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(a) �-weighted (b) T1 -weighted (c) T2 -weighted

Fig. 5. Axial (left), coronal (middle) and sagittal views of the the (a) �-, (b) T1 - and (c) T2 -weighted scans on a normal male volunteer.

Fig. 6. Axial views (from left to right) at the 72nd, 82nd, 92nd and 102nd
slices of the breast image.

acquired at a resolution of 0.8929mm�0.8929mm�1.25mm.
A 187.5mm�117.8mm�220mm was cropped to exclude large
non-breast regions of chest, air and so on, resulting in an
image containing 210�132�176 voxels. Thus, there are few
background voxels for this image, thus the histogram-based
method may not be particularly applicable. We also do not
have access to the complex-valued data at each voxel and thus
there is no gold standard for comparisons in this case.

B. Results

Table II summarizes estimates obtained using the three
methods for estimating σ. For the �-weighted MR dataset, it

TABLE II
ESTIMATED σS ON CLINICAL DATASETS OBTAINED USING THE BIC-,
HISTOGRAM- AND VARIABILITY-BASED METHODS OF ESTIMATING σ

ALONG WITH THEIR “GROUND TRUTH” ESTIMATES (WHERE AVAILABLE).

Dataset ground truth BIC histogram variability
�-weighted 0.994 1.455 3.263 1.357
T1 -weighted 0.833 1.328 1.966 0.899
T2 -weighted 0.824 0.828 1.258 0.828

Breast – 8.005 13.366 8.005

appears that all three methods for estimating σ did not perform
particularly well. Our variability-based estimator proved a
little better than the BIC-based estimator, over-estimating
σ by 36.5% as opposed to 46.4% for the BIC-estimator.
Performance of the histogram-based estimator was particu-
larly poor: it over-estimated σ by over 228%. For the T1-
weighted image, the variability-based estimator over-estimated
σ by about 7.9%, while the BIC-based and histogram-based
estimators had errors of over 59.4% and 136%, respectively.
Each of the three estimators had their best performance on
the T2-weighted image, but even here, the histogram-based
estimator over-estimated σ by about 52.7%. Both the BIC-
and variability-based estimators performed very well, reporting
relative errors of under 0.5%. Finally, both the BIC- and
variability-based methods estimated σ to be 8.005 for the
breast image, while the histogram-based method estimated
σ to be 13.366. As mentioned earlier, there is no “ground
truth” estimate available here, but the results of the simulation

and phantom experiments and the smaller proportion of back-
ground voxels in the image provide us with greater assurance
on our the variability- and BIC-based estimates.

In this section, we have demonstrated application of our
σ-estimation methodology to four 3D clinical datasets. Our
estimates were the closest to the “ground truth” values when
the latter was available, thus providing a measure of surety in
the applicability of our methodology to clinical settings.

V. CONCLUSIONS

In this paper, we provide an automated method for esti-
mating the noise parameter in magnitude MR images that
is applicable irrespective of whether there is a substantial
number of background voxels in the image. Specifically, we
model the observed voxel image intensities as a mixture of
an unknown number J of Rician distributions with common
noise parameter σ. For given J , we use EM to estimate all the
parameters in the model given initializing values, strategies to
choosing which are also provided. In addition to using BIC to
estimate J , we also propose a variability-based approach based
on the noise in the estimated σ. Given the EM’s computational
limitations, we propose choosing at random a coarse sub-grid
of the image cube. The EM algorithm is applied to this reduced
set of voxels and thus becomes practical to implement. In
doing so, we also minimize the effect of local dependencies
between observed voxel intensities that may potentially arise in
the image as a result of post-processing and image registration.
Our methodology supplements the automated histogram esti-
mation method of [18] which relies on identifying background
voxels and then using the Rayleigh distribution assumption
on these background voxels in order to estimate σ. We
report performance on experiments on simulated and physical
phantom data, the former in fields with different proportions
of bias. Our suggested methodology generally outperformed
the others in our experiments, providing evidence of its utility
in automatically estimating σ, especially when the presence of
large numbers of background voxels is not assured. We also
successfully demonstrated application of our methodology to
four clinical datasets.

A few points need to be made in this context. First,
we note that our algorithm is very computer-intensive with
calculations for each J taking as much time as the algorithm
in [18]. However, the entire procedure can be parallelized.
Further, while not implemented here, the EM algorithm can
be substantially sped up using acceleration methods as in [30].
While also not pursued in this paper, we note that the estimates
of the signal and associated clustering probabilities provide the
ingredients for a segmentation algorithm. The estimation of J
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which, although a nuisance parameter, plays an important role
in estimating σ. Our experiments indicate that a better choice
of J may further improve estimates of σ. One concern with the
suggested variability-based approach to estimating J is that it
relies entirely on the variability in σ̂. A more comprehensive
approach involving not just σ̂, but also the other parameters (~̂π
and ~̂µ) may possibly help in improving the estimation. Another
issue pertains to smoothing and dependent data. We have tried
to address this concern by sampling from a sub-grid with offset
m (chosen to be 12 in our simulation experiments). It may
be possible to explicitly include the dependence structure in
our estimation. This is especially true in the context of image
segmentation, where the goal is to classify every voxel, unlike
the estimation of one parameter (σ), so that a coarser sub-
grid may not be possible. Thus, while a promising automated
method for noise estimation in magnitude MR images has been
developed, a few issues meriting further attention remain.
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[7] D. Weishaupt, V. D. Köchli, and B. Marincek, How Does MRI Work?
New York: Springer–Verlag, 2003.

[8] R. C. Smith and R. C. Lange, Understanding Magnetic Resonance
Imaging. CRC Press LLC, 2000.

[9] M. J. Hennessy, “A three-dimensional physical model of MRI noise
based on current noise sources in a conductor,” Journal of Magnetic
Resonance, vol. 147, p. 153169, 2000.

[10] E. R. McVeigh, R. M. Henkelman, and M. J. Bronskill, “Noise and
filtration in magnetic resonance imaging,” Med Phys, vol. 12, no. 5, pp.
586–591, 1985.

[11] R. Bammer, S. Skare, R. Newbould, C. Liu, V. Thijs, S. Ropele, D. B.
Clayton, G. Krueger, M. E. Moseley, and G. H. Glover, “Foundations of
advanced magnetic resonance imaging,” NeuroRx, vol. 2, pp. 167–196,
April 2005.

[12] M. E. Brummer, R. M. Mersereau, R. L. Eisner, and R. R. J. Lewine,
“Automatic detection of brain contours in MRI data sets,” IEEE Trans-
actions on Medical Imaging, vol. 12, no. 2, June 1993.

[13] I. K. Glad and G. Sebastiani, “A bayesian approach to synthetic magnetic
resonance imaging,” Biometrika, vol. 82, no. 2, pp. 237–250, June 1995.

[14] G. K. Rohdea, A. S. Barnettc, P. J. Bassera, and C. Pierpaoli, “Estimating
intensity variance due to noise in registered images: Applications to
diffusion tensor MRI,” NeuroImage, vol. 26, pp. 673–684, July 2005.

[15] Y. Zhang, M. Brady, and S. Smith, “Segmentation of brain MR images
through a hidden Markov random field model and the expectation
maximization algorithm,” IEEE Trans Med Imaging, vol. 20, no. 1, pp.
45–47, 2001.

[16] O. A. Ahmed, “New denoising scheme for magnetic resonance spec-
troscopy signals,” IEEE Trans Med Imaging, vol. 24, no. 6, pp. 809–816,
2005.

[17] F. d. Pasquale, P. Barone, G. Sebastiani, and J. Stander, “Bayesian
analysis of dynamic magnetic resonance breast images,” Journal Of The
Royal Statistical Society Series C, vol. 53, no. 3, pp. 475–493, 2004.
[Online]. Available: http://ideas.repec.org/a/bla/jorssc/v53y2004i3p475-
493.html

[18] J. Sijbers, D. Poot, A. J. den Dekker, and W. Pintjens, “Automatic
estimation of the noise variance from the histogram of a magnetic
resonance image,” Phys. Med. Biol., vol. 52, pp. 1335–1348, 2007.

[19] J. Sijbers, A. J. den Dekker, J. Van Audekerke, M. Verhoye, and
D. Van Dyck, “Estimation of the noise in magnitude MR images,”
Magnetic Resonance Imaging, vol. 16, no. 1, pp. 87–90, 1998.

[20] J. P. D. Wilde, J. Lunt, and K. Straughan, “Information in magnetic
resonance images: evaluation of signal, noise and contrast,” Med. Biol.
Eng. Comput., vol. 35, pp. 259–265, 1997.

[21] A. C. S. Chung and J. A. Noble, “Statistical 3d vessel segmentation
using a Rician distribution,” in MICCAI, 1999, pp. 82–89.

[22] A. Dempster, N. Laird, and D. Rubin, “Maximum likelihood from
incomplete data via the EM algorithm,” Journal of the Royal Statistical
Society B, vol. 39, no. 1, pp. 1–38, 1977.

[23] G. McLachlan and D. Peel, Finite Mixture Models. New York: John
Wiley and Sons, Inc., 2000.

[24] R. H. Byrd, P. Lu, J. Nocedal, and C. Zhu, “A
limited memory algorithm for bound constrained optimization,”
Northwestern University, Tech. Rep., May 1994. [Online]. Available:
www.ece.northwestern.edu/ nocedal/PSfiles/limited.ps.gz

[25] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions
with Formulas, Graphs, and Mathematical Tables, Ninth Dover printing,
tenth GPO printing ed. New York: Dover, 1964.

[26] C. Zhu, R. H. Byrd, P. Lu, and J. Nocedal, “L-BFGS-B – Fortran sub-
routines for large-scale bound constrained optimization,” Northwestern
University, Tech. Rep., December 1994.

[27] J. A. Nelder and R. Mead, “A simplex method for function minimiza-
tion,” The Computer Journal, vol. 7, no. 4, pp. 308–313, 1965.

[28] R. Maitra, “Initializing partition-optimization algorithms,” IEEE/ACM
Transactions on Computational Biology and Bioinformatics, vol. 6, pp.
144–157, 2009.

[29] J. A. Hartigan and M. A. Wong, “A k-means clustering algorithm,”
Applied Statistics, vol. 28, pp. 100–108, 1979.

[30] T. Louis, “Finding the observed information matrix when using the EM
algorithm,” Journal of the Royal Statistical Society B, vol. 44, no. 2, pp.
226–233, 1982.

[31] C. Fraley and A. E. Raftery, “Model-based clustering, discriminant
analysis, and density estimation,” Journal of the American Statistical
Association, vol. 97, pp. 611–631, 2002.

[32] G. Schwarz, “Estimating the dimension of a model,” The Annals of
Statistics, vol. 6, no. 2, pp. 461–464, March 1978.

[33] C. Cocosco, V. Kollokian, R. Kwan, and A. Evans, “Brainweb: Online
interface to a 3d MRI simulated brain database,” NeuroImage, vol. 5,
no. 4, May 1997.

This is a manuscript of an article from IEEE Transactions on Medical Imaging 28 (2009): 1615, doi: 10.1109/TMI.2009.2024415. 
Posted with permission. Copyright 2009 IEEE.


