sample local mean of image M (x)

M) = ks S M(p)

pen(x)

(n(x) a neighborhood centered in x)
Var(M (x))x Sample local variance of M (x)

Var(M (x))x = (M2(x))x — (M(x))2
M(xp) Background area of image M (x)

xB = x|A(x) =0
M (xRr) M (x) in the region R

xr € R
mode{I(x)} Mode of the distribution of I(x)
mode{I(x)} = argmax,{ps(x)}
Estimator of parameter a

)

Table 1 Notation

with probability density function (PDF) [44]:

M _M2iaZ AM

pu(M|A,0n) = —e 2% Iy (2) u(M), 3)
0-77, O—Tl

with Iy(.) the 0" order modified Bessel function of the first kind, u(.) the Heaviside
step function. In the image background, where the SNR is zero due to the lack of
water-proton density in the air, the Rician PDF simplifies to a Rayleigh distribution

with PDF

M2

Mo
par(Mon) = =5 ¢ u(M). @

In a multiple—coil MR acquisition system the acquired signal in each signal may
be modeled in the complex spatial domain as the original signal corrupted with
complex additive Gaussian noise, with zero mean and equal variance. Thus, the
complex signal in coil [ (forl = 1,2,..., L) can be expressed as

Ci(x) = Ai(x) +ni(a7), 6)

with ny(02) = ny, (x;02) + jn, (x;02) complex Gaussian noise with zero mean
and variance o2 and A;(x) the original signal in coil [ if no noise is present. If
no subsampling is done in the Kk-space, the composite magnitude image may be
obtained using methods such as the sum-of-squares (SoS) [27, 38, 48]:
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(6)

Defining Ap(x) = \/Zle |A;(x)|2, and assuming the noise components to be
identically and independently distributed, the envelope of the magnitude signal M7,
will follow a non—central Chi distribution with PDF [27]:

Al—L _ME+2A% A M
oy, (ML|Ap, 00, L) = ;2 Mpe 2o IL—1< 22L>U(ML), (N

n n

which reduces to the Rician distribution [5] for L = 1. In the background, this PDF
simplifies to a central Chi distribution with PDF:

9l—L MzL_l _;\ié
pu, (Mploy, L) = mve Au(Mr), 3)
which reduces to Rayleigh for L = 1.

This statistical model is the usual one for the magnitude signal in phased array
coils and parallel imaging assuming that no subsampling is done in the k-space,
and the image is reconstructed using the SoS method. However, one of the aims of
parallel imaging is precisely to accelerate the acquisition process by sub—sampling
k-space data in each coil. From a statistical point of view, such a reconstruction will
affect the stationarity of the noise in the reconstructed data, i.e. the spatial distribu-
tion of the noise across the image [43]. Noise distributions in SENSE and GRAPPA
are known to vary across pixels. As a result the statistics of the composite magnitude
signal are not strictly stationary. In addition, when reconstructed with GRAPPA o2
may also vary from coil to coil and then, eq. (7) does not exactly hold, since it as-
sumes that o2 is the same for every coil. In practical situations, if the variance of
noise is homogeneous enough across pixels and coils, data are usually considered to
follow a non-central Chi distribution if reconstructed with GRAPPA and SoS [46].

2.2 Noise estimation in the Complex Domain

Noise estimation in MR is usually done over the (composite) magnitude image,
since it is the usual output of the scanning process. However, if data in the com-
plex spatial domain are available, the estimation may be easier done in that domain.
As stated before, reconstructed data in each coil Cj(x), both for single or multi-
ple acquisition, are corrupted with Gaussian noise with zero mean and variance o,
in the real and imaginary parts. Noise estimation is carried out assuming that the
noise is uncorrelated and with identical variance in each pixel and it will be reduced
to the estimation of the variance in a well-known Gaussian problem over one of
the components. Many solutions have been proposed, such as methods based on
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wavelets [131, 132], singular-value-decomposition [133] or fuzzy logic [134]. Al-
ternatively, fast and simple solutions based on blockwise operations have also been
reported [125, 135]. In [108] a fast and accurate method is presented (see Table 1
for notation)

o2 = mode{Var(C}, (x))x}, 9)

with €, (x) either the real or the imaginary component of the complex data C(x)
in [*? coil. Although the estimation benefits from the existence of a uniform back-
ground, it is not necessary to have one. The only requirement for the image is not to
be a texture [108], which is the case for MR. So, this estimator will always be valid
and accurate in the MR case. Note that although the estimator is defined over the
complex spatial domain, it could also be defined over the k-space data, where the
Gaussian model also holds.

If no complex data are available, noise estimation is carried out over the compos-
ite magnitude image, assuming again that the noise is uncorrelated and with iden-
tical variance in each pixel. Methods performing such estimation from magnitude
data may roughly be divided into two groups: (i) approaches estimating the noise
variance using a single magnitude image and (ii) approaches using multiple images.
In this paper we will focus on the former. Noise estimation using a single image
is usually based on background intensities, where the true signal amplitude should
vanish and the Rayleigh or central Chi assumptions hold. Some of these techniques
require a previous background segmentation.

2.3 Noise estimation assuming Rician and Rayleigh distributions

The main noise estimators assuming Rician distributed MRI are (see Table 1 for
notation):

1. Estimators that need prior segmentation of the background area: based on the
mean and the second order moment of Rayleigh data [86, 81]:

- 1

op = 5 (M?(x8)) (10)

Y 2

0n =1/ —(M(xB)). ¢8))
s

where M (xg) is the (segmented) background of image M (x). Eq. (10) is the
Maximum Likelihood estimator for the Rayleigh distribution [7]. Note that both
estimators use all —and only— the pixels in the background to perform the estima-
tion. Accordingly, a previous segmentation of such an area is needed.

2. Estimators based on the background that do not need prior segmentation. These
estimators assume a Rayleigh PDF in the background of the image. The estima-
tion is done without segmentation, by taking the maximum value of some local
distribution. Different approaches are proposed:
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a. Using the mode of some parameter related to o, as the maximum of the
histogram of the image [37, 136, 83],

&, = mode{ M (x)}. (12)

or sample local moments of the image [§]

o = %mode{(Mz(x»x} (13)
e \/zmodeﬂM(x))x} (14)
(;g = émode{Var(M(x))x} (15)

where (M (x))x is the sample local mean of image M (x), as opposed to
(M (x)) which is the global sample mean. Taking the square root will reduce
the dynamic range of the second order moment. From [8] it is easy to derive
that the unbiased estimator will be:

Fo=/ QNN_ 1mode{ <M2(x)>x} (16)

with N the number of points used for the sample moment estimation, i.e N =
[n(x)]. In [8] estimators based on local moments were proven to be more
robust than those based on the image histogram, mainly due to the fact that
the distributions of this moments are much less spread giving a better mode
estimation.

b. Methods that fit a Rayleigh-related distribution to the histogram of the data.
Brummer et al. in [37] uses a least squares fitting of the Rayleigh distribution
with the histogram of the data in the background

2

l 2
. N I 2
Ty = argmin E (hM(l) - K—e 2102) 17

s ag
R

where hjs is the (partial) histogram of the data, [y and [. are the lower and
upper bounds of the histogram and K is an amplitude factor. The upper bound
is usually set to [, = 20, to cut off the influence of the Rician data. An initial
estimate of this parameter is needed. Chang in [137] makes the fit using a
Gaussian smoothing of the histogram of the image:

- 1 & 1 ,;("*%‘)2
O, = argmax — e 2\ s 18
gme ns; = (18)
1/5

with n the sample size, s = 1.0609n
standard deviation of the smoothing kernel.

the smoothing width and o the
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Using the distributions for the sample moments derived in [8], it is possible
to use the least squares fitting over the histograms of the sample moments
instead of using the histogram of the image. Accordingly, the following new
estimators are proposed (for details see Appendix 6.1)

le IN-1NN N 2

Op = arg Igl-ll[I(ll l <h,<]y[2>(l) — Kme 2a2> (19)
=tlo
l 2

o~ . < l2N_1NN _ 12N

oy = argr{g}? g (h<M>(l) — Kme b ) (20)

I=lo
le

[2N-1 N 2n\ 2
Op = arg gm]?l l <h\/<MZ>(l) - K2N—10.2N[‘(N)e 20% > ; (2D
=to
where hoprzs, hanrs and h /5= are the histograms of the sample sec-
ond order moment, the sample mean, and the square root of the second order
moment, respectively. All the moments are local and computed in a neighbor-
hood. NN is the number of points used for the local sample moment estimation
and b ~ 02,
c. Maximum likelihood estimation. Using the joint PDF of the histogram of
Rayleigh data, [84] proposes a maximum likelihood (ML) estimation of o,

12 12 k 12 12
0, = arg min [Nk log (e%Q - e%?) - an log (e 207 — e%?)l
7 i=1
l (22)
with [; ¢ = 0,--- , K the boundaries of the histogram bins, n; the number

of observations in bin [l;_1,;] and Ny = Zle n;. A method to select the
number of bins is also provided.

If the ML estimation is done over the second order moment of the Rayleigh
data, a new estimator may be defined (see Appendix 6.1 for details)

— . N N
0, = arg min {Nk log (F (N + 1,l022) - I (N + l,lk22)>
o g g

k
N N
—;nilog (F (N—i— 1>lilw> -TI (N—i— Lliw))} (23)

Note that the histogram now considered is the second order moment. For a
more compact dynamic range, the square root of this moment may be used
instead:
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_ . 12 2N
0, = argmin |Nplog [ I’ ]\/',2—2 - I N’ﬁ
o g g
k
2 \N 2N
_;nilog<F<N, 552 )—F(N, 202))

3. Estimator based on Rician data. Assuming that all the data are Rician distributed
and no Rayleigh background is present, and the SNR is high enough (A /0, > 5),
the following estimator may be defined [§]

(24)

o2 = mode{Var(M(x))x}. (25)

Note that it is similar to the estimation of the variance of Gaussian additive noise
[108]. If the image has Rayleigh background, a selection inside the tissue area
with no background, say R, must be considered. This region must be roughly
defined using a thresholding method, such as the ones proposed in [138, 139].
The estimator may be redefined as

o2 = mode{Var(M(xgr))x}, Xr € R (26)

where M (xgr) are image values inside the region R.. Since this method is based
on an approach of the sample variance, the estimation is less accurate than the
Rayleigh-based methods. Thus, it is advised only to be used when no Rayleigh
areas are available.

A survey of the methods together with the labels that will be used in the experi-
ments may be found in Table 2.

The different noise estimators presented in this section have different perfor-
mance under different environments. Estimators Bk-M2 and Bk-M1, egs. (10)-(11),
have smaller variances because more points are used in the estimation; they also
have the added advantage of avoiding the calculation of the mode or any optimiza-
tion process. However, they also present some drawbacks. First, the background
must be segmented, usually with manual human intervention, making the method
difficult to integrate in automatic procedures. What is more, if the segmentation
is automatically done, and some error is committed, these two estimators may be
highly biased, as reported in [8]. The estimation also assumes that the original back-
ground is homogeneous, and signal-free. This assumption makes the estimate sen-
sitive to errors and ghosting artifacts.

Estimators that do not need prior segmentation of the background are more ro-
bust to errors, artifacts and small traces of signal in the background [8, 84]. Due
to these sources of error, it is advisable to use estimators in eqs. (12)-(24) even
when an automatic segmentation of the background is feasible. A robust estimation
method would involve a rough automatic segmentation of the Rayleigh area —using
for instance some thresholding method, as the ones proposed in [138, 139]- and a
subsequent estimation using one of eqs. (12)-(24) over the thresholded data.
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To finish, we would like to stress the importance of the Rician-based estimator in
eq. (25)-(26) when dealing with MR data without background. Note that MRI is not
only devoted to brain imaging; in other areas only tissue is scanned, and therefore
no estimator based on background assumptions can be used.

2.4 Noise estimation assuming non—central Chi distributions

Many methods have been proposed for noise estimation in MR data assuming a Ri-
cian distribution. In this section the main ones will be extended to the non—central
Chi model. Note that this model is suitable for multiple coil imaging without sub-
sampling and it can be also extended to GRAPPA reconstructed pMRI.

Two different noise measures will be estimated: 0'72L, i.e. the noise variance in each
coil and 02, = Lo?Z, with L the number of coils. Noise estimators for this model
may be defined as (see Table 1 for notation, see Appendix 6.2 for the moments of

Chi distribution and see Appendix 6.1 for derivation):

1. Estimators that need prior segmentation of the background area [27, 46]:

—

0%, = = (M} (xB)) 27)

VLT (L)
rL+3)

N | —

_ 1
On = —=(Mr(xB)) (28)

V2

Estimator in eq. (27) is the Maximum Likelihood estimator for the Central Chi
distribution.

2. Estimators based on the background that do not need prior segmentation. These
estimators assume a central Chi PDF in the background of the image.

a. Using the mode of some local parameter related to o,,, as the maximum of the
histogram of the image

1
0p = ————mode{M ) 29
0 m { L(X)} ( )
Using the sample local moments of the image:
— 1
ohp = mmoded (ME(x))x} (30)
1 VLI (L)
Onr, = —=mode{(Mp(X))x} ———~ 31
V2 rL+1i)

AN

o2 = <2L - W) mode{ Var(M7p,(x))x} (32)
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b. Methods that fit a central Chi-related distribution to the histogram of the data.
First using least squares we fit a central-Chi distribution with the histogram of
the data in the background

e o1-L yp2L-1 o 2
On :argg}% Z (hM(m)K]woﬂ’e 202) (33)
m=mqg

where h s is the (partial) histogram of the data, mg and m,. are the lower and
upper bounds of the histogram and K is an amplitude factor. The upper bound
is set to m. = 20, to cut off the influence of the non—central Chi data.

Using the distributions for the sample moment, it is possible to use the least
square fitting over the histograms of the second order sample moment instead
of using the histogram of the image. Accordingly, the following new estimator
is proposed (see Appendix 6.1 for details)

. mNL-1NNL 2
o = argmin > <h<Mg>(l)—K(202)NLF(NL)e 2"2) (4

h. M2> being the histogram of the sample second order moment and N the
number of points used for the sample moment estimation.

c. Maximum likelihood estimation. Using the joint PDF of the histogram of cen-
tral Chi data, a maximum likelihood estimation of o, is proposed (see Ap-
pendix 6.1 for details)

2 2
— . mO mc
Op = argmin {Nk log (I’ <L7 W) — (L, W))
K 9 9
my_1 m;
(152 (n3)] o

withm; ¢ = 0, - - - , K the boundaries of the histogram bins, n; the number of
Lo K

observations in bin [m;_1,m;] and N = ).~ | n;.

If the ML estimation is done over the second order moment of the data, a new

estimator may be defined (see Appendix 6.1 for details)

— . N N
on, = argmin [Nk log (F (NL7m022) - I (NL’mkN)>
o o o

K
N N

3. Estimator assuming that no background is present. If the data is non—central Chi
distributed and the SNR is high enough, i.e. A, >> o, (see simplification of
the variance in Appendix 6.2):

52 = mode{Var(M;(x))x } 37)
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Note that it is again similar to the estimation of the variance of Gaussian additive
noise [108] and also similar to the estimation of JfL for Rician noise under the
same high SNR assumption.

A survey of the methods together with the labels that will used in the experiments
may be found in Table 2.

Noise can also be estimated using other methods, like multiple images or the
method of moments [114] or the methods porposed by Koay et al. [48, 60], but they
will not be considered in this paper.

3 Materials and Methods

Synthetic experiments for noise estimation were carried out using a 2D synthetic
slice from a BrainWeb MR volume [53], see Fig. 1, with intensity values in [0 —
255].The average intensity value for the White Matter is 158, for the Gray Matter is
105, for the cerebrospinal fluid 36 and O for the background. The image has been
used for noise estimation out of Rician and non—central Chi data, therefore it has
been corrupted with noise in three different ways, which leads to three different
experiments:

1. Artificially corrupting with uncorrelated Rician noise with o, ranging in [5—30],
which mean SNR values in [5.3 — 31.6] for White Matter and in [2.5 — 21] for
Gray Matter. Estimators based on the Rayleigh background that do not need prior
segmentation have been tested with this method.

2. Simulating a 8-coil system, 8 images have been corrupted with independent
Gaussian noise and the composite image is created using SoS. This way, the re-
sulting image will follow a non—central Chi distribution. Different values of o,,1,
ranging in [5 — 30] are considered. Estimators based on the central Chi back-
ground that do not need prior segmentation have been tested with this method.

3. Due to interpolation of the data in the scanner, the initial assumption of uncor-
related noise does not usually hold in real MR data. Although the Rician and
Rayleigh assumptions are still valid for single coil data —note that the averaging
of N Gaussians with zero mean and variance o2 is another Gaussian with zero
mean and variance o2 /N ,— estimators based on moments may fail. To test the es-
timators we generate correlated noise processes using a 3 x 3 averaging window
prior to adding them to the complex MR data and to generating the magnitude
image. Again, o,, range in [5— 30], and the estimators used in the first experiment
are tested again.

In all the experiments, for every o, value, the mean and the variance of 1000
experiments for each estimation method are considered. The whole estimation is
done over the final magnitude image. The local moments have been calculated using
7 x 7 neighborhoods, and histograms have been calculated over 1000 bins for all
cases. For the sake of comparison, no optimization in the election of the bins has
been used in any method.
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| Assump. |Meth0d | Refs. | Label |
1] Rayleigh [02 = L(M2(xB)) (86,81]] Bk M2
Rayleigh |7n = /2 (M(xp)) 811 | BkMI
2-a| Rayleigh |, = mode{M(x)} [37,83]] MaxH
Rayleigh |02 = Imode{(M?(x))x} [8] Mode M2
Rayleigh |0y, = %mode {\ / (M2(x))x} New |Mode M2(sq)
Rayleigh |o7 = \/gmode{(M(x))x} (8] | Mode Ml
Rayleigh |02 = fmode{Var(M(x))x} 8] | Mode VI
12\ 2
2-b| Rayleigh |7, = argmin Z (hM(l) - Ko%,e*%iz) [37] Brummer
K=, i
Rayleigh |7, = arg max TTIh \/%6_5( D ) [137] Chang
g =0 i
. —~ N—1yN  _ IN \2
Rayleigh |0, = arg ‘;{m Z ( <2 (1) — Kme 202 ) New LS-M2
N
Rayleigh |a), = argr;ﬁ}l(llzl: (h<M>(l) - #]% *’W) New | LS-Ml
’ =to
) e L 12N—1 NN 2y 2
Rayleigh |0, = arg min 1213 h yoms 1) — Kme 202 New | LS-M2 (sq)
’ =0
g %
2-c| Rayleigh |7, =argmin [ Nylog (e 202 —e 202 [84] Sijbers
k L Z
— Y nilog (e 207 —e 207
i=1
Rayleigh |5, = argmin [Ny log (I' (N + 110555 ) = I' (N + 1,14 555)) | New | ML-M2
k
— Z:lnilog([‘(N—&-l dicigg) =T (N + 1,1l ))}
Rayleigh |o7 = arg min [Nk log (r (N, %) -r (N, %)) New | ML-M2(sq)
k 12 N 2N
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3 Rician |02 = mode{Var(M(x))x} [8] Mode Vr
4| centralx |02, = 2(M2?(xB)) [27,46]| Bk M2—x
central X |7nr, = 5 (M (x)) f(Lfﬁg [46] | BkMl-y
5-a| central x |op = \/Tmode{M L(x)} New | Max H-x
central x 0‘% 1 = 2mode{(M?2(x))x} New | Mode M2—y
central x |opnp = ﬁmode{(ML(x» } ;,(LLI;_(L; New | Mode M1—x
1
central Y |02 = (2L — FQIE;Q)) mode{Var(Mp, (x))x} New | Mode V1-x
Tnz 2
5-b| central x |7, = argmin Z (hM( ) — K2F(LL) %e_ﬁ New LS-H—x
T8 m=mg
me NL-1yNL _mN\?2
central x |y, = arg I;}ln mz;n (h<M%> ) — K(;Z?)NWB ﬁ) New | LS-M2—x
2
5-c| central x |5, = argmin [Nk log (F (L, ZLT%) r (L o )) New | ML-H—y
K [eg
_Zn110g< 7202 >:|
=1
central x |0, = arg rr;in [Nk log (F (NL mo g 2) —I'(NL,my 507 )) New | ML-M2-x
K
- Zjln log (I'(NL,mi_1555) — I’ (NL,mi%))}
6 |non-central x|o2 = mode{Var(M;(x))x } New | Mode Vn
7 | Gaussian |02 = mode{Var(Cy, (x))x} [108] | Mode Vg

Table 2 Survey of noise estimators for single and multiple coil MR data. Note that estimators in
boxes 1 and 4 require background segmentation.
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For estimation over real data, two different data sets have been considered. First,
one slice of the baseline from a single coil DTI acquisition, scanned in a 1.5 Tesla
GE system, slick thickness: 5 mm (real data set 1, RD1); and second a multiple coil
acquisition, from an 8 coil GE Signa 1.5 Tesla EXCITE 11m4 scanner, FSE Pulse
Sequence, TR=500 ms, TE= 13.8 ms, matrix size= 256 x 256, FOV=20 x 20 cm,
slick thickness= 5 mm (real data set 2, RD2).

RD1 will be used to compare estimators that require a background segmentation
with those that do not need it. To that end, the Rayleigh noisy background is auto-
matically segmented. Noise estimation is done using different estimators over the
segmented background and over the whole image.

RD2 will be used to test the estimation assumptions over the complex spatial
domain and over Rician and non-central Chi composite images.

Fig. 1 Synthetic MR image from Brainweb used for the noise estimation experiments. (a) Original
image. (b) Image with uncorrelated Rician noise. (c) Noisy image following a non—central Chi
distribution, simulating a 8—coils system with no subsampling. (d) Image with correlated Rician
noise.

Fig. 2 Real Data set 1 (RD1). Slice from a single coil DTI-MR acquisition. (a) Original image. (b)
Automatic background segmentation mask. (c) Segmented background.
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Fig. 3 Real Data set 2 (RD2). Slice from an 8-coil adquisition.
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Fig. 4 Comparison of different noise estimators for Rician magnitude MR data assuming uncor-
related noise. 1000 experiments are considered for each sigma value. (a) Mean of the estimated
value divided by the actual value. (b) Standard deviation of the experiments. (Standard deviation
for "Max H’ is out of scale).

4 Results

4.1 Synthetic experiments for noise Estimation

We will focus first on those methods based on the Rayleigh background that do
not need prior segmentation. Results for a wide range of o,, values are shown in
Fig. 4 (see Table 2 for reference). In Fig 4-(a), the mean of the 1000 experiments
divided by the actual value of o,, is depicted. Accordingly, the closer to 1, the better
the estimation. In Fig 4-(b), the standard deviation of the experiments is shown; the
lower the value, the better the estimation.

From the results it can be seen that although all the methods accurately estimate
the noise —the values are in a small range between 0.99 and 1.06— the ones based
on moments (local mean and local second order moment) have a smaller bias for a
wider range of values. Max-H is the method with the weakest performance, due to
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the difficulty to accurately estimate the mode out of a wide distribution. Methods
based on the mode of moments (Mode-M1, Mode-M2) show very good average
behavior, although its variance is slightly larger than that of other methods, due to
the non linear nature of the mode operator. The proposed new methods (LS-M1,
LS-M2 y ML-M2) show the better performance in terms of unbiased estimation and
lower variance.
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—LS-H h
rrrrr ML-H . a. 0.03
——LS-M2
L5y ML-M2 7
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———— Mode M1 i
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Fig. 5 Comparison of different noise estimators for multiple coil MR data assuming uncorrelated
noise. 1000 experiments are considered for each sigma value, L = 8 coils and no subsampling of
the k-space. (a) Mean of the estimated value divided by the actual value. (b) Standard deviation of
the experiments.

The second synthetic experiment focuses on estimation over a non—central Chi
distributed image, and we will use the estimators based on the the central Chi back-
ground that do not need prior segmentation. Labels for each method can be found
in Table 2. Results are shown in Fig. 5: in Fig 5-(a), the mean of the 1000 experi-
ments divided by the actual value of o, L is depicted and in Fig 5-(b), the standard
deviation of the experiments is shown. The interpretation is the same as the previous
experiment.

From the results it can be seen that although most of the methods accurately
estimate the noise —the values are in a small range between 0.99 and 1.04 for all
methods but ML-H- the ones based on moments have again a smaller bias for a
wider range of values. Max-H and ML-H are the methods with the weakest perfor-
mance. It is probably due, as in the Rician case, to the use of the histogram of the
image. Methods dealing with the histogram of the second order moments show a
more robust behavior.

Results for the third experiment —estimation out of correlated Rician MR data—
are now in Fig. 6. While Brummer’s, Chang’s and Sijbers’ methods do not show
any significant change, the moments-based methods show a small negative bias and
a larger variance, as expected. Despite the worsening variance, LS-M1, LS-M2 and
ML-M2 are still by far the most accurate estimators.

To conclude we must say that from the synthetic experiments, methods showing
the best performance are those based on the second order moment, mainly ML- and



132 Aja-Fernandez et al.

1.06 - 0.9
0.8

L
L= ] o7

1.02 06

~

10 15 On 20 25

Standard Deviation

Fig. 6 Comparison of different noise estimators for MR data with correlated noise. 1000 experi-
ments are considered for each sigma value. Left: mean of the estimated value divided by the actual
value. Right: Standard deviation of the experiments. (See Legend in Fig. 4).

LS—based methods, both for Rician and non—central Chi distributions. However, the
methods based on the mode are the only ones that do not rely on an optimization
method to achieve the final solution. So, although their variance is slightly larger
than other methods, they present a simple and fast alternative for noise estimation
in MR.

4.2 Estimation on real data: the background problem

The behavior of the estimators that require a segmented background is analyzed
using the RD1. The image in Fig. 2 has an artificial zero background that must be
removed before estimation. Noisy background is automatically segmented and the
estimation is done using different estimators over the segmented background and
over the whole image. Results are on Table 3. Labels for each method can be found
in Table 2. The estimated values are compared with each other as there is no ground
truth to refer to.

Since the segmented background is not totally homogeneous —note that part of
the skull has been added to the automatically segmented area,— estimators that re-
quire segmentation (Bk-M2 and Bk-M1) are clearly biased when compared with the
other estimators. Note that the other estimators do not show a great variation when
using only the background of the whole image. ML and LS based estimators are the
ones with less influence from the segmentation.

4.3 Estimation on real data: the complex domain

As a final experiment, the noise estimation will be done over the complex data of
RD2, using the method described in Section 2.2, and compared to the magnitude
estimators. For the magnitude image two different sets are considered:
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Method |Segmented Bkg|Whole Image
Bk M2 29.59 —
Bk M1 27.55 —
Max H 21.98 22.00
Mode M1 23.85 22.34
Mode M2 22.89 22.90
Mode V1 21.83 21.39
Brummer 23.52 23.55
LS M1 23.64 23.64
LS M2 23.41 23.41
Sijbers 23.59 23.61
ML-M2 23.99 24.01

Table 3 o, estimation using different noise estimation over real single coil MR data.

1. The composite magnitude image, as the SoS of the complex data. One non—
central Chi image is generated.
2. 8 Rician magnitude images, one from each coil.

The advantage of estimating in the complex domain is that no background as-
sumption is needed. Results for o,, estimation are on Table 4 (for the Rician the
average of the estimation for each coil is considered). Note that the estimation done
in the complex domain is consistent with the estimation done over the magnitude
image. Estimator Max-H overestimates the level of noise for the non-central Chi
experiment, but the rest of the estimators give a similar value of o,,. Then, we can
conclude that the estimation over the complex data is equivalent to the estimation
over the magnitude image. The former will always be more accurate though com-
plex data are not always available.

Data Method on
Complex Image (Real) Mode Vg [1.41 102
Complex Image (Imag) Mode Vg [1.41 1072

Magnitude (Non—central Chi)[Max H [2.02 102
Mode M1|1.56 102
Mode M2|1.42 102
Mode V1 |1.41 102
Magnitude (Rician) MaxH [1.421072
Mode M1|1.41 10~2
Mode M2|1.41 10~2
Mode V1 |1.42 1072

Table 4 Different o, estimation over the real data set 2. Complex data and magnitude are consid-
ered.
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5 Conclusions

Some important topics about noise estimation in MR data have been studied. The
main noise estimation methods out of Rician magnitude MR data are revisited and
classified according to the model they rely on. Some new estimators based on Least
Squares and Maximum Likelihood approaches are proposed. These new methods
show a more robust behavior when compared with the existing ones. All the re-
viewed estimators, together with the new ones, have been extended to the important
case of non—central Chi distributed MR data.

Estimators based on a Rayleigh (or central Chi) background which do not require
its segmentation are more robust to this issue, but may benefit as well of a previous
rough segmentation. Finally, estimators based on Rician (or non—central Chi) data
generally have higher variance, but benefit from not needing a background to be
present in the image, which may be a requisite in some MRI data sets.

In addition, a method to estimate the noise from the data in the spatial complex
domain is also provided. Note that the estimation of noise in the complex domain
may benefit of the great existing knowledge about estimation in Gaussian data in
literature. On the other hand, an estimation based on the mode operator, as the ones
proposed, does not requires any segmentation or background assumption, and it does
not rely on any optimization method to achieve the final solution. Thus, although
the estimation variance for this method may be slightly larger than for others, we
think it is a simple and fast alternative for noise estimation that could be directly
implemented in the scanning software.

6 Appendices

6.1 About the noise estimators

Equations related to the noise estimators are derived. Let R;(0?),i = {1, , N}
be a set of random variables with Rayleigh distribution and let X;(L, 0?) be a set of
independent and identically distributed (IID) central Chi variables. Then

N 22N-1 NN _ 22N
Si=x X Ri(0®)  ps,(2) = s¥mrrme ® ul@)
=1
N N—-1nN  _ aN
SQ = % ;Rf(JQ) Ps, (1') = WIN(N)G 202 u(x)
N _2N—1nN _ 22N
S\/ﬁ = % Z R?(OQ) psﬁ(x) = Wj\zj\}(me 202 u(x)

N ZNL-1 NL _ zN
o= & XX (L0%) pn@) = oy (352) ¢ #ula)

In [8] estimators derived from the first three distributions are defined. The mode of
the last distribution is
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N

An estimator may be defined using the second order moment (and assuming N L >>
1) as

202

mode{T>} =

— 1
02 = S rmode{{M(x))x}.
The joint PDF of the histogram of a distribution p(z; a) is given by [84]
p(nila,l;) H pi(a
1 nl i=1
with p; the probability that an observation falls in the range [I;_1, ;]:
l;
J.- plysa)d(y)

Pl = S plysa)d(y)

For S5 we can define

I'(N+1,li15s) =T (N+1,1i5%)
I'(N+1Llysy) = I'(N+1,12s)

pi(o,N) = (38)

being I"(n,z) the (upper) incomplete Gamma function I'(n,x) = [~ ¢t"~te~'dt.
For the second order moment of the central Chi distribution 75

I'(NL,m;—155) — I'(NL,m;5s)
I'(NL,mos) — I'(NL,my 2 )

pi(o,N) = (39)

If the same reasoning is done over the histogram of the background of the parallel
image the probability is

(40)

6.2 Moments of the Central and non—central Chi distributions

For a central Chi distribution the main moments are
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_ I'(L+3)
E{Mp} = 0,V?2 0 (41)
E{M{} =20.L (42)
2 1
) )

For the non—central Chi distribution the second order moment and the mean are

E{M?} =202L + A2 (44)
B rL+3) 1 A2
E{ML} \/70—11 (L) 1F1 <27L3M) (45)

1F1 (a,b, 2) being the Confluent Hypergeometric Function of the first kind. If - =
‘;‘—L, assuming that x is large (high SNR assumption), and taking into account that

1F1 (b—a,b,z) =€* 1F1 (a,b,—2)

1Fy (a,0,2) = ?EZ)) e’z —b (1 - %z(a_b) o (;))

we can make the approximation

B = Vi D et m (1 g )
=2 (L<Z> )%%<1+Lx+0<1>)

— s (

Therefore, the variance for high SNR may be approximated as

1 2
0'12\/IL0'3L<2L+$2(£ (1+Lx +O<x14)>>
(1+0(3))
x
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Effective Noise Estimation and Filtering from
Correlated Multiple-Coil MR data

Santiago Aja-Fernandez, Véronique Brion, Antonio Tristdn-Vega*

Abstract Modern MRI protocols based on multiple-coil acquisitions have carried on
a new attention to noise and signal statistical modeling, as long as most of the exist-
ing techniques for data processing are model-based. In particular, non-accelerated
multiple-coil and GRAPPA acquisitions have brought noncentral-x (nc-) statistics
into stake as a suitable substitute for traditional Rician distributions. However, this
model is only valid when the signals received by each coil are roughly uncorre-
lated. The recent literature on this topic suggests this is often not the case, so that
nc- statistics are in principle not adequate. Fortunately, such model can be adapted
through the definition of a set of effective parameters, namely an effective noise
power (greater than the actual power of thermal noise in the RF receiver) and an
effective number of coils (smaller than the actual number of RF receiving coils in
the system). The implications of these artifacts in practical algorithms have not been
discussed elsewhere. In the present paper we aim studying their actual impact, and
suggesting practical rules to cope with them. We define the main noise parameters in
this context, introducing a new expression for the effective variance of noise which
is of capital importance for the two image processing problems studied: first, we
propose a new method to estimate the effective variance of noise from the compos-
ite magnitude signal of MR data when correlations are assumed. Second, we adapt
several model-based image denoising techniques to the correlated case, using the
noise estimation techniques proposed. We show, through a number of experiments
with both synthetic, phantom, and in vivo data, that neglecting the correlated nature
of noise in multiple-coil systems implies important errors even in the simplest cases.
At the same time, the proper statistical characterization of noise through effective
parameters drives to improved accuracy (both qualitatively and quantitatively) for
both of the problems studied.

* This chapter was previously published as: Santiago Aja-Fernandez, Véronique Brion, Antonio
Tristan-Vega, “Effective Noise Estimation and Filtering from Correlated Multiple-Coil MR data”,
Magnetic Resonance Imaging, Volume 31, Issue 2, February 2013, Pages 272285.
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1 Introduction

Noise in MR data is statistically modeled attending to the scanner coil architecture.
For a single—coil acquisition, the complex spatial MR data is typically assumed to
be a complex Gaussian process, where the real and imaginary parts of the original
signal are corrupted with uncorrelated Gaussian noise with zero mean and equal
variance. Thus, the magnitude signal is the Rician distributed envelope of the com-
plex signal [5]. Most of the noise estimation techniques, as well as filtering methods
for MRI relay on this Rician model. However, it does not hold in every case. In
fact, for modern coil architectures, the Rician model is often not valid. A mismatch
between the actual data and the model can affect not only visual inspection but
also processing techniques such as segmentation, registration or tensor estimation
in Diffusion Tensor MRI (DT-MRI) [6, 14].

If multiple—coil MR acquisition systems are considered, noise in each receiving
coil in the k—space can be also modeled as a complex stationary Additive Gaussian
Noise process, with zero mean and equal variance [36]. Assuming the noise compo-
nents to be identically and independently distributed, the k-space fully sampled, and
the composite magnitude signal (CMS) obtained using sum-of-squares (SoS) [27],
the CMS will follow a non-central chi (nc-y) distribution [27]. The noise variance
will be the same for all image points in both the k—space and x—space domains, i.e.
the noise in the image may be considered spatial-stationary.

The nc-x distribution is becoming more and more common to model the behav-
ior or signal and noise in multiple-coil systems, see for instance [60, 10] and it is
also commonly used as the model for GRAPPA reconstructed data [43, 46, 42].
However, the CMS will behave as a nc-) only if all the coils in the scanner have the
same variance of noise, and there is no correlation between them. In practical cases,
correlation between coils exists, and therefore the standard nc-y model may not be
valid.

In [49] authors showed that if multiple coils and correlated noise are considered,
the data does not strictly follow a nc-y. However, for practical purposes, it can be
modeled as such, but taking into account two effects:

1. Effective parameters must be considered. This means that, due to the correlation,
the distribution is very similar to a nc-y but considering a smaller number of coils
and a greater variance of noise.

2. The effective parameters will also depend on the signal, and hence on the position
within the image. As a result, there will be different variance of noise in different
areas of the image. Therefore, the pattern of noise will be spatially variant, and
the noise becomes nonstationary.

Similar conclusions were raised in [42] for GRAPPA-reconstructed data. In the
GRAPPA case, the effect of the noise variance varying for different image locations
is increased due to the reconstruction process.

Due to both effects, methods traditionally used that rely on the nc-y will only be
valid if they are frimmed to the non-stationarity and effective parameters are used.
Explaining how the adjustment is to be done is the main purpose of this paper. For



Effective Noise Estimation and Filtering from Correlated Multiple-Coil MR data 141

the sake of illustration we will focus on two of the most popular problems dealing
with noise in MR: noise estimation and noise filtering. Many papers can be found
about these topics in the literature along the last 5 years, see for instance [6, 43, 47,
88, 12,91, 84].

Noise estimation is a particularly interesting topic, since most of the existing
methods are based on the assumption of an homogeneous distribution of noise
across the image, that can easily be measured in the background area. In this new
scenario, we will first study what fo estimate and how to do it under the restrictions
posed by the model. Different cases will be studied and guidelines for estimation
will be set. Although some particular estimators are chosen, the results here pre-
sented may be extended to more complex estimators, such as the ones presented in
[47].

In the second part of the paper, as an illustrative example, we adapt some well-
known image denoising techniques to the correlated case, using the noise estima-
tion techniques described before. Many of the most popular filtering algorithms are
based on the statistical characterization of noise, underlying the assumption that it
can be considered as a stationary process. We show that the use of effective values
and the nc-y models will avoid the reformulation of the methods from scratch.

2 Background: Statistical Model in Correlated Multiple—Coil
MR signals

In [49], authors proposed an alternative model for MR signals from multiple-coil
systems. In this section, we will go over that model, its implications over the final
CMS and the way to apply the main equations in filtering and noise estimation
problems.

Noise in multiple coils systems, if the k-space is fully sampled and SoS is used
to recover the CMS, is usually assumed to follow a nc-y model [27, 46, 47, 107]
with parameters L (number of coils) and o2 (variance of noise in each coil) and with
Probability Density Function (PDF):

Al—L _M%+A% A M
Py, (Mp|Ap,on, L) = ;2 MEe 2% 1, (L02L>u(ML), (1)

L
with A2 (x) = Y |A;(x)|? and A;(x) the original complex signal in each coil,
I=1

I;,(.) the L-th order modified Bessel function of the first kind, and u(.) the Heaviside
step function. In the background, this PDF simplifies to a central y (c-x).

The CMS will only show nc-y statistics if the variance of noise is the same for
all coils, and no correlation exists between them. However, it is well known that
in phased array systems noise correlations do exist [38, 39, 40, 41] and they can
seriously affect the statistical distribution of data, especially for modern machinery
with a large number of receiving antennae.
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In the general case, assuming L coils, the covariance matrix between them, »2
is an arbitrary, symmetric, positive definite matrix, where the off-diagonal elements
stand for the correlations between each pair of coils. In this case, the actual PDF
is not strictly a nc-y. However, since correlations affect the number of Degrees of
Freedom (DoF), in [49] it was shown that such a model is a good approximation of
the actual distribution but parameters L and o> must be replaced by their effective
values:

_ AR () + ( (87))"

Pt = A DAL + ?
tr (2?%)
o2e(x) = , 3)
o) = L)
with ||.|| = the Frobenius norm and A (x) = [A;(x), Aa(x), -+, Ar(x)]T. Similar

formulation is proposed for GRAPPA reconstructed data in [42].
From these equations, some conclusions can be extracted to be taken into account
in future methods:

1. The effective variance of noise will increase due to the correlations between coils.

2. The effective number of coils will be reduced. Due to the correlation, the distri-
bution will be similar to another system with fewer coils.

3. Both effective values will depend on the position, x. Therefore, the variance of
noise will not be the same for each pixel in the image. Its distribution will be
non-stationary.

4. The product Legs(x) - 02(x) is a constant value, tr (3?), that does not depend
on X.

For practical purposes, some simplifications can be made over these two equa-
tions. If we assume (1) that the variance of noise o7 = o2 is the same for every coil,
and (2) that A; = A; for all ¢, j, and using the following covariance matrix:

g p%Q"'piL
p2 1 ...p

¥ =0y :1 Do 2:L “)
P%lﬂ%z“' 1

the effective values may be simplified to:

_ A2(x) (p*) + Lo (p")\ "

with (.) the sample mean operator, so that:
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1
") = Ty 2
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If AZ(x)(p?) is comparable to L o2 (p?), i.e. the SNR is low, the effective param-
eters will depend on the position x. Therefore the data is no longer stationary, the
noise power varying along with A% (x). Two extreme cases can be considered:

1. In the background, where no signal is present and hence SNR=0, the effective
values are:

L
L = 7
eff, B 1+ <p4>(L — 1) ( )
ours = on (L+ (p")(L - 1). @®)
2. For high SNR areas, say ‘:zT — 00!
L
L = 9
eff,s 1+ <p2>(L — 1) ©)
oetr.s = on (L+ (°)(L —1)). (10)

These two cases give respectively the lower and upper bounds of agff within the
image (vice-versa for Legr).

The model here presented is far from the standard nc-x generally used, and
clearly very far from the Rician model. As stated before, this mismatch between
model and data will render most of the existing estimation/filtering algorithms inac-
curate. See eq. (8) and (10), for instance: the variance of noise in the background and
in the signal areas will be different. Even considering only these two values, if the
estimation of noise is done using the background (as it has been done traditionally),
there will be a bias if used over the signal areas.

All in all, the model here presented poses some problems over practical noise
filtering and noise estimation methods:

e The noise is non-stationary, i.e., the variance of noise will vary across the image.
The existing noise estimation methods rely on the assumption that the noise is
the same for the whole image.

e Even for the simplest case, the value of noise in the background of the image and
within the signal areas are different.

e Although the number of coils is usually known, the only data generally available
for filtering and noise estimation is the CMS, M7, (x), so that the equations of the
model cannot be directly applied. Effective values have also to be estimated.

e Most of the filtering methods in literature also assume an uniform pattern of noise
across the image. When applied to multiple-coil data, they have to be properly
adapted.

In the following sections we propose some practical solutions to solve these prob-
lems.
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E{X} Expectation of random variable X
o3 Variance of random variable X
() Sample mean of set v;

() = ﬁ PR
i€
M(xp) Background area of image M (x)
M(xs) Signal area of image M (x)

(Global) sample local mean of image M (x)
x  Local sample local mean of image M (x)

M) = b 5 M(p)

pen(x)

(n(x) a neighborhood centered in x)
Var(M (x)) (Global) Sample variance of M (x)
Var(M (x))x Sample local variance of M (x)

Var(M (x))xe = (M?(x))x — (M (x))%
mode{I(x)} Mode of the distribution of I(x)
mode{I(x)} = argmax,{ps(x)}
a Estimator of parameter a

Table 1 Notation

3 Noise estimation

Most noise estimation methods for multiple-coils systems are based on the assump-
tion that the signal follows a nc-y distribution, and accordingly, the background area
of the CMS is described by a c-x. In [47], a set of noise estimators based on different
moments of the nc-x and c-x were presented, all of them relying on the assumption
of uncorrelated coils. According to the results summarized in the previous section,
when correlations exist, the same model can be used, but effective parameters must
be taken into account. The main problem that arises is that the effective values de-
pend on the position X, i.e., the parameters vary across the image, and the methods
proposed for estimation may be no longer valid. In this section, we present a method
to overcome this limitation.

3.1 Estimation of o2,

We will define a noise estimator based on the second order moment of the back-
ground of the image. Following the philosophies proposed in [47] other estimators
may be used, like those based on the sample mean. The second order moment of the
background data, where no signal is present, is defined as

E{M}} =202L. (11)
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If effective parameters Legr(x) and o2(x) are taken into account we can rewrite it
as

Il
Q

Note that although both effective parameters are x-dependent, the product is not. We
can write

202, (12)

In the particular case in which the variance of noise is equal in each coil 02 = (0?)

and
2 _ 2
on =L-oy,

So, regardless of the correlation between coils, the second order moment does not

depend on x:
E{M}(x)} =207

Following the noise estimation philosophy in [8, 47] we can define a noise estimator
based on the local sample estimation of the second order moment:

2 x — 1 2
<ML( )>x |77(X)| p@z}(x) ML(p)v

with 7(x) a neighborhood centered in x. (M?(x))x is known to follow a Gamma
distribution [47, 45] whose mode is

1(x)|Legr(x) — 1
In(x)]

mode {(M7)x} = 2024(x) ~ 202,

when |n(x)|Legr >> 1. The estimator is then defined as
- 1
ohp, = ymode {{MZ(x))x } (13)

This estimator does not require a previous segmentation of the background, due to
the mode operator. A simplest estimator may also be defined, but segmentation of
the background region is needed:

—~ 1
o = 5 (ML (xB)) (14)
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Following the notation in [47], M, (xg) are the background pixels of the CMS.
The same method can be extrapolated to GRAPPA reconstructed data. However,
note that the product Legr(x) - 02(x is not a constant value [42], but

Lei(x) - 02(x = tr (Cﬁf(x)) )

with C% (x) the covariance matrix of the interpolated data for each spatial location.
Thus, a different value will arise for each x. The advantage of using the product is
that tr (C?X(x)) does not depend on signal values, but only on the reconstruction
coefficients and on the original covariance matrix. A method for GRAPPA noise
estimation was proposed in [63].

3.2 Estimation of effective values

Although many methods and applications based on the nc-y use only the o2 I
value (see next section), there are other situations in which the effective values of
noise and number of coils are needed. Note that the effective values will now be
x-dependent.

According to eqs. (2) and (3), the effective values depend on the actual value of
the signal in each coil, and on the covariance matrix. Even for the most simplified
versions of the formulae, egs. (5) and (6), the values will still depend on the corre-
lation coefficients between coils. For the estimation we will consider that the only
data available is the CMS M, (x) and the number of coils L.

To estimate the effective values over the background, we will use the variance of
the c- distribution:

Let 02 ; be the estimated variance in the background area. We can simply estimate
it as the sample variance of the segmented background:

r’(L+3)
(L)

U%/[L =02 <2L— 2

02 = Var(M(xg)). (15)

To avoid the segmentation of the background, we can use the mode of the histogram
of the variance: e
on p = mode {Var(M(xB))x} (16)

For more detail the signal and background distributions of the variance in MR data,
check [107].

Regardless the method chosen, we assume that the effective values are constant
through the background and thus we can estimate them through the following itera-
tive process:
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2
2 On.B

; _ (17)
( eff,B)Z‘Jrl 2 (L ) 2 F2((Leff,B)i+%)

eff,B); T ((Leff,B)%)

)
(Lettn) 1 = 75 5— as)

(Ueff,B)H_l

with (Legf, ), = L the initialization value. The term o2 ; is estimated as indicated
in the previous section.

The effective values when SNR— oo can be calculated over the signal area,
where the variance is defined

1
012\/& =02 <1—|—O <J\44>> ~ o2
L

Then, we can define

%ef s = mode {Var(M, (xs))x } (19)
o2
Lef,s = =" (20)
O eff, s

with Var(M,(xs))x the sample local variance of the signal area of the image.

The effective values Ugfﬂ p and O'QCfR s give the lower and upper bounds of the ac-
tual o.r(x)? across the image. Using the simplified version of the effective variance
of noise in eq. (10):

() = a2 (14 (2 - 1) 2O

= oy (14 (L= 1)1 = ¢a(x)(p%) + (L = 1)pu(x){p"))

with 5
Lo 1
n(X) = n = , 21
On(x) A2.(x)+ Lo2  SNR?*(x) +1 @D
and SNR?(x) = Ai(;( ). After some algebra we can write

oo (%) = (1 = 9n(x)) - o5 s + 0n(X) - 02 22

Since 0 < ¢, (x) < 1, then 024(x) € [024 5, 0% gl A rough estimation of ¢, (x)
can be done using the sample second order moment (although more complex esti-
mation could also be done):
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G = — T (23)
(ME(x)x — 07,
As a final result, the effective values across the image may be estimated as:
2ot (x) = (1 = $n(X)) - 02t + On(X) - 0efi s (24)
Feroe) = =22 (25)

o2efi(x)

4 Noise filtering

As a practical example of the utility of the different noise parameters estimated in
the previous section, some noise-reduction filters for MR are considered. Many of
the schemes proposed in the last decade are based on the assumption of an under-
lying Rician distribution. Lately, some attempts to extend these methods to parallel
imaging and multiple coils have been made. Regardless of the filter or method, since
most of them are based on a signal and noise statistical model, they rely on the ac-
curate estimation of some noise-related parameters.

On the other hand, it will not be necessary to totally reformulate the filtering
techniques in order to cope with correlation between coils. By using effective values
for number of coils and variance of noise, we are implicitly decorrelating the noise
between coils, and therefore the nc-x model can be used directly.

4.1 Conventional Approach and NLM

The extension of some noise filtering methods for MR data from Rician to a nc-y
model is straightforward. As shown before, if this extension takes into account the
effective values for noise and number of coils, it may be valid also when correla-
tion between coils exists. The simplest model based method for Rician noise was
proposed by McGibney et al. in [4]. The so-called conventional approach (CA) is
basically an averaging of the squared signal with bias removal, assuming a Rician
distribution of the data. The extension to nc-Yy is:

A1) = \fmax((MF () — 203,1.0) 26)

Since the parameter o2 ; does not depend on the position, it can be estimated using
eq. (13).

Despite the simplicity of the method, the philosophy of bias removal over the sec-
ond order moment has been applied to more complex filters, such as nonlocal means
(NLM) schemes [88, 140, 13]. If (M2 (x))x is replaced by the NLM of M?(x), the
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result will be a NLM filter for nc-y data, similar to the unbiased schemes proposed
in [12, 130, 11].

AL (x) = /max(NLM(MZ (x)) — 202 ,,0) @7

A similar philosophy for other filtering schemes may be found in [91, 73, 141].
The advantage of working with the second order moment is that the noise does
not depend on the position within the image. As long as we work with o2, the
scenario is alike the non-correlated case.
What is more, if the second order moment is used for noise estimation —as in
eq. (13). and eq.(14)-, note that E{M?(xg)} (the second order moment of the
background) follows the identity:

202 Rayleigh data
B{M?(xg)} = { 202L c-x data
QO'gffLeff =21tr (22) Correlated c-x data

Whatever the case, Rician, correlated or no-correlated nc-y, the signal estimator
will be exactly the same:

Ay (x) =/ B{ME(x)} — B{M}(xp)} (28)

and eq. (26) and eq. (27) are therefore practical implementations of eq. (28). The
main advantage of this feature is that all the software and methods relying on
eq. (28), initially designed for Rician noise, will also be valid for other kinds of
noise. As a final recall, this is only valid if the second order moment is used for
noise estimation. If any other method is used, the estimator may differ for different
kinds of noise.

4.2 LMMSE estimator

A Linear Minimum Mean Square Error (LMMSE) estimator for the Rician model
was proposed in [6, 8]. This filter has been extensively used due to its simplicity,
speed, and robustness, see for instance [142, 143, 144]. Some modifications may
also be found in [62, 9]. The extension to uncorrelated nc-y data is straightforward,
as presented in [10]:

—

AL (%) = (ML(x))x = 2Loy, + K1(x) (ME(x) = (ME(x)x),  (29)
where K,(x) is defined as

102 ((M(X)x — L?)

n

(ME())x = (ME(x)%

(30)
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Unlike the filters in the previous section, the one here defined depends not only on
Lo2, but also on o2. If no correlation between coils exists, we can easily estimate
thls parameter as 0721 = 02, /L. However, once correlations are present, this value
would underestimate the actual level of noise. Thus, in order to cope with the corre-

lation, effective parameters must be used:

A2 (x) = (M2(x))x — 202, + K1(x) (ME(x) — (M2(x))x),  (31)
4Ueff( )(<M2( )> 0721L)
(M (%)) — (MZ())2

In this case, not only o2, but 02;(x) has to be estimated. Using eq. (24) K1 (x)
becomes:

Kp(x)=1- (32)

(<Mz(x)>x - 203@) GQCff,S + UTQLLUQfo,B
(M7 (x))x — (M7 (x))2

KL(X):].—4

5 Materials and methods

Test |
estimage Correlated Complex

Gaussian Noise

sensitivity 1
sensitivity 2 .
sensitivity 3 : SOS

—-

sensitivity 8 \—\L
I t

Fig. 1 Synthetic phantom generation. From a single slice from BrainWeb, the sensitivity maps are
simulated and correlated noise is added to every coil. The CMS is obtained by SoS.
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Fig. 2 Synthetic MR image from Brainweb used for the noise estimation experiments. An 8-coil
system is simulated.

For the sake of validation, the following experiments are considered:

1. Noise estimation: To test the noise estimation methods proposed, synthetic ex-
periments are considered. A synthetic phantom is built using different levels of noise
and different correlations between coils, following the scheme in Fig. 1. The starting
point is a 2D synthetic slice Sy(x) from a BrainWeb MR volume [53], with inten-
sity values in [0 — 255]. The average intensity value for the White Matter is 158, for
the Gray Matter is 105, for the cerebrospinal fluid 36 and O for the background. An
8-coil system is simulated using an artificial sensitivity map coded for each coil so
that A7 (x) = >, |A;|* = S§(x). The signal in each coil is corrupted with complex
Gaussian noise with variance o2 (both in the real and imaginary parts) ranging in
[5 — 30] and a correlation coefficient between coils p? ranging in [0.01, 0.4]. The
CMS is reconstructed from the noisy data in each coil using SoS. 100 realizations
are done for each pair [02, p?].

From the phantom, assuming we just know the CMS M, (x) and the number of
coils L, the following parameters are estimated:

1. (;%L using both eq. (13) and eq. (14).

2. Effective noise in the background: ?efﬂ p using eq. (17).

3. Effective noise in the signal areas, ;’Eeff} 5 using eq. (19).

4. Global value gaeff(x) from eq. (24).

All the sample local moments are calculated using 7 x 7 neighborhoods. For the first

three cases, in which the estimated values are scalar, the quality measure is defined

as the ratio: )
estimated value

Q=

Accordingly, the closer to one, the better the estimator. For the last case, since

theoretical value

02er(x) is an image the average of the quality measure for every x is considered.
Finally, for each pair [02, p?] the average of the 100 experiments is considered.
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To test the influence of the assumption A, = A; used to define the estimators,
the previous experiment is repeated, but considering uniform sensitivity maps. This
way, the signal in each coil (before adding noise) is the same. Results are compared
with the previous experiment.

2. Noise filtering: In the second experiment, the influence of the correlation over
filtering will be studied. To that end, the phantom generated in the first experiment is
used. We will consider different values for the original variance of noise, ofL, and p2
ranging in [0.01, 0.3]. In order to study only the error due to the filtering model, for
the experiments the actual values of the effective parameters will be used, calculated
from the complex data. First, we will compare the following LMMSE estimators:

1. cx-LMMSE: The nc-y version of the estimator assuming correlations between
coils, proposed in eq. (31).

2. x-LMMSE: The nc-x version without correlation, proposed in [10]. For this case
we will consider 02 = 02 /L.

3. LMMSE: The Rician version proposed in [6, 8], assuming 02 = o2 . This as-
sumption is based on the estimation of o2. If Rician data is assumed (rather that
nc-) and the estimation of 2 is done using the second order moment, what we

are really estimating is o2 ,» see [107].

Secondly, the different nc-y based filters proposed in Section 4 are compared
among them for different o,, and p? parameters:

. ¢cx-LMMSE: The nc-xy LMMSE proposed in eq. (31).

. NLM: The NLM in eq. (27). The fast implementation proposed in [13] is used.

. CA: The conventional approach in eq. (26).

. Wavelet: In order to compare with a Wavelet-based filter, the implementation
proposed in [115] by PiZurica is used.

AW N =

To compare the restoration performance of the different methods, two quality
indexes are used: the Structural Similarity (SSIM) index [126] and the Quality In-
dex based on Local Variance (QILV) [127]. Both give a measure of the structural
similarity between the ground truth and the estimated images. However, the former
is more sensitive to the level of noise in the image and the latter to any possible
blurring of the edges. Both indexes are bounded; the closer to one, the better the
image. We will use both as a measure of the noise removed from the image. In ad-
dition, the QILV will also act as an indicator of the edge blurring: due to its nature,
any minimal smoothing of the edges will cause the index to drop down. Finally, the
square root of the mean square error (SMSE) is also calculated. These three quality
measures are only being applied to those areas of the original image greater than
zero; this way the background is not taken into account when evaluating the quality
of each method. The average of 15 experiments is considered for each o,,, each p?
and each filter.

3. In vivo data: As a final experiment, we provide an illustrative in vivo example
with real data. 20 identical and independent repetitions of a DWI data set with one
baseline image and 15 gradient directions were successively taken from a healthy
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Fig. 3 Estimation of noise-related parameters for the synthetic phantom. Variable sensitivity maps
are used.

volunteer. To keep a reasonable acquisition time, one axial slice was collected in
a 3T, 8-coil (without down-sampling) Philips scanner using a diffusion parameter
b = 1,200s/mm?. To obtain a silver standard, we have averaged the 20 repetitions
in each of the eight coils, so that we obtain eight clean channels which are further
combined using SoS to compound the final signal®>. This averaged image is com-
pared to one realization and the different filtering techniques. In addition, visual
comparison will also be used.

6 Results

Results for the noise estimation experiments with the synthetic phantom are on
fig. 3 (variable sensitivity maps) and fig. 4 (homogeneous sensitivity maps). In both
cases, the estimators proposed for o2 1, show a very good behavior. The one based
on the segmented background, as expected, is the one with the more consistent esti-
mation. However, the one based on the mode, shows also a very good performance
and coherence for multiple o,, and p? values. In addition, the latter does not require
a prior segmentation of the background.

An accurate estimation of o2 ; is the keystone for a good estimation of the ef-
fective parameters, if needed, and assures and unbiased filtering for the methods
proposed in the paper. In addition, since o2, is constant across the image and re-

2 Due to phase-shifts between the different realizations, the average has had been done over the
Rician envelope of each coil, using a Rician-MLE scheme [82]
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Fig. 4 Estimation of noise-related parameters for the synthetic phantom. Uniform sensitivity maps
are used.

gardless the correlation level p?, the estimation can be properly done for a wide
range of values.

The estimated effective value of noise for the different cases, shows also a good
behavior, but with greater error. First, for agfﬂ B (variance of noise in the back-

ground) there is an underestimation as p? grows. The same underestimation is done
for all the o,,. This is due to the mismatch between the real probabilistic model of
the data and the nc-y assumed. As shown in [49], as p? grows, also does the error
in the model.

On the other hand, the estimation of Ugfﬂ 5 (noise in the signal areas) worsens as

the noise grows. There is also a slight decay with p?, but less noticeable. The effect
this time is related to the large SNR assumption: as o2 grows, the assumption differs
from reality. In addition, to estimate this parameter, the assumption 4; = A; was
also made. The error shown in fig. 3, where the signals are different form coil to coil
is also larger than the coil in fig. 4. According to this, there is also a source of error
introduced by this assumption.

Finally, the global error when considering Jgff(x) lies within acceptable values
in both cases. This values will be enough for filtering algorithms. For the sake of
illustration, one particular case of 02(x) is shown in fig.5.

Quantitative results of the filtering experiment with synthetic data are on fig. 6
and fig. 7. For visual comparison check fig. 8. The first comparison is done for
the LMMSE-based schemes, with two different levels of noise. In both cases, the
SSIM index is better for the Rician case. This can be explained by the nature of
the index itself: the SSIM index measures the amount of noise removed, but it does
not take into account any blurring of the edges. According to the theoretical model,
the Rician LMMSE uses a overestimated level of noise, and hence over-smooths
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Fig. 5 Estimated effective standard deviation of noise and actual value (estimated from simulated
values). o, = 10 and p? = 0.1.
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Fig. 6 Quality measures for the LMMSE-based schemes filtering experiment.

the image. Drawing our attention to the QILV index, which is sensitive to blurring
of the edges, the value drops for the Rician LMMSE. The blurring can be seen in
the example in Fig. 8-(g). On the other hand, the xy-LMMSE (without considering
correlations between coils) implicitly uses an underestimated value of noise. As
a result, its filtering capability is smaller than the cxy-LMMSE. This can be seen
in smaller SSIM values for the xy-LMMSE, smaller or equal values of QILV and
greater sSMSE. Visual inspection of Fig. 8-(e) and 8-(f) shows that the signal area of
the image is noisier for y-LMMSE.

Secondly, different filtering schemes are compared in Fig. 7, also for the synthetic
data. In all the cases, the NLM proposed and the cx-LMMSE are the ones showing a
greater noise reduction (SSIM values) while keeping the edges and structures (QILV
values). Visually, the NLM scheme is the one showing the better results for these
experiments. The advantage of the cxy-LMMSE is that it is computationally simpler
than NLM (though the implementation proposed in [13] considerably improves the
performance and speed of the method).

Finally, in vivo results are depicted in Fig. 9. Only 4 DWIs of the 15 are shown
for illustration. The different methods perform as with synthetic data. Wavelet based
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Fig. 8 Visual comparison: Synthetic slice from BrainWeb with different filtering methods. Param-
eters: 8 coils, oy, = 15, p = 0.15.

filter, as optimized for Rician data, overfilters the image, blurring structures. The cy-
LMMSE scheme removes noise keeping structures, although there is a slight blur in
the DWIs when compared to the averaged image. The x-LMMSE, as expected, does
not filter the image, since it is not considering effective values for the variance of
noise. Finally, the NLM scheme removes all the noise, but the resulting data looks
a bit unrealistic (mainly in the DWI).
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Fig. 9 Visual comparison: Filtering of baseline and 4 DWI from DWI data. Real data from a 3T
Philips scanner with 8 coils.

7 Discussion and Conclusions

The practical implications of the correlations between coils in multiple-coil systems
have been studied. It is well known that in phased array systems noise correlations
do exist between coils [38, 39, 40, 41]. The effects of these noise correlations have
been usually left aside, justified by a minimal visual effect over the final image.
However, currently, the use of MRI data is not reduced to visual inspection. Ten-
sor estimation, filtering, segmentation, feature extraction, and many automatic and
semi-automatic procedures rely on a well-defined statistical model of the signal and
noise. It is in these cases that correlations may seriously effect the data, since they
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may alter the underlying model. As previously shown in [49], the correlations be-
tween coils modify the data statistics, so that the final CMS is similar to another
one with a reduced number of coils and a greater variance of noise. This modifi-
cation will be especially significant for modern machinery with a large number of
receiving antennae.

From a practical point of view, the effect of the correlations between coils in
multiple-coil systems makes the probabilistic model for the CMS differ from a nc-x
model, which is the distribution usually assumed for multiple—coil data. Luckily,
a nc-x model can still be assumed with a small error if effective parameters are
considered for the variance of noise and the number of coils. Thus, main processing
techniques, such as filtering or noise estimation, that are valid for a nc-y model, will
still be valid in correlated systems, as long as they are reformulated to cope with
effective values. In this paper, that reformulation has been done for two practical
cases: noise estimation and model-based noise filtering.

Once multiple coils and correlations are considered, it is not obvious which is
the level of noise of the image. As a result of the correlation (or the reconstruction
procedure if GRAPPA is considered), the final noise in the CMS is non-stationary,
i.e., the variance of noise will vary across the image. Even for the simplest case,
the effective value of noise in the background of the image and within the signal
areas will be different. It would imply an augmentation of the complexity of many
model based algorithms. However, the main parameter to have into account is no

longer the original variance of noise o2 of its effective version ﬁeff(x), but 02 .
This parameter is constant through the image, even when the effective variance of
noise is not. This feature constitutes an advantage that should be used when de-
signing processing techniques. As previously shown in the experiments, o2, for
being a single value for the whole image, is an easy parameter to estimate, unlike
the effective parameters, whose estimation is more convoluted and less precise.

Using noise-filtering as illustration, we have also shown that when working with
model-based methods, it is necessary to adapt this methods to the new model of
noise. The correlated case generalizes the non-correlated one. For example, a proper
selection of the magnitude being estimated allows to use the well-known NLM
scheme as it is through eq. (28), without any further modification that increases
its complexity.

In addition, experimental results show that in practical cases, such as filtering,
a proper model will improve the performance. As an illustration, we have chosen
the LMMSE scheme, for being an estimator totally based on the underlying model
of signal and noise. Thus, it is particularly sensitive to mismatches between the
model and the data. In the experiments carried out, we can see that assuming Rician
data will implicitly mean overestimating the noise. This results in over-smoothed
data, blurring of the edges, and spoiling of fine structures. On the other hand, if the
effective values are not used, underestimation of the variance arises even when the
nc-y model is assumed. As a result, the method has a poor denoising performance.

Finally, we want to recall that the study here done is based on a SoS reconstruc-
tion of the CMS. Although it is initially valid for correlated multiple-coil fully-
sampled data, it could be easily extended to GRAPPA, assuming a new covariance
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matrix derived from the reconstruction process. The main difference when GRAPPA
is considered is that the product Leg(x) - 025(x) is not a constant, but a different
value for each point in the image, and therefore it must be estimated using an ad-hoc
method. Furthermore, if other kind of reconstructions different from SoS are used,
the whole study must be redone, although the main implications remain. The study
is also not valid for all those parallel methods that carry out the reconstruction in the
x-space (like SENSE), since the nc-y distribution is not guaranteed.

In addition, the filters and noise estimators proposed in this paper are not intended
to be ultimate. Our purpose here was to show how proper corrections must be done
over well known algorithms when dealing with correlations between coils, and the
advantage in doing so. Many other filtering methods can be proposed, and surely
they will overcome the ones in this paper. More accurate noise estimation methods
for the effective variance of noise can also be developed, based for example on those
proposed in [47]. However, our aim was mainly to clarify what we are talking about
when we say noise in this framework, and how to deal with correlated multiple coil
systems from a signal processing point of view.
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About the background distribution in MR data:
a local variance study
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Abstract A model for the distribution of the sample local variance of Magnetic
Resonance data is proposed. It is based on a bimodal Gamma distribution, whose
maxima are related to the signal and background areas of the image. The model
is valid for single— and multiple—coil systems. The proposed distribution allows
us to characterize some signal/background properties in MR data. As an example,
the model is used to study the effect of the background size over noise estimation
techniques and a method to test the validity of background-based noise estimators
is presented.

1 Introduction

Noise is known to be one of the main sources of quality deterioration in Magnetic
Resonance (MR) data. Not only visual inspection but also processing techniques
such as segmentation, registration or tensor estimation in Diffusion Tensor MRI
(DT-MRI) will be affected or biased due to the presence of noise [4, 5, 6]. In High
Angular Resolution Diffusion Imaging (HARDI) for instance, to achieve a speedup
in the acquisition time the temporal averaging is reduced; as a consequence, the
noise power is increased proportionally to the square root of the speedup.

Noise in the k-space in MR data is usually assumed to be a zero-mean uncorre-
lated complex Gaussian process in each scanner coil, with equal variance in both
the real and imaginary parts. As a result, in single coil systems, magnitude data in
the spatial domain is modeled using a Rician distribution [44, 5], which reduces to a
Rayleigh in the background. In the same way, the composite signal in coils systems

* This chapter was previously published as: S. Aja-Ferndndez, G. Vegas-Sanchez-Ferrero, A.
Tristan-Vega. “About the background distribution in MR data: a local variance study”. Magnetic
Resonance Imaging, Vol. 28, No. 5, Jun. 2010, pp 739-752
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with multiple channels under some assumptions may be modeled as non—central Chi
distributed [27, 46]. In the background, this distribution reduces to a central Chi.

The characterization of background and signal areas in MR data is an impor-
tant source of information that has been used in a myriad of applications, such as
segmentation [138], noise estimation [37, 47, 84], quantification of geometric dis-
tortions in tissues [145] and nonstationarity tests of the data [146].

In the current paper, a study of the relation between signal areas and background
is carried out. It is based on the properties of the distribution of the sample local
variance (SLV) in both regions, since it keeps important information of the structural
content in the image. The distribution of the SLV has been previously used in the
image processing and analysis field as a way to study the image structure [147], to
estimate the level of noise [148, 108, 8], to predict spatial patterns of textures [149]
or as the keystone for image quality assessment methods [127].

The particular features of signal and noise in MR data make the SLV a pow-
erful source of information about noise, background and structure. A study of the
properties of the SLV in MR data is carried out in the paper for both single— and
multiple—coil systems. The probability distribution of the SLV is well known for
certain kind of data [122, 150]; the SLV of Gaussian Random variables behaves like
a Gamma distribution (or Chi-Square for normalized variables). However, for other
parent distributions, this PDF can only be approximated [151, 152, 150, 153]. A
preliminary study of SLV for single—coil MR data can be found in [8]. In this pa-
per, a simplified model based on a bimodal Gamma distribution is proposed for MR
data.

As a practical application of the proposed approach, a method to test the valid-
ity of noise estimation techniques is presented. Many different ways to accurately
estimate the noise power from MR data have been proposed in literature. Most of
them rely on a statistical model for the signal/background areas. The assumption
of a homogeneous noisy background is the keystone of these methods, and also
one of their main drawbacks: the models need a certain amount of background pix-
els to perform the estimation. Conversely, new scanning techniques and software
eliminate the most part of the noisy background, drastically reducing the number of
points available for estimation. Thus, many estimation techniques may be no longer
valid. The method here proposed, based on the properties of the distribution of the
previously introduced SLV, will check whether the number of available background
pixels is enough to carry out the estimation with a particular method.

2 Theory

2.1 Statistical noise model in single and multiple coil MR signal

For a single—coil acquisition the complex spatial MR data is typically modeled as a
complex Gaussian process, where the real and imaginary parts of the original signal
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are corrupted with uncorrelated Gaussian noise with zero mean and equal variance
o2, The magnitude signal M (x) is the Rician distributed envelope of the complex
signal [5] with probability density function (PDF) [44]:

M2442

p(014,30) = 23 ¢ 1 (G50 o, n

Jn 0—77,

with A = A(x) the original signal if no noise is present, Iy(.) the 0" order modified

Bessel function of the first kind and u(.) the Heaviside step function. For high Signal

to Noise Ratio (SNR), the Rician distribution approaches a Gaussian distribution.
In the image background, where the SNR is zero due to the lack of water-proton

density in the air, the Rician PDF simplifies to a Rayleigh distribution with PDF

M2
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In a multiple—coil MR acquisition system the acquired signal in the complex
spatial domain in each coil may be also modeled as the original signal corrupted
with complex additive Gaussian noise, with zero mean and equal variance o2. If
no subsampling is done in the k-space, the composite magnitude image may be ob-
tained using methods such as the sum-of-squares (SoS) [27, 38]. Assuming the noise
components to be independent and identically distributed (IID), the envelope of the
magnitude signal M, (x) will follow a non—central Chi distribution with PDF [27]:

AlfL _ MF+a3 A M
Py, (ML|AL, o, L) = ;2 Mpe =7 IL—1< LU2L>U(ML), ()

n n

with L the number of coils and Ay (x) = \/Ele |A;(x)|? the original signal.

Eq. (3) reduces to the Rician distribution for L = 1. In the background, this PDF
simplifies to a central Chi distribution with PDF:

91-L MEL_l M2
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which reduces to Rayleigh for L = 1.

The latter statistical model is the usual one for the composite magnitude signal
in phased array coils and parallel imaging assuming that no subsampling is done in
the k-space, and the image is reconstructed using the SoS method. However, one
of the aims of parallel imaging is precisely to accelerate the acquisition process by
sub—sampling k-space data in each coil. In these cases, reconstruction methods have
to be used in order to suppress the aliasing and underlying artifacts created by the
subsampling. Dominant among such methods are SENSE [32] and GRAPPA [33],
reviews of which can be found in [30, 31]. From a statistical point of view, the re-
construction will affect the stationarity of the noise in the reconstructed data, i.e.
the spatial distribution of the noise across the image [43]. As a result the statistics
of the composite magnitude signal are not strictly stationary. In addition, when re-
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constructed with GRAPPA, 02 may also vary from coil to coil and therefore eq. (3)
does not exactly hold, since it assumes that o2 is the same for every coil. In practical
situations, if the variance of noise is homogeneous enough across pixels and coils,
data are usually considered to follow a non-central Chi distribution if reconstructed
with GRAPPA and SoS [46].

2.2 A model for the sample local variance of MR data

The (biased) SLV of an image M (x) is defined as

2

Va(MG) = o 3 M) - (e 3 M) )

pen(x) e &

with 7(x) a neighborhood centered in x. For the sake of simplicity in notation, let
us denote |5(x)| = N. We define the random variable V = Var(M(x)), whose
moments are studied in Appendix 6.1. Moments of the distributions used hereafter
may be found in Appendix 6.2.

Let us first consider the Rayleigh/Rice MR model. The distribution of the SLV for
Rayleigh data may be accurately approximated? by the distribution of the difference
of two dependent Chi-Square random variables with the same degrees of freedom
[8, 45]. For z > 0 and an even number of degrees of freedom the PDF becomes

() z[Nlexp (—Latz) X I'(N + k) < 2 >k(6)
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of = %, 03 ~ %% and p the correlation coefficient, which for large N may be

approximated as

s
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Although eq. (6) is an accurate approximation of the PDF of the actual distribution,
the whole expression is not useful to work with. In addition, structural properties

~ 0.95 ©)]

2 Note that to obtain the final PDF of V it is necessary to calculate the PDF of the sum of Rayleigh
variables. This is a classical-hard-to-find problem in communications. Some approximations are
usually employed. Here, the simplified one in [123, 8] is considered.
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cannot be easily extracted from the expression. Likewise, the SLV of the Rician
data may be approximated by the distribution of the difference of two dependent
Noncentral Chi-square distributions [8]. To avoid the use of such involved PDFs, an
alternative simplified model will be considered.

In the case of NV IID normalized Gaussian variables, Cochran’s theorem shows
that the SLV follows a Chi-square distribution with N — 1 degrees of freedom [122],
which becomes a Gamma distribution for non-normalized variables. The resultant
distribution does not depend on the mean of the original Gaussian variables. For
other variables, however, the exact distribution of the SLV cannot be achieved, and
it has to be approximated. In [151] a Gaussian PDF is used, whereas in [152] a more
general approximation is proposed, based on a Chi-square distribution.

In MR data, when the SNR is high enough, it is a common task to approximate
the Rician distribution by a Gaussian. As a consequence, the SLV of the Rician
area of an MR image can be approximated by a Gamma distribution. In the results
section we will check the goodness of these approximation. Taking into account this
result together with the approximation in [152], one can also think of the Gamma
distribution as a proper candidate to approximate the SLV of other distributions.

We will assume that the SLV of both Rician and Rayleigh data follows a Gamma

distribution, with PDF:

ki—1_€
z) =z : 10)
i) I(ki)o;"
Parameters k; and 6; may be estimated from the mean E{V} and variance 0%, of
the actual distribution (that will be derived next) as
_ EXH{V} o

o ' EB{V}

ki

The mean and the variance of the SLV for each distribution are estimated using the
moments derived in Appendix 6.1. For the Rayleigh case, assuming N large they

become:
o2 (1 T\ (N1
E{V}—2an(1 4)( - )
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Nzan(1 4) (11)

2 U:lz 2

= 44 2r -7+ 0 N
0.4
~ ﬁ(4+ 2 — 7). (12)

Another interesting parameter in MR-related distribution is the mode. It has been
previously used as a way to estimate noise parameters and to identify different re-
gions [8]. We will use it later to identify the noise and background contributions.
The mode of a Gamma distribution is calculated as
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mode{V} =
1 (572 — 167
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which fits the value derived in [8].

For the Rician data, in order to approximate the mean and the variance, a series
expansmn of the Laguerre polynomials is considered, assuming N large and A% >>
a .Forx = 2 %07 the mean and variance of the SLV will be

E{V}=M<1—1—1+O(x‘3))

N dr  8x2
~ W= Dow _Nl)"% (13)
AT
~ %721)"% (14)

Note that the simplifications made only hold for high SNR. In Fig. 1 the mean and
the standard deviation are depicted versus these simplified values for different SNR
(with SNR= A/o,,). The results show that for SNR> 5 the approximations are
nearly the actual values. (Note that the closer to one the better the approximation).
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Fig. 1 (a) Actual mean of the SLV of Rician data divided by o2 (the proposed simplification).

(b) Actual standard deviation of the SLV of Rician data divided by v/2¢2 /+/N (the proposed
simplification).

The mode of the distribution is calculated as

mode{V} = o2 (1 _ % +0 ((U/A)Q)) ~ o2
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Thus, assuming a Rician image with a Rayleigh background and the high SNR
in the signal areas, the distribution of the SLV for the whole image can be ap-
proximated by a bimodal Gamma distribution, defined as the weighted sum of two
Gamma distributions, i.e.

pv(x) = Wa - py, (v) + Wr - py; (2)
6793/05

I'(kp)03?

—xz/0
+ W, ~gjk1*1 € w/0r

=Wp - xk371 -
¥ I(kp)0}"

5)

with Wp 4+ W = 1. The first term is the Gamma approximation for the Rayleigh
area and the second is the Gamma approximation for the Rician area.

The same reasoning may be applied over the central/non-central Chi model. Note
that under the high SNR assumption, a non—central Chi may be approximated by a
Gaussian, and therefore its SLV may also be approximated by a Gamma distribution.

Let us calculate the mean, the variance and the mode of the SLV distribution of
central Chi data:

o2 — 2
vy =22 =Y ”(]Z\\; D) <L <F(€ﬂ(+;)/2)) ) (16)
, 4ol r2(L+1/2)  I'(L+1/2)  [(L+1/2)(L+3/2) 1
ot = (Lrs gy - - R o ()
mode{V'} = 202 (L - W} +0 (le> ~2K(L)o?2 (18)

with K(L) = (L - ﬁ}gj&)ﬂ)) . The evolution of this parameter with L is depicted

in Fig. 2.

5 10 15 20 25 30 35 40 45 50
L

Fig. 2 Evolution of K (L) with L.

For the non—central Chi (assuming high SNR):
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BV} = ai(]}fv— 1) (1 N 1 —zQL N 3— 88ij 412 40 (m_3)>
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Note that a series expansion of the Hypergeometric series 1 F is needed to achieve
the result. The distribution of the SLV for the whole image can also be approximated
by a bimodal Gamma distribution

p(e) = Wowate i Sy S
F(kc)ﬁcc F(/ﬂM)QMW

with Weo + Wy, = 1. The first term is the Gamma approximation for the central
Chi area and the second is the Gamma approximation for the non—central Chi area.

2.3 Background influence on noise estimation

Most of the noise estimation methods for MR data in literature rely on the existence
of a homogeneous (either Rayleigh or central Chi) background to carry out the es-
timation [47]. For some, the background must be segmented [86, 81, 27], while
for other techniques a prior segmentation is not needed [37, 136, 83, 8, 84, 47].
Regardless of the chosen method or the necessity of a prior segmentation, this ho-
mogeneous background must be present, and the number of points belonging to this
background must be large enough when compared with the number of points in the
signal areas. However, what large enough is, is not properly defined in literature,
and it will be related with the distribution of the parameter selected for estimation.
Some post processing software in the scanner usually adds a mask to data, whichs
eliminates part of or the whole background, drastically reducing the number of
points available for noise estimation. As an illustration, see the MR slice from a
real acquisition in Fig. 3. In the right image all the pixels with intensity value equal
to 0 are shown in black. A noise pattern can be found around the skull, which cor-
responds to the actual background, but there is also a greater area where a zero
background has been artificially added. This artificial zero background is nowadays
usually found in MR data when dealing with parallel reconstruction, but not only;
even in single coil acquisition a reduction of background areas can be found. See
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Fig. 3 Left: Slice of an MR volume (from the baseline of a SENSE EPI DT-MRI acquisition).
Right: In black all the pixels with intensity value equal to 0. A zero-level background has been
artificially added in the scanner.

\ Rayleigh Maximum

Rice Maximum

(2-n/2)0.2 o?

Fig. 4 Position of the maxima of the SLV distribution in MR data, assuming a Rayleigh/Rician
model.

for instance the single coil acquisition we will later use for experiments in Fig. 9.
The reduction of the background area can make estimation based on Rayleigh dis-
tributions fail. Accordingly, for reduced backgrounds, it will be necessary to test if
the number of available points is enough for carrying out the estimation with the
selected parameter, or if an alternative method must be used instead.

To face this problem we propose to use the properties of the distribution of the
SLV of MR data. As described in the previous section, the distribution of the SLV
of MR data assuming Rayleigh/Rician data may be modeled as a bimodal Gamma
distribution. According to the modes of this Gamma distribution, the maximum of
the SLV of the Rayleigh area is located on (2 — g) o2 and the maximum of the SLV
of the Rician data is placed approximately on o> (under the high SNR assumption),
see Fig. 4 for illustration. Under this assumption, the distribution of the SLV does
not depend on the value of the signal, but only on the value of o,, (and sometimes
on the size of the neighborhood used for estimating the SLV, if N is not large).
Thus, the shape and position of the distribution of the Rician area will be constant,
independently of the different intensity values of the image.

When the weight of Rayleigh-related points outruns the number of Rician-related
ones, Wz > Wy in eq. (15), p(x) has a global maximum at z = (2 — %) o2

n*
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Otherwise the global maximum is at z = U,%. Thus, a confidence measure can be
developed by comparing these local maxima with those of the distribution with the
parameter used for estimation.

Method: Let py (z) be the distribution of certain parameter Y (x) used for esti-
mation, whose maximum is placed at x,,:

Ty, = argmax py () = ¢,,02
xT

with ¢, a constant. Let x5 and x be alternatively the Rayleigh and Rician position
of the maxima for the SLV distribution:
2

m
B = argmjxpo (‘T) ~ (2 - 5) On

rr = argmaxpy, (z) ~ o)
x

The global maximum of the distribution x¢ will be either x5 or ;. However, it is
not necessary to identify it as Rician of Rayleigh. If

T el Tm
2= _Z o B =1z¢
em  2—m/2 Cm ’

then the noise estimation is feasible to be done using the parameter Y (x), i.e. there
are enough background pixels to perform the estimation. Otherwise, if 7= > zg,

the background assumption fails, and Y (x) is not a proper choice for estimation.
Example: As an illustration, consider the second order moment

Y<x>:<M<x>2>x:® S M2(p).

pEN(x)

Noise estimators based on this parameter have been proposed in literature [81, 8,
47]. For the Rayleigh area, the maximum of the distribution of the sample second
order moment is placed at z,,, = 203 [8],1.e. ¢, = 2.

Three different cases are studied: an image with Rayleigh background, an im-
age with a reduced Rayleigh background and an image without the Rayleigh back-
ground. The distribution of Y (x), say pas () is depicted together with the distribu-
tion of the SLV, say py () in Fig. 5. Note that:

e For the image with the Rayleigh background, Fig. 5-(a) the maximum of p;(x)
is placed at 202, and the maximum of py/(z) is the Rayleigh maximum, i.e ¢ =
rg. So, f;’: = 4Eﬂxg, and Y (x) can therefore be used for estimation.

e When the number of pixels in the background is drastically reduced, the global
maximum of the SLV distribution is the one belonging to the Rician area, ¢ =
x, see Fig. 5-(b). However, for Y (x), the Rayleigh area is still stronger than
the Rician one. As a result, the maximum of the distribution of pys () is placed
again at 202 and “m = rg. Y (x) can still be used for noise estimation.

e When the Rayleigﬁlbackground is totally removed, the distribution of the SLV

reduces to a monomodal Gamma, with the maximum x = x;. As there are not
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Fig. 5 (Normalized) Distribution of the SLV py (x) (black) and the sample second order moment
pa(z) (red); (a) image with a large Rayleigh background; (b) image with a reduced Rayleigh
background; (c) image without Rayleigh background.
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Fig. 6 Position of the maxima of the SLV distribution in MR data, assuming a central/non-central
Chi model.

enough point for estimation, the maximum of p;(z) is no longer related to the
Rayleigh area, and it is displaced to higher values, see Fig. 5-(c). In this case
Zm > 1, and consequently Y (x) cannot be used for noise estimation.

The same reasoning can also be applied to the central/non-central Chi model.
This time, the maxima of the distributions are located at 2K (L)o?2 for the central
Chi data and approximately on o2 for the non—central Chi (under the high SNR
assumption, see Fig. 6 for illustration), i.e:

rc = argmax py, (z) ~ 2K (L)o?
€T
Ty = argmgxva (l’) ~ JTQL'

As a final remark, we must point out that, although the SLV distribution has been
used here as a way to assess the viability of some noise estimation technique, it could
be used for noise estimation itself. Since a closed expression has been given, i.e. a
bimodal Gamma distribution, one can use least squares or a maximum likelihood
method to find o,,, as done in [37, 84, 47] for other parameters.
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3 Materials and methods

For the sake of validation and illustration, the following experiments are carried out:

1. Synthetic data is used to test the Gamma distribution assumption for the SLV
of the different statistical models. Rayleigh, Rician, central Chi and non—central
Chi random data are generated, and the SLV of each set is calculated. The actual
distribution is estimated from the histogram and it is compared to the Gamma
approximation proposed for all cases. To that end, images of 750 x 750 points
are generated, and the SLV is estimated using 7 x 7 windows (i.e. N = 49
points). Different values of o,, are considered. For the central/non—central Chi
experiment, L = 8§ is considered in all the cases. For the Rician case, assuming
high SNR, the distribution must be independent of the SNR. To better show this
property, the Rician experiment is repeated for different values of A ranging in
[100 — 250], as shown in Fig. 7.

Fig. 7 Image for the Rician experiment.

2. A 256 x 256 synthetic Rayleigh—distributed image is generated, with a centered
170 x 170 square Rician inside. Different values of ¢, are considered, and A =
200. The distribution of the SLV (using 7 x 7 windows for estimation) is depicted
together with the bimodal Gamma proposed in eq. (15). The values of weights
and o, are by a least square fitting of the real data.

3. An experiment to test the Gamma approximation over synthetic MR data is car-
ried out. A 181 x 217 x 181 MR synthetic volume, originally noise free, from the
Brainweb database [53], Fig. 8-(a), has been artificially corrupted with Rician
noise with o, = 15, Fig, 8-(b). Using the mask in Fig. 8-(c) an artificial zero
background has been added to the noisy image, Fig. 8-(d). The SLV of the noisy
data is calculated using a 3 x 3 x 3 square window and its distribution is depicted
for two cases: using the whole Rayleigh background in Fig. 8-(b) and using the
reduced Rayleigh background in Fig. 8-(d). The artificial zero background will
be removed for variance estimation.

4. To illustrate the proposed method to assess a noise estimation procedure, a new
experiment is done. The distribution of the SLV of the noisy synthetic data from
BrainWeb of the previous experiment is compared to two other local parameters
used for estimation: namely the local mean and the second order moment. Us-
ing these moments of the Rayleigh distribution some noise estimators has been
defined in literature [81, 86, 8, 47], as, for example, the following:
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Fig. 8 Slices of a 3D volume from Brainweb. (a) Original image. (b) Image with Rician Noise,
oyn = 15. (c) Noise mask. Pixels in black are artificially set to 0 in the final image. (d) Image with
Rician noise using the mask. Color map in Fig. (b) and (d) has been changed to highlight the noisy
areas.

7% = gmode{ (M2(x))x}

O = \/zmod6{<M(X)>x}

with (M (x))x the sample local mean of magnitude image M (x). To make all the
distributions be a function of ¢,,, the square root of the SLV and the second order
moment will be considered. So, for the experiment, the following distributions
will be considered:

a. py (z): Distribution of the (square root of the) SLV of the noisy image M (x).
For the reduced background cases, its maximum will be at o,,.

b. pas(x): Distribution of the (square root of the) sample local second order
moment of the noisy image M (x). The maximum of the second order moment
distribution for Rayleigh data is placed at 2¢,,, so ¢3; = /2 and the maximum
of pas(x) will be then be at \/(2)o,, (if the Rayleigh region is big enough).

c. pa(x): Distribution of the sample local mean of the noisy image M (x).
The maxima of the sample mean distribution for Rayleigh data is placed at

\/2/7‘771 .

5. Finally, the Gamma model for the SLV distribution is tested using real MR data.
Two different data sets have been considered. First, the baseline from a single coil
DTTI acquisition, scanned in a 1.5 Tesla GE system, slick thickness: 5 mm, size
256 x 256 x 24 (real data set 1, RD1, Fig. 9); and second one slice of a multiple
coil acquisition, from an 8 coil GE Signa 1.5 Tesla EXCITE 11m4 scanner, FSE
Pulse Sequence, TR=500 ms, TE= 13.8 ms, matrix size= 256 x 256, FOV=20 x
20 cm, slick thickness= 5 mm (real data set 2, RD2, Fig. 10); the magnitude
image is reconstructed using SoS. For both data sets, the SLV is estimated using
7 x 7 square windows, and the PDF is estimated from the histogram. A bimodal
Gamma distribution is fitted to each data set using least squares.
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Fig. 9 Real Data set 1 (RD1). Slice from a single coil DTI-MR acquisition.

Fig. 10 Real Data set 2 (RD2). Slice from an 8-coil acquisition.

4 Results

L 0=10 1
0.045 — Real data distribution
0.04f -----Gamma Approximation|

Fig. 11 Distribution of the SLV of Rayleigh data. Real data (black) vs. the proposed Gamma
approximation (red) for different o, values.

Results for the first experiment for Rayleigh data are depicted in Fig. 11. The
Gamma approximation totally fits the distribution estimated from the real data for
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any o, value. We can conclude that the Gamma approximation proposed is a good
representation of the SLV distribution for Rayleigh data. To test the effect of the
number of points in the approximation, the real SLV data are plotted vs. the proposed
Gamma distribution in Fig. 12. Different number of points are considered and ¢ =
10 for all cases. Note that the chosen N correspond to 3 X 3,5 x 5and 7 x 7
neighborhoods. As N grows, there is a better fit of the data to the proposed model.
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Fig. 12 QQ plots of the samples of the SLV of Rayleigh data vs. the proposed Gamma distribution.
Different N values are considered and o = 10.
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Fig. 13 Distribution of the SLV of Rician data for signal value A = 200. Real data (black) vs. the
proposed Gamma approximation (red) for different o, values. Left: High SNR. Right: Low SNR
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Fig. 14 Distribution of the SLV of Rician data for SN R = 3. Real data (black) vs. the proposed
Gamma approximation with simplification (red) and with a better approximation of mean and
variance (green).
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In Fig. 13 the histogram of the SLV of Rician data for different o,, values is de-
picted together with the Gamma approximation proposed. As in the Rayleigh case,
the Gamma distribution fits the data as long as the high SNR assumption holds.
However, for low SNR values (Fig. 13-b) the simplifications made before no longer
hold. However, the error commited is not due to the Gamma model proposed, but
to the simplification for large SNR done when the mean and the variance are es-
timated. If necessary, taking more terms in eqs. (13) and (14) will give a better
approximation. For instance, taking the series to a higher order, the following mean
and variance can be considered:

pvy= S (1 L)

2(N — ].)O' 1
2 o n o1

Q

with SNR=A/o,,. Note that this time the SNR value must be known. As an illustra-
tion, the experiment is repeated, and real data histogram vs. Gamma approximation
with these new parameters are shown in Fig. 14. Using the new approximation for
the mean and the variance, the Gamma distribution fits again real data.

It is important to recall that, under the high SNR assumption, the resultant distri-
bution of the SLV does not depend on the value of the signal, but only on the value
of 0, and N. Accordingly, regardless of the different intensity values on the image,
the shape and position of the distribution will be constant. To test this assumption,
a square image with different A values ranging in the interval A € [100, 250] (see
Fig. 7) is now used, see Fig. 15. The Gamma distribution totally fits real data, and
the different A values do not influence in the final distribution.

We can conclude that, for the high SNR assumption, the Gamma model is also a
good approximation for the SLV of Rician data. However, the model fails when low
SNR is considered. The inability of the model to follow the data is not due to the
model itself, but to the simplification done when calculating the mean and variance.
If more terms are considered in the series expansion, the Gamma approximation
will also be a good model for low SNR case. However, the mode will no longer be
placed at a value independent of the signal.

Fig. 15 Distribution of the SLV for a Rician image with multiple levels of signals; A € [100, 250],
on = 10. Original data (black) vs. theoretical approach.
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Fig. 16 Distribution of the SLV of central Chi data. Real data (black) vs. the proposed Gamma
approximation (red) for different o, values and L = 8.
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Fig. 17 Distribution of the SLV of non—central Chi data for signal value A = 200 and L = 8.
Real data (black) vs. the proposed Gamma approximation (red) for different o, values. Left: High
SNR. Right: Low SNR

Results presented in Fig. 16 and Fig. 17 for the central and non-central Chi exper-
iments present the same results as the Rayleigh/Rician case and the same comments
can be made

For the second experiment, the SLV from a synthetic Rayleigh/Rician image is
compared to the Gamma approximation proposed. Results are in Fig. 18 for different
SNR values. As expected from the previous experiments, as long as the SNR is high
on the Rician area, the assumption holds and the model fits the data. Note that we
have used the simplified version of eqgs. (13) and (14), hence the error in the Rician
area for the low SNR values.

For the third experiment, the distribution of the SLV of the noisy images are
depicted in Fig. 19 for both cases: the whole Rayleigh background, Fig. 8-(b) (black
line), and the smaller Rayleigh background in Fig. 8-(d) (red line). The artificial
zero background has been removed for variance estimation. Note that for the first
case the Rayleigh maximum is the absolute maximum (W > W), while in the
second one, the global maximum is the Rician one. According to the model pro-
posed, the maxima should be related as 2_9677?/2 = xj = oy,. From the Figure, it can
be effectively seen that z; ~ 02 = (15)? = 225 and 23 =~ (2—7/2)02 = 98.57.

The fourth experiment is an illustration of the method to test the validity of
the background for noise estimation. Fig. 20-(a) is the case showed in Fig.8-(d).
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Fig. 18 Histogram of the SLV distribution (black) vs. theoretical distribution (red), using least
squares to adjust them.
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Fig. 19 (Normalized by maximum) distribution of the (square rooted) SLV in the MR noisy vol-
ume for o, = 15: for Fig. 8-(b) (black line) and Fig. 8-(d) (red line).

In Fig. 20-(b) the noisy background around the skull has been reduced even more
and in Fig. 20-(c) it has been completely removed. For all the cases, the maximum
of py () is placed at a value slightly greater that o,, = 15 (the Rician maximum),
due to numerical issues. The Rayleigh-related maximum is progressively decreasing
as the background is removed. For the first two cases, the maximum of pps(x) is
placed at x); = /20, = 21.21, and the maximum of p4(z) is placed at x4, =
V2 —7/20, = 18.79. So, for the first two backgrounds, these parameters may be
used for noise estimation, since tg = xj, ”C”ﬂ = z¢ and %‘ = z¢. However, for
the third case, since the background has been completely removed, the maxima of
pa(x) and p 4 (x) are displaced to higher values, and therefore, for both parameters
P> 76 and f—;‘ > z g, and consequently we can state that there is not enough
background for an estimation.

In the last experiment, we simply test the Gamma assumption over real data
sets. Results for RD1 are depicted on Fig. 21, and for RD2 on Fig. 22. Since both
data sets have an homogeneous Rayleigh background, the distributions mainly show
the Rayleigh contribution of the data, i.e just one mode. In both cases, the Gamma
distributions totally fit the real data distribution. Therefore, we can conclude that the

Gamma approximation proposed is a proper representation of the SLV of MR data.



About the background distribution in MR data: a local variance study 179

C I

o]
==

h
Vo /M \
|

—

S

oo oo o000 oo
© o o009 00 oo
oo ooo oo oo

g L J ]
10 15 20 25 0 5 10 5 20 25 30 35 10 5 20 25 0 35 40 45 50

Fig. 20 (Normalized) Distribution py (z) (black) vs. pas(x) (red) and p 4 (x) (blue) for the noisy
volume in Fig. 8. The maxima of the distributions are used for noise estimation. Three different
backgrounds are considered. The size of the background is decreasing from (a) to (c).
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Fig. 21 Single coil real data: Histogram of the SLV distribution of real Data set 1 (black) vs.
bimodal Gamma distribution (red), using least squares to adjust them.

0.81

0.6r

0.4r

0.21

0 0.5 1 15 2 25 3

Fig. 22 Multiple coil real data: Histogram of the SLV distribution of real Data set 2 (black) vs.
bimodal Gamma distribution (red), using least squares to adjust them.

5 Discussion and conclusions

Two main contributions are presented in the current paper: first, a model for the SLV
in MR data is derived and second, as an example of use, the proposed distribution
can be used as a way to test the viability of one particular parameter to be used as a
noise estimator.

The SLV is used as a tool to study the behavior of the signal/background areas in
different MR models. The SLV of Gaussian data is known to follow a Gamma distri-
bution; this PDF has shown to be a very good model for the distribution of the SLV
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of Rayleigh, Rician, central Chi and non—central Chi variables, the usual models
for MR, either for one or multiple coil acquired data. The use of this distribution to
model the background and signal areas of the image will result in a bimodal Gamma
distribution whose maxima are related to the properties of these two areas. Exper-
iments show that the proposed distribution totally fits reall data. For low SNR, the
model fails in the signal areas due to the simplification of the estimated parameters,
but not due to the model itself. If necessary, for low SNR more terms may be added
to the calculation of mean and variance, improving the data fitting of the model.
The price to pay is that the SNR value must be known. Note that this is not useful in
practical situations, where a MR image may have different SNR values in different
regions.

In the current paper the SLV has been used exclusively to analyze MR-based
models of noise, i.e. the Rayleigh/Rician model and the central/non—central Chi.
However, note that the Gamma characterization of the SLV may be extrapolated to
other noise models and other probability distributions, such as the statistical charac-
terization of BOLD signals in fMRI [154, 155, 156].

As an illustration of the proposed model, a method to test background-based
noise estimation techniques has been developed. If the distribution of the param-
eter used for estimation has its maximum at a value related to the noise power, a
comparison with the maxima of the bimodal Gamma distribution will tell if the
number of background pixels is enough to perform such estimation. This test is
motivated by the reduced background we can usually find as a result of modern
scanning techniques. It is not unusual to find that the scanner has deleted part of
the actual background of the image. As a result, the number of pixels available to
perform the estimation may be drastically reduced. The proposed method presents a
way to test if the number of remaining background pixels is large enough to perform
the estimation.

Finally, we want to recall that the SLV distribution model here presented may be
used for further purposes, not only as a way to check a noise estimation technique.
Following, we propose some possible applications: (1) Alternative noise estimation
algorithms may be developed by fitting a bimodal Gamma PDF to the real data
SLV histogram. Using least squares or a maximum likelihood algorithm, as done in
[37, 84, 47], o,-related parameters may be estimated from real data, and from them
the variance of noise can be derived. (2) Another application would deal with inho-
mogeneities in the image and non-stationarity of signals. They both have an impact
over the statistical model and consequently they affect to the shape and position of
the SLV histogram. A method to detect and characterize such homogeneities may
be based on how the real SLV distribution differs from the theoretical one. (3) As
the position of the maxima is related to the variance of noise, consistency of the data
after some noise reducing procedure may be checked. (4) The position of the signal
maximum for the high SNR assumption will be always placed at o2, regardless of
being Rician or non—central Chi data, while the position of the background maxi-
mum will be related to the number of coils. The underlying statistical model and the
number of coils in the acquisition may be inferred if necessary from a comparison
between these maxima positions.
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6 Appendices

6.1 About the Sample Local Variance

Let X;,7 = {1,---, N} be a set of random variables independent and identically
distributed, following a known distribution with moments (. The (biased) SLV is

defined as
N

. 1 1 & ’
Var(X;) = > (Xi)? - (N ZXZ) . (23)
i=1

i=1
Note that it is necessary to multiply eq. (23) by % to make it unbiased. If we

define the variable V' = \/k;r(Xi), the mean and variance of such a distribution are
derived as follows:

E{V} = <1 - ;,) (12— 117)
1

(24)

E{V?} = m[(N2 — 2N + 1V pg + (N? = 3N2 + 5N — 3)u3 + (—2N3 + 12N? — 22N + 12)popi?

H(N3 = 6N? + 11N — 6)pf + (—4N? + 6N — 4) s 1]
1

Var(V) = — [(—4N? + 8N — 4)pgps + (8N? — 20N + 12)popf + (—N? + 4N — 3)p3

N3
+(N? = 2N + 1)pg + (—4N? + 10N — 6)p]]

N

2
ﬁ) for the unbiased case.

Multiply the mean by % and the variance by (

6.2 About the moments of the distributions

For the calculation of the mean and variance of the sample local mean, the first four
moments of the related distributions are needed. For the Rayleigh distribution:

1 = \/%0 2 = 20°

U3 = 3\/203 g = 8ot
For the Rician distribution

[ A? 5 )
M1 = §L1/2 (_W> o pg=A"+20

m A? 3 4 2 42 4
,LL3:3 5[/3/2 _ﬁ /,L4:A +80' A +80’

(25)

(26)
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where L, (z) is the Laguerre polynomial of order u-th. A series expansion of these
Laguerre polynomials may be considered considered, assuming NV large and A2 >>

o2, which actually is the high SNR assumption. For = % the polynomials for
v=1/2and v = 3/2 are

2,/ 1 1
Lijo(—z) = =+ O (2772
2(=2) = et e g T (+7")
4232 3z 3 1
Ly o(—) = 0 —5/2).
3200 = 5=t = s T e <x
The moments for the central Chi distribution are
I'(L+1/2) o
=V2— =2L
H1 V2 (L) o K2 o
I'(L+3/2) 4 4
=3vV2——= =4L(L +1
ps = 3v/2 R (L+1)o

and for the non—central Chi:

I'(L+1/2 1 A?

2
3 = 3\/§W1F1 (ZL ig) 0wy = A} + AL +1)A30% + AL(L + 1)0*

with 1 3} the Kummer confluent hypergeometric function.
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Noise Estimation in Parallel MRI: GRAPPA and
SENSE

Santiago Aja-Fernandez, Gonzalo Vegas-Sdnchez-Ferrero, Antonio Tristan-Vega*®

Abstract Parallel imaging methods allow to increase the acquisition rate via sub-
sampled acquisitions of the k—space. SENSE and GRAPPA are the most popular
reconstruction methods proposed in order to suppress the artifacts created by this
subsampling. The reconstruction process carried out by both methods yields to a
variance of noise value which is dependent on the position within the final image.
Hence, the traditional noise estimation methods —based on a single noise level
for the whole image— fail. In this paper we propose a novel methodology to esti-
mate the spatial dependent pattern of the variance of noise in SENSE and GRAPPA
reconstructed images. In both cases, some additional information must be known
beforehand: the sensitivity maps of each receiver coil in the SENSE case and the
reconstruction coefficients for GRAPPA.

1 Introduction

Magnetic Resonance Imaging (MRI) is known to be affected by several sources of
quality deterioration, due to limitations in the hardware, scanning times, movement
of patients, or even the motion of molecules in the scanning subject. Among them,
noise is one source of degradation that affects acquisitions. The presence of noise
over the acquired MR signal is a problem that affects not only the visual quality
of the images, but also may interfere with further processing techniques such as
registration or tensor estimation in Diffusion Tensor MRI [157].

Noise has usually been statistically modeled attending to the scanner coil ar-
chitecture. For a single—coil acquisition, the complex spatial MR data is typically
modeled as a complex Gaussian process, where the real and imaginary parts of the

* This chapter was previously published as: Santiago Aja-Fernindez, Gonzalo Vegas-Sanchez-
Ferrero, Antonio Tristan-Vega, “Noise Estimation in Parallel MRI: GRAPPA and SENSE”, Mag-
netic Resonance Imaging, Volume 32, Issue 3, April 2014, Pages 281290.
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original signal are corrupted with uncorrelated Gaussian noise with zero mean and
equal variance o2. Thus, the magnitude signal is the Rician distributed envelope of
the complex signal [5]. This Rician distribution whose variance is the same for the
whole image is also known as homogeneous Rician distribution or, more accurately,
stationary Rician distribution, and it has been the most used model in literature for
multiple applications [4, 8, 37, 23, 25, 58].

When a multiple—coil MR acquisition system is considered, the Gaussian pro-
cess is repeated for each receiving coil. As a consequence, noise in each coil in
the k—space can be also modeled as a complex stationary Additive White Gaussian
Noise process, with zero mean and equal variance. In that case, the noise in the
complex signal in the x—space for each coil will also be Gaussian. If the k—space is
fully sampled, the composite magnitude signal (CMS, i.e. the final real signal after
reconstruction) is obtained using methods such as the sum-of-squares (SoS) [27].
Assuming the noise components to be identically and independently distributed, the
CMS will follow a non-central chi (nc-x) distribution [27]. If the correlation be-
tween coils is taken into account, the data does not strictly follow a nc-y but, for
practical purposes, it can be modeled as such, but taking into account effective pa-
rameters [49, 50].

However, in multiple—coil systems, fully sampling the k—space acquisition is
not the common trend in acquisition. Nowadays, due to time restrictions, most
acquisitions are usually accelerated by using parallel MRI (pMRI) reconstruction
techniques, which allow to increase the acquisition rate via subsampled acquisi-
tions of the k—space. This acceleration goes together with an artifact known as
aliasing. Many reconstruction methods have been proposed in order to suppress the
aliasing created by this subsampling, being SENSE (Sensitivity Encoding for Fast
MRI) [32] and GRAPPA (Generalized Autocalibrating Partially Parallel Acquisi-
tion) [33] dominant among them. From a statistical point of view, both reconstruc-
tion methods will affect the stationarity of the noise in the reconstructed data, i.e.
the spatial distribution of the noise across the image. As a result, if SENSE is used,
the magnitude signal may be considered Rician distributed [46, 43] but the value
of the statistical parameters and, in particular, the variance of noise ai, will vary
for different image locations, i.e. it becomes x-dependent. Similarly, if GRAPPA is
used, the CMS may be approximated by a non-stationary nc-x distribution [42, 43]
with effective parameters.

Noise estimators proposed in literature are based on the assumption of a single
0721 value for all the pixels in the image, either assuming a Rician model[7, 81, 37,
8,47, 84] or anc-y [27, 47, 48, 49]. Accordingly, those methods do not apply when
dealing with pMRI and non-stationary noise. Noise estimators must therefore be
reformulated in order to cope with these new image modalities.

In this paper we propose different methodologies to estimate the spatially dis-
tributed variance of noise o2 from the magnitude signal when SENSE or GRAPPA
are used as pMRI technique.
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2 Noise statistical models in pMRI

As previously stated, most noise estimation methods in literature rely on the as-
sumption of a single value of o2 for every pixel within the image. However, this is
no longer the case when pMRI protocols are considered.

In multiple coil systems, the acquisition rate may be increased by subsampling
the k—space data [30, 31], while reducing phase distortions when strong magnetic
field gradients are present. The immediate effect of the k—space subsampling is the
appearance of aliased replicas in the image domain retrieved at each coil. In order
to suppress or correct this aliasing, pMRI combines the redundant information from
several coils to reconstruct a single non-aliased image domain.

The commonly used (stationary) Rician and nc-y models do not necessarily hold
in this case. Depending on the way the information from each coil is combined, the
statistics of the image will follow different distributions. It is therefore necessary to
study the behavior of the data for a particular reconstruction method. We will focus
on two of the most popular methods, SENSE [32] and GRAPPA [33], in their most
basic formulation.

In the following sections we will assume an L-coil configuration, being L the
number of coils in the system. s (k) is the subsampled signal at the I-th coil of
the k—space (I = 1,---, L), S{ (x) is the subsampled signal in the image domain,
i.e., the x-space, and r is the subsampling rate. The k-space data at each coil can be
accurately described by an Additive White Gaussian Noise (AWGN) process, with

zero mean and variance o%:

sP(k) = ai(k) +my(k;ok,), 1=1,--,L (1)

with a;(k) the noise-free signal and ny(k; 0%, ) = n, (k;0%,) + jny, (k; 0%,) the
AWGN process, which is initially assumed stationary so that U%Q does not depend
on k. The complex x-space is obtained as the inverse Discrete Fourier Transform
(iDFT) of s (k) for each slice or volume, so the noise in the complex x-space is
still Gaussian [43]:

Sis(x) - Al(x) +N1(X;0'12), l= 13 7L
where N;(x;0?) = N, (x;0%) + jNi,(x;07) is also a complex AWGN process

(note we are assuming that there are not any spatial correlations) with zero mean
and covariance matrix:

2
01 012 ** - 01L
2
021 05 "+ 02L @)
2
or10L2 *++ 07,

The relation between the noise variances in the k and x-domains is given by the
number of points used for the iDFT:
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Noise relations
k—space  |Parameters X-space Relation

Fully  sam- af =

pled, Wo—%ﬂ 5

U%q x-size: |2

k-size: | (2|

Subsampled ., o? =

T 2

217K,
x-size: |£2|/r
(SENSE)

Subsampled ., o? =

2 12

7K, e[k,

k-size: |2 x-size: |£2|

(zero padded) (GRAPPA)

Table 1 Relations between the variance of noise in complex MR data for each coil in the k—space
and the image domain.

2 T o
g _@UKI'

with |£2| the final number of pixels in the field of view (FOV). Note that the final
noise power is greater than in the fully sampled case due to the reduced k—space
averaging, as it will be the case with SENSE (see below). On the contrary, the iDFT
may be computed after zero-padding the missing (not sampled) k—space lines, and
then we have [42]:

_ ! 2

= |_Q| o (o) K-

In the latter case the noise power is reduced with respect to the fully sampled case,
since we average exactly the same number of samples but only 1 of each r of them
contributes a noise sample (this will also be the case with GRAPPA). Finally, note
that although the level of noise is smaller in GRAPPA due to the zero padding, the
SNR does not increase, since the zero padding produces also a reduction of the level
of the signal.

Relations between the variance of noise in complex x-space and k—space for
each coil is summarized in Table 1.

of
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2.1 Statistical Noise Model in SENSE Reconstructed Images

Prior to the definition of the estimators, the statistical noise model in SENSE must
be properly defined. Many studies have been made about this topic from a SNR or a
g-factor (noise amplification) point of view [32, 43, 52]. Since this paper is focused
on the 072L value estimation rather than a SNR level, an equivalent reformulation
must be done, more coherent with the signal and noise analysis usually assumed for
noise estimation.

In multiple coil scanners, the signal acquired in each coil, l = 1,2,--- | L, can
be modeled in the k—space by the following equation [30, 158]:

si(k) = /V C1(%) S (%) 27 dx,

where Sy(x) is the excited spin density function throughout the volume V' (it is
sometime denoted by p(x), and it can be seen as an original image weighted by the
spatial sensitivity of coil I-th, C;(x). In the x-space this is equivalent to [30, 34]:

SZ(X) :CZ(X)S()(X), l= L. 7L' 3

An accelerated pMRI acquisition with a factor » will reduce the matrix size of the
image at every coil. The signal in one pixel at location (z, y) of I-th coil can be now
written as [32, 34]:

Sl(xa y) = OZ(JJ, yl)SO(x7y1) +-+ Cl('r7yT)SO(x7y7")' (4)

Let us call Sf (, y) to the subsampled signal at coil I-th and S™(x, ) to the final
reconstructed image. Note that the latter can be seen as an estimator of the original
image S™(z,y) = So(x,y) that can be obtained from eq. (4)

S8 (x,y) = Ci(x,y1)So(, 1) + - - + Ci(, y:)So (2, yi)
= Cy(z,y1)S™(x,y1) + - -+ Oy, 4, ) ST (x,y,) 1=1,---,L

SR (z,y) can be easily derived from this relation. For instance, for r = 2 for pixel
(z,5), S®(z,y) becomes [32, 30, 34]

SR
[SH=[W1W2]><[S§--SE], 5)
where S stands for each of the r reconstructed pixels. In matrix form for each
pixel and an arbitrary r
SR=W,;x8% i=1,---,r (©6)

K3

with W = [W1, - -- W, ] a reconstruction matrix created from the sensitivity maps
at each coil. These maps, C = [Cy,---,Cp] are estimated through calibration
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right before each acquisition session. Once they are known, the matrix W reduces
to a least-squares solver for the overdetermined problem C(z,y) x S™(z,y) ~
SS(z,y) [32, 34]:

W(.Z‘,y) = (C*(g%y)C(g;’y))*lC*(x’y) (7N

The correlation between coils may be incorporated in the reconstruction as a pre-
whitening matrix for the measurements, and W (z, y) becomes then a weighted least
squares solver with correlation matrix 33:

W(z,y) = (C*(z,y)= "' C(x,y)) ' C*(z,y)T~".

The SNR of the fully sampled image and the image reconstructed with SENSE are
related by the so-called g-factor, g [52, 34]:

SNRfull
VT g

However, in our problem we are more interested on the actual noise model un-
derlying the SENSE reconstruction and on the final variance of noise. The final
signal SZR is obtained as a linear combination of Sls, where the noise is Gaussian
distributed. Thus, the resulting signal is also Gaussian, with variance:

SNRSENSE = (8)

0?2 = W;EZW,. 9)

Since W; is position-dependent, i.e. W; = W, (z,y), so will be the variance of
noise, 01-2 (x,y). For further reference, when the whole image is taken into account,
let us denote the variance of noise for each pixel in the reconstructed data by 0% (x).

All in all, noise in the final reconstructed signal S™(z, y) will follow a complex
Gaussian distribution. If the magnitude is considered, i.e. M (z,y) = |S®(z,9)|,
the final magnitude image will follow a Rician distribution [43], just like single-coil
systems.

To sum up: (1) Subsampled multi coil MR data reconstructed with Cartesian
SENSE follow a Rician distribution at each point of the image; (2) The resulting
distribution is non-stationary. This means that the variance of noise will vary from
point to point across the image; (3) The final value of the variance of noise at each
point will only depend on the covariance matrix of the original data (prior to recon-
struction) and on the sensitivity map, and not on the data themselves.

2.2 Noise statistical model in GRAPPA

The GeneRalized Autocalibrated Partially Parallel Acquisitions (GRAPPA) [33] re-
construction strategy estimates the full k—space in each coil from a sub-sampled
k—space acquisition. The reconstructed lines are estimated through a linear com-
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bination of the existing samples. Weighted data in a neighborhood 7 (k) around the
estimated pixel from several coils is used for such an estimation. While the sampled
data s7 (k) remain the same, the reconstructed lines s} (k) are estimated through a
linear combination of the existing samples. Weighted data in a neighborhood 7(k)
around the estimated pixel from several coils is used for such an estimation:

Z > Sk —c)wm(lc), (10)

m=1 cen(k)

with s;(k) the complex signal from coil [ at point k and w,,(l,k) the complex
reconstruction coefficients for coil /. These coefficients are determined from the
low-frequency coordinates of k—space, termed the Auto Calibration Signal (ACS)
lines, which are sampled at the Nyquist rate (i.e. unaccelerated). Breuer et al. [51]
pointed out that eq. (10) can be rewritten using the convolution operator:

L
:Zs ) ® wpn (1, k), (11)

=1

where w,, (I, k) is a convolution kernel that can be easily derived from the GRAPPA
weight set w,, (I, k). Since a (circular) convolution in the k—space is equivalent to a
product into the x-space, we can write:

= |£2| Z (%) X Win (1, x),

with W,,, (1, x) the GRAPPA reconstruction coefficients in the x-space and |{2| the
size of the image in each coil. The CMS can be obtained using the SoS of the signal
in each coil:

12)

In [42] authors pointed out that the resultant distribution of the CMS in eq. (3) is
not strictly a nc-y, but its behavior will be very similar and could be modeled as
such with a small approximation error. However, the reconstruction method will
highly increase the correlations between the reconstructed signals in each coil, what
translates into a decrease of the number of Degrees of Freedom of the distribution.
As a consequence, the final distribution will show a (reduced) effective number of
coils Legr and an (increased) effective variance of noise agff:

AR r (C3) + (ir (C%))?
A*C2A+I|C |\F ’
tr (C%)

02e(x) = , (14)
Cff Leff

Legr(x) =

(13)
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where C% (x) = WX W* is the covariance matrix of the interpolated data at each
spatial location, A (x) = [Ay,--- , Ar]7 is the noise-free reconstructed signal, ||.||
is the Frobenious norm, X is the covariance matrix of the original data and W (x)
is the GRAPPA interpolation matrix for each (x):

wi(l,x) --- Wi(L,x)
weo=| oo
WL(].,X) WL(L,X)

Although the nc-) model is feasible for GRAPPA, the resulting distribution is non-
stationary since the effective parameters are spatially dependent.

2.3 Practical simplifications over the GRAPPA model

For practical purposes, in order to make the noise estimation feasible, some simpli-
fications can be made over eq. (13) and eq. (14). We will simplify the problem by
assuming that the variance of noise is the same for every coil, 012 = 03, and that the
signal is also the same A; = A; for all 4, j. The covariance matrix can therefore be
written as:

1 p12 - piL
y | P22 1 opar
=02 T (15)
pripre - 1
Accordingly, matrix C3; becomes
1 p12 - piL
p21 1 -+ pap
Cix)=02-Wx | . . | xW'=02.-0(x). (16
pripre - 1

The effective values may be now simplified to:

SNR? L tr (©) + (tr (©))?
Lefr(x) = 3 5
SNR7[[®]|: + [|O][%
2 _ 2SNR2||®||1+||®H2F
g ff(x) — Yn 2
SNR? L + tr (©)

; A7)

(18)

€

2
with SNR?(x) = ALTU(;( ). For these equations, two extreme cases can be considered:

1. In the background, where no signal is present and hence SNR=0, the effective
values are:
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(tr (©))*

Letf p = ~—— (19)
5ol
5 2 191
Oeff,s = On tr (@) . (20)
2. For high SNR areas, say SNR — oo:
tr (®)
Leggg=1L- 20
o IR
e
=l L“l. (22)

These two cases give respectively the lower and upper bounds of agff(x) within the
image (vice-versa for Lg). Using the simplified version of the effective variance of
noise in eq. (22) we can write:

Jgff(x) = ¢n(x) - UgfﬂB + (1 = ¢n(x)) - Ugfﬁs (23)

with

_ tr (O(x))
On() = L SNR?(x) + tr (©(x))

Note that ¢, (x) becomes 1 in the background (when SNR— 0) and becomes 0 in
high SNR areas (when SNR— 00).

The simplified model here presented is far from the standard stationary nc-y
generally used, and clearly very far from the stationary Rician model. If we consider
results in eq. (20) and (22) we can see that the variance of noise in the background
and in the signal areas will be different. If the estimation of noise is done using only
the background (as it has been traditionally done) and no corrections are done, there
will be a bias when used over the signal areas.

(24)

3 Noise estimation

3.1 Noise Estimation in SENSE

In the background of a SENSE MR image, where the SNR is zero, the Rician PDF
simplifies to a (non-stationary) Rayleigh distribution, whose second order moment
is defined as

E{M?*(x)} =2 0% (x). (25)

Since 0% (x) is x-dependent, E{M?(x)} will also show a different value for each
x position. Let us assume that each coil in the x-space is initially corrupted with
uncorrelated Gaussian noise with the same variance o2 and there is a correlation
between coils p so that matrix 3 becomes
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1p..p
pl...p

s=o2|. . V| =e2aepn-1),
pp...l

with I the L x L identity matrix and 1 a L x L matrix of 1’s. For each x value, we
define the global map

Global map Gy (x) can be easily infered from the Gy, values. Note that Gy (x) is
strongly related to the g-factor [52]. Eq. (25) then becomes

E{M?(x)} =2 O'?L Gw (x) (26)

and )

E{M
By using this regularization, we can assure a single o2 value for all the points in the
image. Following the noise estimation philosophy in [8, 47], we can now define a
noise estimator based on the local sample estimation of the second order moment:

1
MP(x))x = T Y M(p),
Gl 55

with 77(x) a neighborhood centered in x. (M?(x))y is known to follow a Gamma
distribution [47] whose mode is 202 (|n(x)| — 1)/|n(x)|. Then

(M| o0l =1,
m°de{gw<x>}2” TR

when |n(x)| >> 1. The estimator is then defined as

L1 [60)
oA = ymote { IO} @

and consequently the noise in each pixel is estimated as

—~ 2(x x
0% (x) = %mode {WQ;/((X);} Gw (x) (29)

This estimator is only valid over the background pixels. However, as shown in
[8, 47], no segmentation of these pixels is needed: the use of the mode allows us
to work with the whole image. On the other hand, to carry out the estimation, the
sensitivity map of each coil and the correlation between coils must be known be-
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forehand. These parameters are needed for the SENSE encoding, and thus, they can
be easily obtained.

3.2 Noise estimation in GRAPPA

The background area of a GRAPPA reconstructed image may be approximated by
a c-x distribution, whose second order moment is defined as

E{M?} = 202L. (30)

Effective parameters Legr(x) and o2(x) must me taken into account. Since both
are x-dependent, E{M?} will also show a different value for each x position:

E{M7}(x) = 2 054(x) Lefr(x)

=21tr (C%(x))
and assuming the simplifications proposed in section 2.3:
E{M}}(x) = 207 r(O(x)).

In order to estimate a possible value of o2 matrices W (x) (the GRAPPA weights)
must be known before hand. In addition, some assumption must be also made over
covariance matrix 3. One possible assumption is the same correlation between all
coils, as done in SENSE:

pL--p
S=on| ... . |=0a@+p1-1).
p p ... 1
or, in a much simplified case, no correlations between coils, 3 = U,QL I. In any case,
from eq. (30) we can always derive

> _ E{M7}(x)

ERETCTE) o

Following the same noise estimation philosophy proposed for SENSE, we can de-
fine a noise estimator based on the local sample estimation of the second order

moment: . (012(x)
~ 1 2(x))x
o2 = 2mode {tr(@(x) } (32)
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This estimator is only valid over the background pixels. However, as showed in
[8, 47], no segmentation of these pixels is needed. On the other hand, to carry out
the estimation, the GRAPPA interpolation weights must be known beforehand.

3.3 Estimation of effective values in GRAPPA

Although many methods and applications based on the nc-x use only the o2 value,
there are other situations in which the effective value of noise is needed. Note that
this effective value will now be x-dependent.

Assum/ir\lg that we know the GR//XFPA Weiigllts beforehand, we can use the es-
timation o2 in eq. (32) to estimate 0721’ p and O’%, - using eq. (20) and eq. (22) re-
spectively. These two values give the lower and upper bounds of the actual agff(x)

across the image. Using the simplified version of the effective variance of noise in
eq. (23):

72t (X) = Gn(X) - 0ettp + (1 — Gn(x)) - 0%ett s (33)

A rough estimation of ¢,,(x) can be done using the sample second order moment
(although more complex estimation could also be considered). Since

E{M2}(x) = A2 + 202 tr (©(x)).

we can write

tr (©)
¢n = A2
o5 +tr(O)
_ u(®) o
A2 4+ (0) o2
Therefore, a simple estimation would be
— tr (® EZ
On(x) = ©) —. (34)

(M2) — tr (©) o2

n

Finally, the estimated effective noise variance becomes:

= | w©) ||e|1+<1_ w(®) i |\ [©
(

7 etr(x) = on M2 —w(@) o2 L M2 — (@) 02 ) (O)
(35)
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Fig. 1 Sensitivity Maps used for the experiments. Top: synthetic sensitivity map. Bottom: Map
estimated from real acquisition.

Fig. 2 Maps of 0% (x) in the final image: (a-c-e): Theoretical values. (b-d-f): Estimated from
samples. (a-b) Synthetic Sensitivity Map with no correlation. (c-d) Synthetic Sensitivity Map with
correlation between coils. (e-f) Real sensitivity map with correlation between coils (log scale).

4 Experiments and Results

For the sake of validation of the noise estimators proposed, some experiments are
carried out. We will focus first in SENSE and later in GRAPPA.

4.1 Noise estimation in SENSE

We will first test the variation of parameter 0% (x) across the image in SENSE. To
that end, we work with two sensitivity maps belonging to 8-coil systems as shown
in Fig. 1: one synthetic sensitivity map (top) and a real map (bottom), estimated
from a T1 acquisition done in a GE Signa 1.5T EXCITE, FSE pulse sequence, 8
coils, TR=500msec, TE=13.8msec, 256 x 256 and FOV: 20cm x 20cm. For the sake
of simplicity we assume a normalized variance at each coil o7 = 1 since it will not
affect the experiment. We will simulate two different configurations, first, assuming
that there is no initial correlation between coils, and second, assuming a correlation
coefficient of p = 0.1. From the data, and using the theoretical expression in eq. (9)
we calculate the variance of noise for each pixel in the final image. In order to
test the theoretical distributions, 5000 samples of 8 complex 256 x 256 Gaussian
images with zero mean and covariance matrix X are generated. The k-space of the
data is subsampled by a 2x factor and reconstructed using SENSE and the synthetic
sensitivity field. We estimate the variance of noise in each point using the second
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order moment of the Rayleigh distribution [47]:
1
oR(x) = 5 E{M(x)}.

We estimate the E{M?(x)} along the 5000 samples.

Visual results are depicted in Fig 2. For the synthetic maps, when no correla-
tions are considered, the final variance of noise will not depend on the position x.
Therefore, in this particular case 0% (x) = 0%. The estimated values in Fig 2-(b)
show a noise pattern that slightly varies around the real value (note the small range
of variation). In this very particular case, the noise can be considered to be spa-
tially stationary, and the final image (leaving the correlation between pixels aside)
is equivalent to one obtained from a single-coil scanner.

When correlations are taken into account, even using the same synthetic sensi-
tivity map, results differ. In Fig. 2-(c), the theoretical value shows that the standard
deviation of noise of the reconstructed data is not the same for every pixel, i.e., the
noise is no longer spatial-stationary. The center of the image shows a larger value
that decreases going north and south. So, in this more realistic case, the 0% (x) will
depend on x, which can have serious implications for future processing, such as
model based filtering techniques. The estimated value in Fig. 2-(d) shows exactly
the same non-homogeneous pattern across the image. In the last experiment, Fig. 2-
(e) and Fig. 2-(f), a real sensitivity map is used, and correlation between coils is also
assumed. Again, the noise is non-stationary. To increase the dynamic range of the
images, the logarithm has been used to show the data.

Secondly, we will validate the noise estimation capability of the proposed
method by carrying out an experiment with a 2D synthetic slice from a BrainWeb
MR volume [53], with intensity values in [0 — 255].The average intensity value for
the White Matter is 158, for the Gray Matter is 105, for the cerebrospinal fluid 36
and 0O for the background. An 8-coil system is simulated using the artificial sensitiv-
ity in Fig. 1. Image in each coil is corrupted with additive circular complex Gaussian
noise with std o,, ranging in [5 — 40] and p = 0.1 between all coils. The k-space is
uniformly subsampled by a factor of 2 and reconstructed using SENSE. Note that
the variance of noise of the subsampled images in each coil is amplified by a factor
r[32]: (02),, =7 x 02.

Results for the experiment are shown in Fig 3-(a): the average of the 100 experi-
ments divided by the actual value of 2 is depicted. Accordingly, the closer to 1, the
better the estimation. From the figure it can be seen that the estimation is very accu-
rate for all the considered values of o,,. The estimation is similar to the one carried
out for single coil data in [8]. However, the goodness of the estimation lies in the
fact that the sensitivity maps are available. We repeat the estimation assuming that
the maps are not available, and considering a single 0% value for the whole image:

;72; = %mode {(ME(x))x} (36)
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Fig. 3 Estimation of the variance of noise from SENSE. The average of 100 experiments is con-

sidered.
‘. ; )\ |@ |

Fig. 4 Slice from a brain T1 acquisition done in a GE Signa 1.5T EXCITE with 8 coils.

We define the ratio 0% /0% (x) and we calculate the average, the minimum and
maximum values across the image, and the average along 100 samples. Results are
depicted in Fig 3-(b). The estimated value presents a constant bias of around 5% for
all values. The estimated value will be in a range from 85% to 100% of the original
value. Hence, if Gy (x) is unknown, estimating an individual value of O’?L will only
be acceptable for certain applications, whenever they are robust enough to cope with
a bit deal of bias and a higher deal of uncertainty in this parameter.

Finally, an experiment is carried out with data from a real acquisition, see Fig. 4,
with sensitivity map in Fig. 1-bottom. First, as a golden standard, parameter o, is
estimated from the Gaussian complex data:

Real component |o,, = 4.1709
Imag. component|a,, = 4.0845

Then a subsampled acquisition is simulated and reconstructed with SENSE. o,
is first estimated using eq. (32) and then, assuming the map Gy (x) is unknown,
using eq. (36). Results are as follows:

Magnitude (G (x) known) |7, //r = 4.1728
Magnitude (G (x) unknown)|a,, //7 = 4.8404

Note that the value estimated using the proposed method is totally consistent with
the estimation done over the original complex Gaussian data. The blind estimation
method, on the other hand, overestimates the noise level. This is caused because in
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eq. (29) the map given by Gy (x) is basically a normalization. The lack of knowl-
edge of this parameter displaces the mode of the distribution from its actual value,
hence the mismatch. However, for some applications in which a great accuracy is
not needed, there could still be a valid value that gives a rough approximation to the
variance of noise.

4.2 Noise estimation in GRAPPA

For the sake of validation, several experiments are considered. First, synthetic ex-
periments were carried out using the same 2D synthetic slice from a BrainWeb MR
volume used for SENSE. Image in each coil is again corrupted with Gaussian noise
with std o,, ranging in [5 — 40] and p = 0. The k-space is uniformly subsampled by
a factor of 2, keeping 32 ACS lines. The CMS is reconstructed using GRAPPA and
SoS. The sample local moments have been calculated using 7 x 7 neighborhoods.
Two different cases are considered in the simulation, 4 and 8 coils.

10 20 30 40 10 20 30 40
Gn Gn

(a) Mean (b) Standard deviation

Fig. 5 Results of oy, estimation using the proposed method; 100 experiments are considered for
each sigma value. (a) Mean of the estimated value divided by the actual value. (b) Standard devia-
tion of the estimated values.

Results for the experiment are shown in Fig. 5: in Fig 5-(a), the mean of the 100
experiments divided by the actual value of ¢, is depicted. Accordingly, the closer to
1, the better the estimation; in Fig 5-(b), the standard deviation of the experiments
divided by the actual value is shown; the lower the value, the better the estimation.

From the results it can be seen that the estimation is very accurate, although a
small bias appears for low values of o,,. This bias is surely motivated by a mismatch
between the GRAPPA reconstructed image and the nc-x model: according to [42]
the error of approximating the CMS by a nc-y is larger for very low o,, values. All
in all, the proposed method shows a very good average behavior —the values are in a
small range between 0.97 and 1—, with a small biased mean and a very low variance,
which assures a consistent estimation.
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Fig. 6 Effective standard deviation of noise: (a) Original oq¢p(x), derivated from the GRAPPA
weights and eq. (14); (b) Estimated 8eff(x) from eq. (35); (c) Estimation of effective std of noise
for SNR=0, 5 g (x); (d) Estimation of effective std of noise for high SNR, G g (x).

Fig. 8 Slice of an 8-coil 2D acquisition of the phantom used for the experiments.

For the sake of illustration, the map of the effective values of noise is also calcu-
lated for one single experiment with o, = 10. For that experiment, the theoretical
value of Ugff(x) is calculated using eq. (14). From the expression in eq. (35), us-

ing the estimated noise 02,, and the GRAPPA weights coded in ©, the variance of
noise for the two extreme cases (SNR=0 a/n\d high SNR) are estimated. Using the
correction factor ES;(X), a global value for o24¢(x) is obtained.

Results are depicted in Fig. 6-(a) (oefr(x)); Fig. 6-(b) (Gesr(x)); Fig. 6-(c)
Oefi B(X); Fig. 6-(d) Tefr 5(x). The correction factor @(x) is depicted in Fig. 7.

From the illustrations it is easy to see that the variance of noise has a high vari-
ation itself across the image. oqf(x) ranges from 10 to 45. Even inside the same
tissue, there is a huge variation (from 25 to 45). There is, also, a high mismatch
between the head and the background areas. Some interesting conclusions can be
raised from this: (1) The assumption of a single o2 value for the whole volume does
not hold in GRAPPA. Assuming this single value will clearly bias any further pro-
cessing; (2) In this example, the noise values in the background are much smaller
than those inside the tissue. If the background is used to estimate the noise, and no
correction is applied, there can be a huge mismatch between the real noise and the
estimated value.
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. 4

Fig. 9 Values of map tr(®)(x) from the GRAPPA reconstruction coefficients of the second exper-
iment.

For the second experiment, real acquisitions are considered. 100 repetitions of
the same slice of a phantom, scanned in an 8-channel head coil on a GE Signa 1.5T
EXCITE 12m4 scanner with FGRE Pulse Sequence to generate low SNR, see Fig. 3.
Matrix size= 128 x 128, TR/TE=8.6/3.38 ms, FOV 21x21cm, slice thickness = Imm.
Noise variance o2 is initially estimated using the variance of the real part of every
coil of every sample, where the noise is known to be additive Gaussian [108]. This
value 08 is taken as Golden Standard. Then, all the 100 samples are 2x subsam-
pled. The GRAPPA reconstruction coefficients are derived from one sample, using
32 ACS lines, and used for interpolation in all samples. The CMS is obtained by
SoS. Noise is estimated over each CMS using eq. (32). For the sake of illustration,
values for tr(®)(x) derived from the GRAPPA coefficients are depicted in Fig. 9.
Estimation results are as follows:

oo |mean{c,}|mean{c,} /oo |std{c,} /o0
0.0428| 0.0424 0.9905 0.0113

Results obtained estimating the noise with the proposed method is totally consistent
with the value obtained over the complex Gaussian images without subsamplig.
There is a very small bias in the estimation and the method also shows a very small
variance, as also seen in the synthetic experiments. The map of tr(®)(x) depicted
in Fig. 9 shows that, in this real case, there is also a great variation of the noise
parameter across the image.

Finally, for the sake of comparison with SENSE estimation, a new experiment is
carried out with the data from the real acquisition in Fig. 4, as a golden standard for
parameter o, the estimation from the Gaussian complex already done for SENSE
(o5, = 4.1709 for the real component.) The complex data is subsampled with r = 2.
The k-space is reconstructed using GRAPPA and 32 ACS lines and the CMS is
obtained by SoS. Noise is estimated over the CMS using eq. (32). Two different
estimations have been done: (1) using the GRAPPA coeffficients; (2) assiming the
coefficients unknown. In the last case, matrix ©(x) is replaced by a 8 x 8 identity
matrix.

Results are as follows:

Magnitude (GRAPPA coefficients known) |o, x /r = 4.1097
Magnitude (GRAPPA coefficients unknown)|a,, x /1 = 5,1933
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Again, like in SENSE; the value estimated using the proposed method is consis-
tent with the estimation done over the original complex Gaussian data. The blind
estimation method, on the other hand, overestimates the noise level. Note that there
is a great lack of knowledge of a normalization level, hence the error. However, note
that can still be valid to estimate the order of magnitude of the variance of noise, or
in case a rough estimation is needed.

5 Conclusions

The proper modeling of the statistics of thermal noise in MRI is crucial for many
image processing and computer aided diagnosis tasks. While the stationary Rician
and nc-x models have been the keystone of statistical signal processing in MR for
years, the stationarity assumption cannot be applied when parallel imaging recon-
struction is considered: the main assumption of a single value of o2 to characterize
the whole data set is no longer valid. When pMRI techniques are used, due to the
reconstruction process, the variance of noise becomes x-dependent, with a different
value for each pixel.

To overcome the problems of non-stationarity, we have proposed a novel noise
estimation technique to be used with SENSE and GRAPPA reconstructed data. The
estimation of the spatially variant o2(x) is of paramount importance, since the
knowledge of this parameter will allow us to re-use many of the methods proposed
in literature for stationary models. In most cases it will suffice with changing an
scalar o2 value by the spatially dependent o2 (x).

The estimation methods proposed have shown to be accurate, robust and easy to
use. However, it also shows some limitations. First, correlation between coils must
be known beforehand, as well as the sensitivity map from each coil (in SENSE) or
the reconstruction weights (in GRAPPA). Finally, some post processing software
in the scanner may add a mask to data, which eliminates part of the background,
drastically reducing the number of points available for noise estimation [107]. The
estimation method selected must be properly adjusted to this problem. Note that if
the background is totally removed, the estimation should be done using methods
that do not rely on the background, but on the signal areas.
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Blind estimation of spatially variant noise in
MRI

Santiago Aja-Fernandez, Tomasz Pieciak, Gonzalo Vegas-Sanchez-Ferrero*

Abstract The reliable estimation of noise characteristics in MRI is a task of great
importance due to the influence of noise features in extensively used post-processing
algorithms. Many methods have been proposed in the literature to retrieve noise fea-
tures from the magnitude signal. However, most of them assume a stationary noise
model, i.e., the features of noise do not vary with the position inside the image. This
assumption does not hold when modern scanning techniques are considered, e.g., in
the case of parallel reconstruction and intensity correction. Therefore, new noise es-
timators must be found to cope with non-stationary noise. Some methods have been
recently proposed in the literature. However, they require multiple acquisitions or
extra information which is usually not available (biophysical models, sensitivity of
coils). In this work we overcome this drawback by proposing a new method that can
accurately estimate the non-stationary parameters of noise from just a single mag-
nitude image. In the derivation, we considered the noise to follow a non-stationary
Rician distribution, since it is the most common model in real acquisitions (e.g.,
SENSE reconstruction), though it can be easily generalized to other models. The
proposed approach makes use of a homomorphic separation of the spatially vari-
ant noise in two terms: a stationary noise term and one low frequency signal that
correspond to the x-dependent variance of noise. The non-stationary variance of
noise is then estimated by a low pass filtering with a Rician bias correction. Results
in real and synthetic experiments evidence the better performance and the lowest
error variance of the proposed methodology when compared to the state-of-the-art
methods.

* This chapter was previously published as: Santiago Aja-Ferndndez, Tomasz Pieciak, Gonzalo
Vegas-Sanchez-Ferrero, “Spatially variant noise estimation in MRI: A homomorphic approach”,
Medical Image Analysis, Volume 20, Feb. 2015, Pages 184197.

205



206 Aja-Fernandez et al.

1 Introduction

Noise is known to be one of the most common sources of deterioration of the quality
of Magnetic Resonance Imaging (MRI) data. The principal source of noise in most
MR scans is the subject or object to be imaged, followed by electronics noise during
the acquisition of the signal in the receiver chain. It is produced by the stochastic
motion of free electrons in the RF coil, which is a conductor, and by eddy current
losses in the patient, which are inductively coupled to the RF coil. The presence of
noisy patterns on the acquired MR signal is a problem that affects not only the visual
quality of the images, but also may interfere with further processing techniques
such as registration, fMRI analysis or tensor estimation in Diffusion Tensor MRI
([4, 5, 6, 157, 25]). The accurate modeling of signal and noise statistics in MR data
usually underlies the tools for processing and interpretation within MRI.

The stationary Rician distribution ([5]) has been widely accepted in literature as
a suitable model for noise in MR magnitude images. Many authors have precisely
introduced the Rician statistics in the estimation of diffusion models ([55]), curve
fitting for quantitative perfusion measurements ([56, 58]), hypothesis tests to assess
the activation level in functional MRI ([24]), in a preprocessing step to remove the
bias of the data for the subsequent processing stages ([48]) and denoising techniques
(9, 12, 13]).

The main assumption for single coil Rician acquisitions is that the noise is sta-
tionary, and therefore a single value of ¢ characterizes the whole data set. However,
this premise will mostly fail when considering modern scanners with multiple-coil
antennae and scanning software to correct artifacts, and to improve the final appear-
ance of the image. Linear operations carried out over the complex Gaussian data
modify the variance of the noise o2 differently for each position. As a result, the
final magnitude signal will have an x—dependent value of o, i.e. o(x), generating
a non-stationary (or non-homogeneous), distribution. For instance, this is the case
of a Sum-of-Squares ([27]) reconstruction of a multiple-coil acquisition, where the
composite magnitude signal can be approximated by a non-stationary non-central x
(nc-y) distribution ([49]). It is also the case for accelerated acquisitions with paral-
lel MRI (pMRI) reconstruction techniques. If GRAPPA (Generalized Autocalibrat-
ing Partially Parallel Acquisition, [33]) is used for reconstruction, the final noise
is known to follow a non-stationary nc-x distribution ([42, 43]), while if SENSE
(Sensitivity Encoding for Fast MRI, [32]) is used, the magnitude signal may be
considered Rician distributed with a spatially variant value of o(x) ([46, 43, 70]).

Nowadays, SENSE has become practically a de facto standard in most acquisi-
tions. However, many processing techniques still assume the stationary Rician dis-
tribution as a model for the signal and noise, forgetting about the non-stationarity
of the data. This is probably due to the fact that most noise estimators in literature
are based on a single o2 value for all the pixels in the image, either assuming a
Rician model ([7, 81, 37, 8, 47, 84]) or an nc-x ([27, 47, 48, 49]). There have also
been some proposals to carry out a rough estimation of non-stationary noise maps.
However, these approaches require extra information beyond the simple magnitude
signal: multiple acquisitions or different signals are required ([67, 68, 69]), a bio-
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physical model must be defined ([69]), or even acquisition information such the
estimated sensitivity of the coils is needed ([70]). This need of extra information
has supposed a drawback in the usage of more complex noise models.

In this paper we propose a new technique that allows the estimation of the spa-
tially variant maps of noise o(x) from the magnitude signal when only a single
image is available and no additional information is required. The estimator is devel-
oped for the non-stationary Rician case, and it is complemented with the estimators
for Gaussian and Rayleigh cases. The methodology here presented is totally com-
patible with other noise models, such as the non-stationary nc-x distribution, and
the extension would be straightforward. The initial assumption needed is that the
variability of the map of noise is smaller than the variability of the noise itself, i.e.,
o(x) is a low frequency signal when compared to the noise, which is a rational as-
sumption in MRI acquisitions. Both sources of variability are separated by using a
homomorphic transformation ([159]). This technique allows us to improve the esti-
mation of the map of noise while it avoids the granularity produced by most local
methods.

2 Background: non-stationary noise in MRI

When dealing with MRI data, before performing any processing that may involve
noise related parameters, it is necessary to identify the specific noise model present
in your data. The probability model of noise in the data depends on the coil con-
figuration of the scanner and on the kind of processing the MR data goes through
before producing the final magnitude image. The purpose of this section is precisely
to provide a general framework of the most usual models of noise in MR data, as
well as the most common procedures that originates these distributions.

Most applications dealing with noise in MRI rely on the assumption of a single
value of the variance of noise o2 for every pixel within the image, i.e., they assume a
stationary noise model: the features of noise do not change with position. However,
this is not entirely the case in modern acquisition systems, when pMRI protocols and
artifact correction techniques are applied. The linear manipulation of the original
Gaussian data, the combination of different coil information and adaptive processing
change the features of noise differently in every location of the image. However,
due to the kind of processing carried out, most of the times the Rician and nc-x
assumptions still hold, although the stationarity does not.

In what follows the procedures that lead to non-stationary noise models in MRI
will be put together, and the main proposals in the literature for non-stationary noise
estimation will be reviewed.
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2.1 Noise model for each coil

The first step in modeling the final magnitude image in MRI is to model the noise
distribution in each of the scanner coils and, then, to propagate the model along the
processing pipeline.

Let us assume an L-coil antenna configuration, being L the number of coils in
the system. We denote s;(k) the signal in the k—space acquired by the [-th coil,
which corresponds to a complex signal S;(x) in the image domain. Signals s; (k)
are considered to be corrupted by Additive White Gaussian Noise (AWGN), with
zero mean and variance o :

sik) = ai(k) + ny(k;o%,), L=1,---,L (1)

with a; (k) the noise-free signal and ny(k; 0%, ) = my, (k; 0%, ) + j - my, (k; 0%, ) the
AWGN process, which is initially assumed stationary, so that J%Q does not depend
on k. The complex x—space is obtained as the inverse Discrete Fourier Transform
(iDFT) of s;(k) for each slice or volume, so the noise in the complex x—space is
still Gaussian ([43]):

SZ(X):Al(X)+NZ(X;Ul2)7 l:1a7L

where N;(x; 07) is also a complex AWGN process (note that we are assuming no
spatial correlations) with zero mean and covariance matrix:

2
01 012 ** - 01L
2
021 03 "+ 02L
Y= T I 2
2
or10L2 - 07,

The relation between the noise variances in the k— and x—domains is given by the
number of points used for the iDFT:

1
of = @o—%{,, 3)

with |£2| the final number of pixels in the field of view (FOV).

2.2 Noise models in pMRI

In order to accelerate the acquisition rate in multiple coil systems, pMRI techniques
are used. This acceleration is achieved by subsampling the k—space data in each
coil ([30, 31]), i.e., not all the frequency lines are acquired. The immediate effect
of this k—space subsampling is the appearance of aliased replicas in the image
domain retrieved at each coil. In order to suppress or correct this aliasing, pMRI
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Noise relations
k—space  |Parameters x—space  |Relation

Fully sam- ai =

pled, WU%Q’

U%q x-size: |2

k—size: |02

Subsampled ., o? =
2 )

9K, \Tﬁ\ofﬂ’

k—size: |2|/r x—size: |2|/r

Subsampled r, o? =
2 12

9K, 2lr9K,

k—size: |02 x—size: |2|

(zero padded)

Table 1 Relations between the variance of noise in complex MR data for each coil in the k—space
and the image domain.

combines the redundant information from several coils to reconstruct a single non-
aliased image domain.

The commonly used stationary Rician and nc-x models do not necessarily hold
in this case. Depending on the way the information from each coil is combined,
the statistics of the image follows different distributions. It is therefore necessary to
study the behavior of the data for each particular reconstruction method.

Let us call s7(k) to the subsampled signal at the I-th coil in the k—space and
SlS (x) in the image domain. The relation between the noise variances in the k— and
x—domains in eq. (3) depends on the kind of reconstruction used for the iDFT. If
a S7(x) is direct iDFT of s (k), the relation, assuming an acceleration rate of 7,
becomes ,

ot = @U%{l. “)

On the contrary, if the iDFT is computed after zero-padding, the missing (not sam-
pled) k—space lines, the relation is:

1 2
= 7|Q| .TO'KZ.

®)

of

Relations between the variance of noise in complex x—space and k—space for each
coil are summarized in Table 1.
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Many different methods have been defined to reconstruct the final image from
subsampled versions of the signals in each coil, being SENSE and GRAPPA dom-
inant in commercial scanners. However, new reconstruction methods and modifi-
cations of the existing ones are continuously proposed. From a statistical point of
view, reconstruction methods carry out linear operations over the subsampled sig-
nals S¢(x), in order to obtain a final reconstructed magnitude image, which is the
one of the main causes of the non-stationarity of noise. There are mainly two differ-
ent approaches for signal reconstruction:

1. Reconstruction of a single complex image: The reconstruction process combines
the data of the different coils with some extra information (such as the sensitivity
map of each coil or the covariance matrix) to obtain a single image:

SR(X):f({SlS(X)?l:L'“ 7L}§@)~ (6)

with f(.) alinear reconstruction function (see some specific functions in [32, 34])
and @ any additional information needed. The linear operations over the Gaus-
sian data generate correlated Gaussian data. However, the reconstruction affects
the stationarity of the noise in the resulting image. Thus, the final signal can
be seen as a reconstructed signal corrupted with Gaussian noise whose variance
depends on the position:

SR (x) = AR (x) + N®(x; 0% (%)) ©)

where N™(x;0%(x)) is a non-stationary complex AWGN process. The final
magnitude image is obtained by using the absolute value:

M(x) = |S™(x)| (8)

and therefore it follows a non-stationary Rician distribution, with the parame-
ter 0% (x) being spatially variant. This is the case, for instance, of pMRI data
reconstructed with SENSE in its original form.

2. Reconstruction of multiple complex images: The reconstruction process com-
bines the data of the different coils to obtain a reconstructed image per coil:

SEx)=fi ({S§(x),m=1,---,L};©), withi=1,--- L. (9)

with f;(.) a linear reconstruction function over each coil (see one specific func-
tion in [33]). As in the previous case, the linear operations over the Gaussian
data generate non-stationary Gaussian data in each coil. The final signal in each
coil can be seen as a reconstructed signal corrupted with Gaussian noise whose
variance depends on the position:

SF(x) = AR(x) + N} (x;0%,(x)), withi =1,--- , L. (10)

The probability distribution of the final magnitude image depends on the method
used to merge the information of the multiple reconstructed coils into one single
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image. To avoid any extra information, one of the most common approaches is
the Sum-of-Squares (SoS):

Mgos(x) = (11)

The distribution of the magnitude signal Msos(x) depends on the relation of
noise with the reconstructed signal in each coil, SJ(x). For a GRAPPA proce-
dure, for instance, it can be approximated by a non-stationary nc-y distribution
([42]). However, since it is the sum of multiple signals, the Rician distribution
does no longer hold. Due to the bias that the method can introduce over the re-
sulting signal, manufacturers are lately trying to avoid the SoS to obtain M (x).
Even for GRAPPA, some new approaches use a reconstruction similar to the first
case, where data is Rician distributed.

Other common strategy is based on the spatial matched filter approach, which lin-
early combines the complex signals of each coil and produces voxelwise complex
signals ([160]). This is the same methodology used by SENSE, and it requires
extra information of the sensitivity of each coil. One simple way to implement
this filtering is the following:

L
SE(x) =Y SFx)-Ci(x), (12)
=1

with Cj(x) an estimation of the sensitivity map in each coil. The complex im-
age ST (x) now follows a complex Gaussian distribution, similar to the previous
case. The magnitude signal is then obtained:

Mz (x) = | ST (x)]

and therefore it follows a non-stationary Rician distribution, with the parameter
0% (x) being spatially variant.

2.3 Extrapolation to other data processing

Parallel reconstruction methods are not the only source of non-stationarity of the
data. Even when no acceleration is present, certain correction and preprocessing
techniques can make the features of noise spatially variant. A deep study of these
techniques is beyond the scope of this paper. However, as an illustration of other
cases in which the same methodology can be used, two examples are presented:

e Definition of composite magnitude image from multiple coils: even when non
acceleration is considered, if the acquisition is done in multiple coils, complex
signals from each coil have to be merged into one single final image. If the SoS
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of eq. (3) is used, due to the correlation between coils, the final image can be ap-
proximated by a non-stationary nc- distribution with adaptive parameters ([49]).
On the contrary, if the matched filter in eq. (12) is used, the final M (x) follows a
Rician distribution, and the variance of noise may become spatially variable due
to the estimated sensitivity coils.

e Spatial linear processing with space dependent weights: any linear processing
that uses spatial-dependent features over the complex Gaussian data also change
the spatial features of noise. Assume, for instance, an illumination correction in
a single coil signal:

Sr(x) = S(x) - ' (x),

where C(x) is an estimation of the image illumination, related to the coil sensi-
tivity. Note that the final image Sr(x) will remain Gaussian, but the variance of
noise is affected by the following spatial correction:

op(x) = 0% (C7H(x))™

2.4 Non-stationary noise estimation

Although most of the noise estimators in literature cope with the problem of a single
value of ¢ for the whole image ([7, 81, 37, 8, 47, 84]), there have been some attempts
to estimate non-homogeneous maps of noise, not only in the MRI context. The most
usual approaches are based on wavelet decomposition or on multiple acquisitions

One of the first attempts to estimate spatially variant noise in images is due to
[71]. Authors estimate the spatially variant map of noise in images assuming they
are corrupted by a non-stationary AWGN process. To separate the signal and the
noise, they use a wavelet transform, assuming that the high-high subband is strictly
noise. In [98], authors propose the joint estimation of non-homogeneous noise and
signal in Rician data, using an expectation-maximization (EM) algorithm to find the
maximum likelihood (ML) estimate for the parameters in synthetic aperture radar
images. To carry out the algorithm, multiple samples of the receiving signal are
necessary.

In MRI, [72] proposed a method to estimate spatially variant noise by suppress-
ing the signal component. To that end, the stationary wavelet transform of the mag-
nitude image at the scale s = 1 is calculated and the low-low subband coefficients
are removed. The estimation is done assuming that the remaining signal is only
noise following a Rayleigh distribution. This assumption, however, is not entirely
true, as can be experimentally proved. A similar approach, also based in image re-
moval to get an only noise image is carried out by [100]. They model the variance of
noise as a minimal distance between local neighborhood (patch) of the current pixel
and the remaining patches in the non-local means filtering scheme. The estimate
is corrected for low Signal-to-Noise Ratio (SNR) regions applying the technique
described in [48]. Thus, a SNR iterative estimation is needed.
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The median absolute deviation (MAD) estimator for stationary Rician noise esti-
mation proposed in [78] has been extended by some authors to non-stationary noise
using a local version of the MAD, see for instance [68] and [74], with very simi-
lar approaches, and [67] with a very effective technique that needs information of
multiple diffusion weighted images of the same slice to carry out the estimation. All
these methods also need an estimation of the SNR.

An alternative technique was proposed in [69], based in a @),, estimator followed
by a regularization procedure using coil sensitivity model. Although this method has
been proposed to cope with multiple independent MR scans, in its basic scenario it
can be used to estimate the noise map on a single image.

Other significant methods are the following: [99] proposed a local variance as
a noise level estimator after edges exclusion by means of local mutual information
and k-means segmentation. This method suffers from edges overestimation, thus, a
mathematical morphology filter is applied to suppress this undesirable effect; [102]
calculate the noise map from the receiver coil noise matrix, which, in fact, is not
always available in a clinical routine; [101] proposed a method to assess temporary
random noise in dynamic MR image series, e.g., cardiac function imaging or blood
flow velocity mapping.

Finally, in [70], authors propose a method to estimate the variable noise maps
in MRI assuming SENSE and GRAPPA reconstruction. Although the results are
precise, the drawback of this method is that some prior information about the recon-
struction process is needed: namely the sensitivity map estimated for each coil (for
SENSE) or the GRAPPA reconstruction coefficients. Although these parameters can
be obtained from the scanner, they are not always available in clinical acquisitions.
This limitation, present in most of the reviewed methods, is the main motivation of
this current work.

3 A homomorphic approach to non-stationary noise estimation

In what follows we will assume that, due to the processing done in the scanner, the
final image I(x) is corrupted with noise whose variance is x—dependent. For the
sake of generality and simplicity, no specific pMRI reconstruction method will be
considered. We will also assume that only one single 2D image is available and no
extra parameters are known. Note that, unlike our proposal, some of the estimation
methods proposed in the literature are based on the availability of multiple repeti-
tions or information about the reconstruction process. The methodology presented
is based on the initial assumption that the spatial dependent o?(x) shows a low
variability, i.e., it can be considered a low pass signal. Therefore, it can be sepa-
rated from the noise pattern that multiplies it. This is a rational assumption in MRI
acquisitions.
In the following study, three different cases will be considered: Gaussian, Rayleigh

and Rician. Although the latest is the most suitable model for MRI, the first one
provides a good alternative for high SNR. It also presents a solid alternative to an



214 Aja-Fernandez et al.

automatic estimator built-in inside the scanning software before the magnitude is
calculated. Finally, for the sake of completeness, the Rayleigh case is also consid-
ered since it is the lower boundary for the Rician case when the SNR tends to zero.

3.1 The Gaussian case

Let us first assume a simple case in which an image A(x) is corrupted with additive
Gaussian noise with zero mean and spatially-dependent variance o%(x):

I(x) = A(x) + N(x;0,0%(x))
= A(x) +o(x) - N(x;0,1). (13)

Our purpose is to estimate o(x) from the final image 7(x). To that aim, we use a
homomorphic filtering that will extract the spatially variant pattern of noise.

Let us assume that the variance of noise o%(x) slowly varies across the image,
i.e. it is a low frequency signal. We remove the mean of the image to avoid any
contribution of A(x):

In(x) = I(x) = E{I(x)} = o(x) - N(x).

where F{I(x)} denotes the expectation value in each point of the image, i.e. the
local mean, so that E{I(x)} = A(x). Next, we separate signals o(x) and N (x) by
applying the logarithm:

log |In(x)| = logo(x) + log|N(x)| .
——— ———

low frequency  higher frequency

The noise term log | N (x)| has its energy distributed along all frequencies, while the
term log o(x) is a low frequency signal by hypothesis. The latest can be recovered
using a low pass filtering of log |1, (x)|:

LPF {log |, (x)|} ~ logo(x) + dn 14)

with 0,y being a low pass residue of log | N (x)|. This residue must be calculated to
remove it from the estimation. If we assume that the LPF has a small passband, the
LPF {log |N(x)|} is a good estimator of the local mean. By hypothesis, N (x) is
stationary, and therefore the mean is the same for all pixels. Thus, we can consider
the LPF as a good approximation of the mean of the signal:

LPF {log [N ()|} ~ E {log [N (x)]} .

Since we know that N(x) follows a Gaussian distribution (with zero mean and
unitary variance), then | N (x)| follows a half-normal distribution, and the mean of
log |N(x)| can be written as
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Fig. 1 Pipeline of o(x) estimation assuming Gaussian noise. I(x) is the original image, E{.} is
the local expected value of the signal and |.| is the absolute value.

exp o(x)

> 2 €T
E {log [N (x;0,0%)|} = / tog(r) e~ dr
0

O/ T

— log o —log /2 — g (15)

were - is the Euler-Mascheroni constant. With this solution, and with dy =
E {log |N(x;0,1)|}, eq. (8) becomes:

LPF {log |I,(x)|} ~ log o(x) — log V2 — % (16)

And taking the exponential of each term:

—7/2
LPE(0g 119} ¢ 7 (x) e\/i _ (17)
Thus, we can define an estimator for o(x) as
ﬂ;) = /2l PFllog [1(x)— E{I(x)}[}+7/2 (18)

The whole estimation pipeline for the Gaussian case is depicted in Fig. 1. Note that
a practical problem may arise when estimating the local mean. This estimation is
usually carried out by local sample moments under the assumption of local station-
arity. This assumption is not valid in regions with more than one tissues, particularly
on the edges, and therefore the estimation can be biased. The proposed methodol-
ogy overcomes this problem, even when the estimation of E{I(z)} is not perfectly
achieved. Note that the edges within the image are high frequency areas. The low
pass filtering used for the homomorphic separation will remove the effect of edges
in the calculation of local moments.

3.2 The Rayleigh case

We know that in those areas of MRI data where the signal is absent, under certain
conditions, the noise is Rayleigh distributed ([79, 47]). The Rayleigh distribution in
the background of the acquisitions has traditionally been used for noise estimation
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in the stationary case. However, once o(x) becomes x-dependent, the estimation
over the background might not be related to the estimation over the signal areas.
Nevertheless, for the sake of completeness, we add the Rayleigh case here as a
previous step for the Rician case. In addition, note that it can be also used in a
calibration step or to design coil configuration attending to the generated noise map.
Furthermore, note that the spatially variable noise here proposed is similar to some
speckle models in literature, and results can be easily extrapolated.

Let us assume a complex Gaussian noise with zero mean and spatially-dependent
variance o2 (x):

No(x) = Np.(x;0,0%(x)) + j - Ni(x;0,0%(x)). (19)
The module of Ny(x) follows a Rayleigh distribution

R(x;0(x))

[No(x)]
o(x) -/ N2(x:0,1) + N2(x:0,1)
o(x) - Ri(x;1) (20)

As in the Gaussian case, our purpose is to estimate o(x) from the Rayleigh noise
R(x;0(x)). To that aim, we use again a homomorphic filtering:

log |R(x;0(x))| = logo(x) +1log Ry(x;1).
—_——  —,

low frequency  higher frequency

The term log o(x) is a signal with lower frequency components than log R1(x; 1).
We apply the low pass filtering:

LPF {log R(x; 0(x))} ~ log o(x) + LPF {log Ry (x;1)}. 1)
Let us assume again that the LPF is equivalent to a local averaging:
LPF {log R(x;0(x))} = logo(x) + E {log R1(x;1)} .

R (x;1) follows a Rayleigh distribution and the mean of log R; (x; o) can be writ-
ten as

E{log Ri(x;0)} :/ log(aj)ie—;&?dx
0

o2
= logo + log V2 — % (22)
Eq. (21) then becomes:
LPF {log R(x; 0(x))} ~ log o(x) + log V2 — % (23)

Taking the exponential of each term, we can define an estimator for o(x) as
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Fig. 2 Pipeline of o(x) estimation assuming Rayleigh noise. R(x; o (x)) is the original Rayleigh
image.

— 1

U(X) — 7€LPF{10g R(x)}—‘r'y/Q. (24)

V2

The whole estimation pipeline for the Rayleigh case is depicted in Fig. 2.

3.3 The Rician case

Finally, we consider the Rician case. Let us assume a signal A(x) corrupted with
complex Gaussian noise with zero mean and spatially-dependent variance o2(x),
whose module follows a non-stationary Rician distribution:

I(x; A(x),0(x)) = |A(x) + Np(x:0,0%(x)) + 7 - Ni(x;0,0°(x))] (25

For the sake of simplicity, the dependence of I(x) with A(x) and o(x) will be
removed. As in the Gaussian case, our purpose is to estimate o (x) from the Rician
signal I(x). However, in this case, the signal and noise are not totally separable.
Nevertheless, following the assumption of slow varying o(x), the homomorphic
filter can be used to extract the spatially variant pattern of noise.

First, the data is centered by substracting the local mean of the image.

In(x) = 1(x) — E{I(x)}

— I(x) - U(X)\/§L1/2 (_;;(();))>

= 0(x) - [s0(x) + N (x;0,1) + 7 - Ni(x;0,1)| = U(X)\/§L1/2 <_SO X))
= 0(x) - G(so(x)),

where so(x) = % is the SNR at each point and G(so(x)) is a function of the

SNR:
G(s0(x)) = I(x;50(x), 1) = E{I(x; s0(x), 1)}
5(x)

~ 500+ N 501+ - N0, 1)] = 527 (-5 )29
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For large values of so(x), the Rician distribution tends to a Gaussian and, therefore,

lim G(so(x)) = N,(x;0,1).

S0 (x)—00

So, for high SNR, the Rician case converges to the Gaussian case previously studied.
To carry out the homomorphic filtering, we first apply the logarithm:

log |I,,(x)| = logo(x) +1log|G(so(x))] .
—— —_———
low frequency higher frequency

and afterwards a low pass filtering:
LPF {log |I,,(x)|} =~ logo(x) + R 27)

with §r being a low pass residue of log |G(so(x))|. Again, the LPF behaves as the
expected value of the signal:

LPF {log |G(so(x))|} =~ E {log |G (s0(x))[} -

To derive an expression of o(x) from eq. (26), assuming a generic Rician random
variable Ir(x; A, o), the expected value of log |Ir(x) — a1| must be studied:

1 [ w2442 Az
B {log | In(x) ~ ar]} = /0 log |& — ax| z =5 Iy (0> dr (28)

The integral has been numerically solved for A = s¢(x), 0 = 1 and a; =
f Ly ( "( ) and depicted in Fig. 3-(a), together with the mean of the log

Gaussian in eq. (15). Note that the value of the mean in eq. (28) depends on the
SNR of the signal and, for larger values of SNR, the value approximates to the
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Fig. 4 Pipeline of o(x) estimation assuming Rician noise. I(x) is the original image, E{.} is the
local expected value of the signal and |.| is the absolute value.

— |
(b) Noise maps

Fig. 5 Synthetic data considered for the experiments. (a) Five different MR images slices from the
Brainweb data base. (b) Synthetic x— dependent noise maps.

Gaussian case. In this case, the expected value can be approximated as the mean
value obtained for the Gaussian case plus a correction factor as follows:

LPF {log |I,,(x)|} ~ log o(x) — log v/2 — % + ¢ (s0(x)). (29)

with ¢ (so(x)) a Rician/Gaussian correction function, depicted in Fig. 3-(b). Thus,
the estimator for o(x) can be defined as

(%) = V/BelPFU0E 100~ BI0}) 0§ ~#(s0(x)) 30)

Note that an estimate of the SNR in each pixel is necessary. This requirement is
common to other estimators in literature like [12, 68].
The whole estimation pipeline for the Rician case is depicted in Fig. 4.
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4 Materials and methods

4.1 Materials

For the validation of the proposed estimation methodology, the following data sets
are considered:

1.

MR synthetic Images: Five different slices from the Brainweb database ([53]) are
used. These slices are shown in Fig. 5-(a). All the images are noise free and the
background value is zero.

. Noise maps: The noise is artificially added to the previous MR images. Four

different spatially variant patterns are considered, as depicted in Fig. 5-(b). These
patterns are coherent with noise patterns that can be found in real acquisitions.
The first pattern is derived from a real GRAPPA acquisition ([70]); the second is
a linear combination of the first pattern with a rotation of itself; the third pattern
is a second order polynomial and the fourth is an isotropic Gaussian function.

. Real SENSE acquisitions: A doped ball phantom is scanned at a 3T Philips

Achieva scanner, TFE Pulse Sequence, 224 x 224 x 59, TR/TE=5.264/2.569,
slice thickness 3.20mm, SENSE with acceleration 2x (reduction factor r = 2).
20 repetitions of the same volume were acquired.

4.2 Methods

For the sake of comparison, the proposed method will be compared to some of the
proposals in the literature for the estimation of non-stationary noise in MRI. Only
those capable to carry out the estimation over a single image are considered:

1.

[71]: originally proposed for Gaussian noise. A good behavior for high SNR is
expected, when the Gaussian assumption becomes reasonable. The estimator is
defined as:

— 2
o (x) = (100 (x) ) ) (3D
with T(LHH) (x) the high-high subband coefficients of the stationary wavelet

transform (SWT) of the image I(x) at the scale s = 1. The operator (I(x))x
stands for the local sample estimator of the mean:

with 7(x) a neighborhood centered in x.

2. [72]:

0= (2-5) [Pk (T 32



Blind estimation of spatially variant noise in MRI 221

where I(x) is the image after removing low frequencies (low-low subband) by
using a SWT.
3. [74]:
or(x) = 1.4826 - MADy (IU»HH)(X)) (33)

where I(1HH) (x) is again the high-high subband coefficients of the SWT of
I(x) and MADx (.) is the (local) median absolute deviation defined as:

MADxy (I(x)) = median
pEn(x)

1(p) ~ median (1(a))]

For low SNR, a correction is needed:

o(x) = (34)

where function £(0) is defined in [48] and SNR parameter 6 is estimated itera-

tively:
Ort1 = 4| §(Ok) <1 + <ﬂ’2‘> —2.

TR (%)
4. [68]: the Gausssian estimator is defined as
or(x) = 1.4826 - MADy (I(x)) . (35)
For low SNR, the correction in eq. (34) is applied.
5. [100]: -
oh(x)= _min_|R(x) - R(p)Il3 (36)
PEN(x): p#x

where R(x) = I(x) — (I(x)) and ¥ (I(x)) is the low-pass filtered data. For
low SNR, the correction in eq. (34) is also applied.
6. [69] for one single image:

—

o(x) =Qn({p € n(x): €(p)}) 37

where € is the difference (residual) between noisy data and a biophysical model
projection onto data, see [69] for further details. For the sake of simplicity, and
due to the lack of an available biophysical model, we considered the sample

mean:
e(x) = [I(x) — (I(x))x|-
The @,, scale estimator is defined by [161] as

Qn{z1, .. an}) = 2.2219 {]z; — x50 < jh,
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where symbol {}( ) denotes k-th element in the ascending ordered data (order

statistics) and here k = (["/ g]“) /4. To mitigate the impact of the outliers, Land-
man proposes the re-estimation of the noise map by removing observations with
lower SNR value than an adaptive computed threshold:

t(x) = min {5, median {I(p)/a/(;)} — 3} .
pen(x)
7. The EM estimator in [98]: The estimator is initially defined for working with
multiple samples. To adapt it for a single image, we replace the estimation along
samples by a local estimation:

I <A/’@i<">>
A (x) = </”i("’1(x>> (38)
o (3
o2 ()
02, (x) = max {2 (I*(x)), — (’“(2),0} (39)

where I,,(.) is the modified Bessel function of the first kind and n-th order. The
initialization process of the EM algorithm is obtained by the method of the mo-
ments

Bl

Ap(x) = (AP ()% — (T*(x))x)
730 = 5 ({760 = (Ao())?)

For all the methods a 5 x 5 window has been considered for the local operators,
except for the EM, where the optimal behavior was empirically observed for 3 x 3
neighborhoods. In all the cases where the SWT is needed, the Daubechies (db7)
wavelet was used.

The proposed homomorphic algorithm was implemented using the following
methods:

1. For the initial estimation of the SNR, the output of the local EM estimator for
signal and noise in eq. (38) and eq. (39) has been considered, using a 3 x 3
estimation window:

SNR(x) = —=

with £ = 10 iterations.

2. The low-pass filter was designed as a Gaussian filter in the Fourier domain with
H(0,0) = 1 and standard deviation 0. In all the experiments considered, o ¢
is always in the range 3 — 5. To avoid the border effects due to the implicit
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periodicity of the DFT, the equivalent filter in the Discrete Cosine Transform
domain was used.

5 Experiments and results

For the sake of validation of the proposed methodology, some illustrative experi-
ments are carried out.

5.1 Noise separability

Before testing the estimation methods, we check the initial assumption that the non-
stationary noise can be separated into two different components using a homomor-
phic filtering. To that end, we consider two simple but illustrative examples for the
Gaussian and Rayleigh scenarios. In this experiment we want to show that the pro-
posed methodology can be affectively applied to separate the stationary component
of noise from the spatially variant component.

First, we assume a 256 x 256 stationary Gaussian noise image, N (x;0, 1), with
zero mean and unitary variance. The image is multiplied by the first noise map from
Fig. 5, obtaining a non-stationary noise image N (x;0,0(x)) = o(x) - N(x;0,1),
where o(x) is the considered noise map. The image is then processed using the
pipeline in Fig. 1 but using two different filters: a low pass filter to obtain the noise
map estimation and its high pass counterpart to obtain the stationary noise compo-
nent. The high pass filter is defined in the frequency domain as

Hupr(f) =1 — Hypp(f).

This way, the output of the low pass filter provides the estimator cq;) while the
high pass filter should provide the stationary component of noise Nyp(x). Due to
the absolute value in the pipeline, |N(x;0,1)| follows a half normal distribution
and, therefore, Nyp(x) should also follow that distribution. In order to check this
assumption, we consider the transformation Nj2p(x), which follows a  square dis-
tribution with 1 degree of freedom. This transformation leads to easily check the
hypothesis of stationarity by means of a Chi-squared goodness-of-fit test?>, where
the null hypothesis is: the data follows a x square distribution with 1 degree of
freedom.

2 The Chi-squared goodness-of-fit test evaluates the discrepancies between the observed frequency
distribution and a particular theoretical distribution. The p-value obtained from this test is inter-
preted based on the significance level (we consider 0.05 in this study) in such a way thatif p > 0.05
the null hypothesis is accepted. i.e. there are no statistically significant differences between the fre-
quency distribution and the theoretical distribution.
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Fig. 6 P-values of the Chi-square goodness-of-fit test for the output distributions as a function of
the filter bandwidth. The average of 100 experiments is considered.

All the aforementioned assumptions were checked throughout the pipeline shown
in Fig. 1 for a set of 100 repetitions. First, we tested the Normality assumption of
N(x;0,1) and N(x;0,0(x)) where the null hypothesis is the stationary Gaussian
distribution. As was expected the goodness-of-fit test for N (x; 0, 1) obtained an av-
erage of 0.4851 for the p-value, and the stationarity of the Gaussian is accepted
for all cases. In the case of N(x;0,0(x)), the stationarity of data is discarded in
all repetitions, where a p-value close to 0 was obtained for every case. This result
shows that the noise map applied from Fig. 5 causes a statistically significant non-
stationarity in the data. The goodness-of-fit test performed over N2p(x) was applied
for different values of the filter bandwidth o ¢ to check its influence in the stationar-
ity. The averages of p-values for each oy are depicted in Fig. 6-(a), where the null
hypothesis is accepted, i.e. the stationarity of the high pass component of noise is
accepted. Note that these results confirm that the output noise Nyp(x) is stationary
for a bandwidth between 3 and 11. These results show the suitability of the proposed
methodology for separating the stationary and non-stationary components of noise
in the Gaussian scenario.

The same experiment is repeated for the Rayleigh scenario. We assume now a
256 x 256 Rayleigh image, R(x; 1), with unitary parameter. The image is also mul-
tiplied by the first noise map from Fig. 5, obtaining the non-stationary noise image
R(x;0(x)) = o(x) - R(x;1). The image is then processed using the pipeline in
Fig. 2 with a high pass filter in order to obtain the high pass noise component. The
output of the low pass filter is again considered as the estimator o(x) and the high
pass filter output is supposed to be stationary noise Ryp(x). If the separation is
successfully performed, this noise must follow a Rayleigh distribution with unitary
parameter.

The goodness-of-fit test was performed for 100 repetitions of the experiment. We
first tested the stationarity of R(x;1) and R(x;0(x)) as in the previous scenario.
Results obtained for R(x; o(x)) showed an average p-value of 0.5183, and the null
hypothesis (stationarity of the Rayleigh distribution) was confirmed for all the cases.
The test for the non-stationary noise R(x;o(x)) discarded the null hypothesis for
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Fig. 7 Example of separability of noise components: a) Stationary Rayleigh noise, R(x;1); b)
Non-stationary Rayleigh noise, R(x; o (x)); ¢) High pass component of the homomorphic filter-

ing, Rup(x); d) Low pass component of the homomorphic filtering, a/(;). All images has been
normalized for display purposes.

all the cases, obtaining a negligible p-value for all of them. This result also confirms
that the non-stationary noise map applied is statistically significant. The separated
high pass noise Ryp(x) obtained after the homomorphic filtering was also tested for
different values of the filter bandwidth o ;. The averages of p-values with respect o ¢
is depicted in Fig. 6-(b) where the stationarity hypothesis is accepted for a similar
range as in the Gaussian scenario. In the light of these results we can conclude that
the proposed methodology also separates the stationary and non-stationary compo-
nents of noise in the Rayleigh scenario.

For the sake of illustration, the separation process of the non-stationary Rayleigh
noise is depicted in Fig. 7. Note that, due to the presence of a spatial-dependent
o(x), noise image R(x;o(x)) in Fig. 7-(b) shows a spatially variant pattern. The
homomorphic filtering process is able to recover the two original components of
noise: in Fig. 7-(c) a stationary noisy pattern Ryp(x), and in Fig. 7-(d) the noise
maps corresponding to o (x).

5.2 Synthetic experiments

First, synthetic images and synthetic noise maps shown in Fig. 5 were used. The
noise is generated as a Rician noise with x—dependent variance o2(x) following
the generic model in eq. (7) and eq. (8). Two different cases are considered: (a) one
single image (first slice in Fig. 5) and one single noise map (first one in Fig. 5);
and (b) all combinations of the five images and the four noise maps (20 different
combinations). All the noise and signals were normalized to have the same maxi-
mum SNR. In order to generate different SNR values, in each case, the noise-free
signal is divided by a constant and the noise is generated using the original map. A
set of 100 repetitions of each configuration is considered. Noise is estimated using
the aforementioned state-of-the-art methods and the relative error for each pixel is
calculated as:

lo(x) = o(x)]

error(x) = e

(40)
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Fig. 8 Error of estimation for parameter o(x) using synthetic non-stationary Rician noise. The
average of 100 experiments is considered for each configuration. a) Estimation error for a single
image; b) Variance of error for a single image; c) Average of estimation error for 20 different
images.

The average of all the points, repetitions and configurations is considered to achieve
a single value for each SNR. For the single image case, the variance of the error
along the samples is also considered. Results are depicted in Fig. 8. For the sample
moments estimation a window of 5 x 5 size is used. The homomorphic methods use
a low pass filter set to oy = 3.4. This value has been selected following results in
Fig. 6.

Although a single value is not representative for the estimation of the spatial
pattern, this experiment gives a quantitative insight of the behavior of some of the
methods in literature and the proposed one. Note that, for the whole considered
SNR range, the proposed method clearly outperforms those in literature. For high
SNR values, Gaussian and Rician models converge, as expected. Goossens’ method
shows also a behavior that improves with the SNR, since this method assumes a
Gaussian distribution of the data in the wavelet domain. However, the Gaussian
homomorphic should have the same limitation, and it shows a much better perfor-
mance for all the values.

It is also interesting the results of the variance of the error. The proposed meth-
ods are those with a minimum variance (among those tested), a fact that improves
their suitability as estimators. In addition, note that the Rician homomorphic scheme
shows almost a constant variance for all the SNR values. The EM and the Maximov
estimators, on the other hand, show an increase of the variance for high SNR val-
ues. This effect is due to the dependence of the estimators on the signal: for high
SNR the level of noise is low and the estimators mismatch signal details with noise.
Goossens’ and Liu’s show both consistent variance values for the whole SNR range,
although with higher values than the proposed methods.

In a whole, results do not differ when one single configuration or the 20 possible
configurations are considered. Thus, from the numerical results in this experiment,
the proposed homomorphic method is the one which always shows the lowest es-
timation error and the lowest variance. In addition, note that inside the tissues, the
SNR is usually high enough to use the Gaussian approximation, which is simpler
and does not require a SNR calculation. The error committed in the areas of interest
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(b) Estimation error

Fig. 9 Noise estimation (top) and estimation error (bottom), using first image and first noise map.
(a) Original noise map; (b) Goossens; (c) Delakis; (d) Liu; (e) Manjén; (f) Maximov; (g) EM; (h)
Landman; (i) Rician Homomorphic; (j) Gaussian Homomorphic.

is very similar to the Rician and, therefore, the Gaussian estimator can be success-
fully used in that case.

In the second experiment we search for visual comparison of the different es-
timation methods. The first image and the first noise map from Fig. 5 were used
to generate a single MRI slice corrupted by non-stationary Rician noise. The noise
map o(x) is estimated from the magnitude image. Visual results for the considered
methods are depicted in Fig. 9, together with the estimation error, calculated by us-
ing eq. (40). To ease the visualization, the image has been saturated to the maximum
value of the original map. The maximum value of the error was also limited to 1,
although some of the methods showed much greater errors.

This experiment clearly shows the suitable behavior of the homomorphic ap-
proach when compared to local estimators. The use of a LPF to extract the noise
map leads to avoid the granular pattern and to eliminate the influence of the edges.
Note that those methods based on local estimation precisely show such a granular
pattern due to the use of local neighborhoods with small size. This implies that the
number of points used for estimation is low and, conversely, the variance of the es-
timation is high. Another problem with local estimators is related to the edges of
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(b) Estimation error

Fig. 10 Noise estimation (top) and estimation error (bottom), using second image and second noise
map. (a) Original noise map; (b) Goossens; (c) Delakis; (d) Liu; (e) Manjon; (f) Maximov; (g) EM;
(h) Landman; (i) Rician Homomorphic; (j) Gaussian Homomorphic.

the image. In those areas where two different tissues or regions lay inside the same
window, the estimation becomes highly biased and causes the miss-estimation of lo-
cal moments. The proposed methodology is able to overcome these local problems
by properly estimating a smooth and reliable noisy pattern. Even when the Rician
hypothesis is relaxed, as in the Gaussian assumption, the method still outperforms
the other methods.

In Fig. 10, we repeat the experiment for the second image and the second noise
maps of Fig. 5. Results are totally coherent with the previous experiment. Once
more, the proposed method shows the best estimation with both assumptions (Rice
and Gaussian). Note that this time, all the results show some influence of the the
high signal areas over the estimated noise map, though it is more subtle with the
homomorphic approach, Fig.10-(i) and 10-(j).
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Fig. 11 Noise estimation using a real SENSE acquisition. (a) EM along 20 samples (Silver stan-
dard); (b) Goossens; (c) Delakis; (d) Liu; (e) Manjén; (f) Maximov; (g) Local EM; (h) Landman;
(i) Rician Homomorphic; (j) Gaussian Homomorphic.

5.3 Real MR acquisition

Finally, an experiment with real acquisitions is carried out. Since a golden standard
is not available, we consider the original (multi-sample) EM estimation of o(x)
using the 20 samples as a reference (silver standard). We compare it to the average
of the estimation of the map of noise in each of the acquisitions by using the different
estimators. Results are gathered in Fig. 11. Note that only the local EM scheme,
the Landman’s method and the homomorphic approaches are able to follow the
variation pattern in the map of noise. Note also that some of the methods based on
local estimation show a border effect in the boundaries of the slice. This effect is
caused by the larger dimension of the object compared to the FOV, which is not the
case of brain acquisitions, but it is in other areas such as imaging of body or knee.
Thus, it must be taken into consideration.

The proposed methods show a good estimation of the map of noise, coherent with
that considered as silver standard. The local EM approach in Fig. 11-(g) shows here
a very good behavior, which differs from results of previous experiments, where
the worse results were related to those areas with borders and transitions between
different tissues. In this case, the phantom has not inner edges and, thus, the EM
estimator is able to provide a proper estimate of noise in all the signal area. This
different behavior evidences the influence of transitions between different tissues in
local estimation. A problem that the proposed methodology successfully overcomes.

6 Conclusions

A new methodology to estimate spatially variant noise in MR has been presented.
It is based on the homomorphic approach that allows to separate the contribution of
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the pattern of noise and the noise itself. The estimator has proved to be robust, easy
to implement and it does not require additional information about the acquisition,
nor multiple repetitions to carry out the estimation. It also reduces the influence of
borders in the final estimated map, and avoids the traditional granular pattern shown
by methods relying on local estimation. Additionally, results have shown that the
proposed methodology presents the lowest error variance and its independence to
the SNR. This result evidences the suitability of the proposed estimators.

Three different estimators for o(x) were presented: for the Gaussian, Rayleigh
and Rician cases. While the latest would be the most suitable for MRI, the first one
presents a good alternative, with the advantage of not requiring a prior estimation of
the SNR. The Gaussian estimator could be used as an approximation of the Rician
case that will fail in the low SNR areas: mostly the background, where a proper
estimation is not so relevant. Additionally, it also presents a solid alternative for a
built-in automatic estimator inside the scanning software, which just needs to access
to the final complex image in the processing pipeline just before the absolute value
is taken. Using this complex image, the variable noise pattern can be accurately
estimated without the need of any additional information or SNR estimation.

The proposed methodology shows also a great potential when is jointly used with
other estimation methods. In this paper, we have carried out the estimation over the
x—space using a simple low-pass filtering. However, the homomorphic separation
of noise can also be applied to other methods in the literature, particularly those
based on wavelets. With the proper adjustments, these other methods can improve
in robustness and presumably more accurate results can be achieved.

Finally, in this paper we have only focused on the Rician noise, leaving aside the
nc-y model, so popular lately in the literature. It was done under the assumption that
nowadays most acquisitions are based on single coil systems or in pMRI-SENSE
reconstruction. Even those scanning softwares using GRAPPA or similar algorithms
(like Siemens) give also the option of a matched filter reconstruction that lately will
produce Rician data. Nevertheless, the Gaussian approach for high SNR is also valid
for non-stationary nc- data, and a correction like the one here proposed for Rician
can be easily derived.

Acknowledgements

The authors acknowledge Ministerio de Ciencia e Innovacién for grant TEC2013-
44194, Institute of Health Carlos III for grant PI11-0149 and Centro de Técnicas
Instrumentales, Universidad de Valladolid for MRI acquisitions. Gonzalo Vegas-
Sanchez-Ferrero acknowledges Consejeria de Educacién, Juventud y Deporte of
Comunidad de Madrid and the People Programme (Marie Curie Actions) of the
European Union’s Seventh Framework Programme (FP7/2007-2013) for REA grant
agreement n. 291820.



Blind estimation of spatially variant noise in
GRAPPA MRI

Santiago Aja-Fernandez, Gonzalo Vegas-Sanchez-Ferrero*

Abstract The reconstruction process in multiple coil MRI scanners makes the noise
features in the final magnitude image become non-stationary, i.e. the variance of
noise becomes position-dependent. Therefore, most noise estimators proposed in
the literature cannot be used in multiple-coil acquisitions. This effect is augmented
when parallel imaging methods, such as GRAPPA, are used to increase the acquisi-
tion rate. In this work we propose a new technique that allows the estimation of the
spatially variant maps of noise from the GRAPPA reconstructed signal when only
one single image is available and no additional information is provided. Other es-
timators in the literature need extra information that is not always available, which
has supposed an important limitation in the usage of noise models for GRAPPA. The
proposed approach uses a homomorphic separation of the spatially variant noise in
two terms: a stationary noise term and one low frequency signal that correspond to
the x-dependent variance of noise. The non-stationary variance of noise is estimated
by a low pass filtering. The noise term is obtained via prior wavelet decomposition.
Results in real and synthetic experiments evidence the suitability of the simplifica-
tion used and the good performance of the proposed methodology.

1 Introduction

Noise is one of the main sources of quality deterioration in Magnetic Resonance
(MR) data. It is produced by the stochastic motion of free electrons in the RF coil,
which is a conductor, and by eddy current losses in the patient, which are inductively
coupled to the RF coil. The presence of noisy patterns on the acquired MR signal

* This chapter was previously published as: Santiago Aja-Fernindez, Gonzalo Vegas-Sanchez-
Ferrero, “Blind estimation of spatially variant noise in GRAPPA MRI”, Proc. of the ISBI, April
2015.
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is a problem that affects not only the visual quality of the images, but also may
interfere with further processing techniques.

The stationary Rician distribution has been widely accepted as a suitable model
for noise in MR magnitude images. The main assumption for this model is that
a single value of o characterizes the whole data set. However, this premise will
mostly fail when considering modern scanners with multiple-coil antennae. Paral-
lel MRI techniques extended the applicability of these systems by increasing the
image acquisition rate via subsampling of the k—space data. In order to correct the
artifacts created by the subsampling, reconstruction methods such as GeneRalized
Autocalibrated Partially Parallel Acquisitions (GRAPPA) [33] are employed. When
GRAPPA is used for reconstruction, noise in the reconstructed image can be approx-
imated by a non-stationary nc- distribution [42]. Nowadays, GRAPPA has become
a de facto standard in the acquisition software of commercial scanners. However,
many processing techniques still assume the stationary Rician distribution, forget-
ting about the non-stationarity of the data. In this context, most noise estimators
proposed in literature are based on the assumption of a single o value for all the
pixels in the image [47, 84]. There are also some proposals in literature to estimate
noise out of GRAPPA data, such as [70]. However, they all require extra information
about the reconstruction process.

In this paper we propose a new technique to estimate the spatially variant maps
of noise o(x) from the magnitude signal under GRAPPA reconstructions. The pro-
posal only needs one single magnitude image and no additional information is re-
quired. To that end, the analysis of noise in GRAPPA is carefully studied in order to
properly relax the constraints to provide a blind estimation in realistic scenarios (no
information about coils sensitivities, only one image is provided). For this purpose,
two initial assumptions observed in real cases are considered: (1) The signal-to-
noise ratio (SNR) in each of the coils is high. This assumption allows to relax the
noise characterization to a non-stationary Gaussian model. We will show that this
relaxation is suitable for real MR acquisitions; (2) The variability of the map of
noise is smaller than the variability of the noise itself, i.e., o(x) is a low frequency
signal when compared to the noise, which is also a rational assumption in MRI ac-
quisitions. Both sources of variability can therefore be separated by using a homo-
morphic transformation [159]. This separation of noise components was previously
described by authors in [75] for SENSE acquisitions.

2 Simplified noise model in GRAPPA

The GRAPPA [33] method reconstructs the full k-space in each coil from a sub—
sampled k-space acquisition. The reconstructed lines are estimated through a linear
combination of the existing samples. According to [51, 42], this reconstruction can
be written in the x—space as a multiplication:
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L
SE(x) = [2] > 85.(x) x W(l,x) (1)
m=1
where S (x) is the subsampled data in coil I-th, with | = 1,---, L, and S (x)

is the reconstructed data in each coil. W,,(l,x) are the GRAPPA reconstruction
coefficients in the x-space and |{2| the cardinal of the image in each coil. The recon-
structed image in each coil can be seen as a non-stationary Gaussian image:

SE(x) = AR (x) + N (x: 0,0{*(x)) )

with AT¥(x) being the reconstructed signal and N;¥(x) a complex Gaussian noise
with zero mean and spatially variant variance. The composite magnitude signal
(CMS) is obtained using the sum-of-squares (SoS) of the reconstructed signal in
each coil:

3)

In [42] authors pointed out that the resultant distribution of the CMS is not strictly
a nc-Y, but its behavior will be very similar and can be efficiently modeled as such
with a small approximation error. However, the reconstruction method will highly
increase the correlations between the reconstructed signals in each coil, which leads
to a decrease of the number of degrees of freedom of the distribution. As a conse-
quence, the final distribution will show a (reduced) effective number of coils Leg
and an (increased) effective variance of noise ogff:

_ ARt (Cx) + (r(Cx))’

L - : 4

ett0) = G AR +CATE @
tr (C

02(x) = (Lff) (s)

where Cx (x) = WXW* is the covariance matrix of the interpolated data at each
spatial location, A (x) = [AR, -, AR]T is the noise-free reconstructed signal,
||.]|F is the Frobenius norm, X is the covariance matrix of the original data and
W (x) is the L x L GRAPPA interpolation matrix for each x. Although the nc-y
model is feasible for GRAPPA, the resulting distribution is non-stationary since the
effective parameters are spatially dependent.

The main inconvenience of this noise model is that not only o2(x) has to be
estimated for each point of the image, but also Legr(x). In addition, the product
02(%) Legr(x) is also spatially dependent, which complicates any blind parameters
estimation.

If we assume a high SNR, the non-stationary nc-x model can be simplified: if
AR (x) >> oft(x)) in eq. (2), then the SoS in eq. (3) can be approximated using a
Taylor series as:

My (x) = Ap(x) + N®(x;0,0%(x)), (6)
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Fig. 1 Ratio of experiments in which the Gaussian distribution hypothesis is accepted, using a
Pearson goodness-of-fit test. Left: p = 0.1. Right: L = 8.

where A%(x) = A% Ax and N?(x;0,0%(x)) is a non-stationary Gaussian noise
with zero mean and variance:

A% CxAx ALW*WEW*WA g
A e e o v e VA T Y @
RAR S S
Matrix As = [AT, -+, AZ]T is the original sampled signal (without noise), and

Ar = W . Ags. The variance of noise depends on the position, the GRAPPA re-
construction coefficients, the original covariance matrix and the noise-free signals.

Finally, note that the variance of noise for the simplified model in eq. (7) is con-
sistent to the formulation of effective values proposed in [42] and eq. (5).

The suitability of the Gaussian simplification for nc-y data was validated by
means of a Pearson goodness-to-fit test. The p-value obtained from this test is in-
terpreted based on a significance level of 0.05: if p > 0.05 the null hypothesis (the
data follows a Gaussian distribution) is accepted, i.e. there are no statistically signif-
icant differences between the frequency distribution and the theoretical distribution.
The validation was performed by generating a series of discrete correlated complex
Gaussian random variables (500 samples per variable). Different values for SNR in
each coil, L (number of coils) and p (correlation coefficient) were used. L variables
were combined using the SoS, see eq. (3). 1000 experiments of each configuration
were considered. The ratio of experiments in which the hypothesis is accepted is de-
picted in Fig. 1. For the majority of the configurations, for an SNR> 2 the Gaussian
assumption can be accepted in around the 95% of the experiments, which means
that, in most of the practical situations in MRI, this assumption will be valid.

3 Blind Noise estimation for grappa

In what follows the simplified non-stationary Gaussian model of eq. (6) will be
assumed for GRAPPA, where an image Ap(x) is corrupted with additive Gaussian
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noise with zero mean and spatially-dependent variance 0% (x). Eq. (6) can be written
as
M (x) = Ap(x) + op(x) - N(x;0,1).

Our purpose here is to estimate or(x) from the final image M7, (x) with no ad-
ditional information assumed (blind estimation). To that aim, we propose a homo-
morphic separation of the noise components to extract the spatially variant pattern
of noise.

Let us assume that the variance of noise 0% (x) slowly varies across the image,
i.e. it is a low frequency signal. To remove the contribution of the signal Ap(x),
we will use the stationary wavelet transform (SWT). We define 7(1:H) (x) as the
high-high subband coefficients of the SWT of the image M (x) at the scale s = 1.
Typically, this subband is considered to be an only noise component when the data
follows a Gaussian distribution [71]:

T () x op(x) - N(x;0,1).
Next, we separate signals o (x) and N (x) by applying the logarithm:

log |19 (x)| = log o (x) + log [N (x)] -
—_—

low frequency  higher frequency

The noise term log | N (x)| has its energy distributed along all frequencies, while the
term log o (x) is a low frequency signal by hypothesis. The later can be recovered
using a low pass filtering (LPF):

LPF {log | 7(LHHE) (x)\} ~ logor(x) + dn (3)
with d being a low pass residue of log |N(x)|. This residue must be calculated
to remove it from the estimation. If we assume that the LPF has a small passband,
the LPF {log | N (x)|} is a good estimator of the local mean. By hypothesis, N (x)

is stationary, and therefore the local mean is the same for all pixels. Thus, we can
consider the LPF as a good approximation of the mean of the signal:

LPF {log [N (x)]} ~ E {log IN(x)|} .
| N (x)| follows a half-normal distribution with expectation
E {log [N (x;0,1)]} = ~log V2 - 2
where ~y is the Euler-Mascheroni constant. With this solution, eq. (8) becomes:
LPF{log\I(l’HH)(X)\} ~logor(x) —log V2 — % )

Thus, we can define an estimator for o (x) as
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0

Fig. 2 Estimation of o (x). a) Std. of 100 samples; b) Theoretical value; c) Estimation over 1
sample (homomorphic); d) Estimation over 1 sample (Goossens).

—

op(x) = V2L PF{log 100 (o)l }+v/2, (10)

4 Results

For the sake of validation, first, a synthetic experiment is carried out using a 2D
synthetic slice from the BrainWeb dataset, with intensity values in [0 — 255]. 8-coil
systems where simulated using a realistic sensitivity map. The image in each coil
is corrupted with Gaussian noise with variance 2 = 100 and correlation between
coils p = 0.1. The k—space is uniformly subsampled by a factor of 2, keeping 32
ACS lines. The CMS is reconstructed using GRAPPA and SoS. 100 repetitions of
the experiment are considered to obtain statistical measures.

Before carrying out the estimation, a Pearson goodness-of-fit test is carried out
for each point for the 100 repetitions where the null hypothesis is again that the
data follows a Gaussian distribution. In the 91.85% of the area of interest (the back-
ground is not considered for the experiments) the null hypothesis is accepted. So,
since the Gaussian assumption can be applied for this configuration, we can use the
proposed methodology to estimate the noise.

For the sake of comparison, the estimation of the GRAPPA noise maps is done
using the following methods: 1) The sample variance for each location when 100
realizations of the same experiments are considered; 2) the theoretical value of the
simplified model in eq. (7); 3) the proposed homomorfic estimation over one sample;
4) the method proposed by Goossens in [71] over one sample. This method also uses
the SWT to estimate the spatially variant pattern of noise. In all the cases where the
SWT is needed, the Daubechies (db7) wavelet is used. Results are shown in Fig.2.
The homomorphic scheme matches the noise maps predicted by the theoretical value
in Fig. 2-b. The experiment clearly shows the suitable behavior of the homomorphic
approach when compared to methods that use local estimators, like Goossens’. The
use of a LPF to extract the noise map leads to avoid the granular pattern and to
eliminate the influence of the edges.

For the last experiment, real acquisitions are considered. 100 repetitions of the
same slice of a phantom, scanned in an 8-channel head coil on a GE Signa 1.5T
EXCITE 12m4 scanner with FGRE Pulse Sequence to generate low SNR, see Fig. 3.
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Fig. 4 Noise estimation over the phantom. a) Standard deviation of 100 samples; b) Homomorphic
estimation of one sample; ¢) Estimation using Goossens’ method.

Matrix size 128 x 128, TR/TE 8.6/3.38 ms, FOV 21x21cm, slice thickness 1mm.
All the 100 samples are 2x subsampled. The GRAPPA reconstruction coefficients
are derived from one sample, using 16 ACS lines, and used for interpolation in all
samples. The CMS is obtained by SoS.

First, the Pearson goodness-of-fit test is repeated for each point for the 100 repeti-
tions. For the 94.02% of points inside the signal area the null hypothesis is accepted
(91.1% if the whole image is considered). Again, the Gaussian assumption holds,
even when the original images may look vey noisy. Results of the estimation are
in Fig. 4. Once more, the homomorphic approach succeeds in following the spatial
pattern of the variance of noise.

Additionally, in order to compare the capability to successfully estimate the non-
stationary variance of noise with just one single image, we calculated the ratio of
pixels laying in the 95% confidence interval provided by the estimation of the stan-
dard deviation with different number of samples. In Fig. 5 this ratio is depicted
for both methods. Note that the homomorphic approach outperforms the Goosens’
method in all the cases, and more than 90% of pixels lay within the confidence in-
terval obtained for 20 different acquisitions. This result evidences that the proposed
method provides with just one acquisition similar results to the ones obtained with
a higher number of acquisitions.

5 Conclusions

A new methodology to estimate spatially variant noise in GRAPPA-reconstructed
MRI without any additional knowledge has been presented. It is based on the homo-



238 Aja-Fernandez et al.

0.9[%

0.8}
207}
©
@06/

4 T |
—Homomorphic | e
0-4 7 Teead
----- Goossens

0 20 40 60 80 100
Number of samples

Fig. 5 Ratio of pixels whose variance estimates calculated with one image lay within the 95%
confidence interval of the non-stationary variance of noise for an increasing number of acquisitions.

morphic approach that allows separating the contribution of the pattern of noise and
the noise itself after a wavelet decomposition. The estimator has proved to be robust,
easy to implement and it does not require additional information about the acqui-
sition, nor multiple repetitions to carry out the estimation. Visual results show that
it succeeds in extracting the non-stationary component of noise, while it avoids the
traditional granular pattern shown by methods relying on local estimation. For the
whole methodology, a simplified model of noise for GRAPPA has been adopted. Al-
though this Gaussian model might seem inaccurate, some initial experiments point
out that it can be a suitable model for typical GRAPPA acquisitions. On this pa-
per, only synthetic data and a real phantom have been used to test the Gaussianity
assumption. In the future, we expect to extend the evaluation of this model over
multiple MRI acquisitions with different protocols and over different areas of the
body. We are confident that the trend holds. Finally, the estimator here proposed
has been focused on GRAPPA but it can be easily extrapolated to non-accelerated
multiple coil acquisitions with SoS reconstruction.
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