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Abstract

Measures of structural brain change based on longitudinal MR imaging are increasingly important
but can be degraded by intensity non-uniformity. This non-uniformity can be more pronounced at
higher field strengths, or when using multichannel receiver coils. We assessed the ability of the non-
parametric non-uniform intensity normalization (N3) technique to correct non-uniformity in 72
volumetric brain MR scans from the preparatory phase of the Alzheimer’s Disease Neuroimaging
Initiative (ADNI). Normal elderly subjects (n = 18) were scanned on different 3-T scanners with a
multichannel phased array receiver coil at baseline, using magnetization prepared rapid gradient echo
(MP-RAGE) and spoiled gradient echo (SPGR) pulse sequences, and again 2 weeks later.

When applying N3, we used five brain masks of varying accuracy and four spline smoothing distances
(d =50, 100, 150 and 200 mm) to ascertain which combination of parameters optimally reduces the
non-uniformity. We used the normalized white matter intensity variance (standard deviation/mean)
to ascertain quantitatively the correction for a single scan; we used the variance of the normalized
difference image to assess quantitatively the consistency of the correction over time from registered
scan pairs.

*Corresponding author. Fax: +44 0 207 676 2066. E-mail address: r.boyes@ucl.ac.uk (R.G. Boyes).
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Our results showed statistically significant (p < 0.01) improvement in uniformity for individual scans
and reduction in the normalized difference image variance when using masks that identified distinct
brain tissue classes, and when using smaller spline smoothing distances (e.g., 50-100 mm) for both
MP-RAGE and SPGR pulse sequences. These optimized settings may assist future large-scale studies
where 3-T scanners and phased array receiver coils are used, such as ADNI, so that intensity non-
uniformity does not influence the power of MR imaging to detect disease progression and the factors
that influence it.

Introduction

MR is central in the diagnosis of neurodegenerative diseases as the high spatial resolution and
excellent tissue contrast of structural MRI allows detection of tissue change caused by these
diseases. Serial scanning aids this process, allowing detection of change over time, and is
increasingly used to monitor disease progression and effects of therapeutic intervention. Many
techniques have been developed to quantify disease progression from serial MRI in
neurological disorders (Freeborough and Fox, 1997; Smith et al., 2001; Ashburner et al.,
2003; Wang et al., 2002; Jack et al., 2004; Janke et al., 2001; Thompson et al., 2004). These
techniques, however, rely on the consistency of signal intensity from one scan to the next.

Consistency of signal intensity can be affected to varying degrees by a common artefact known
as MR intensity non-uniformity (or simply non-uniformity), also alternately referred to as bias,
inhomogeneity, or shading artefact. It is manifested as a smooth spatially varying signal
intensity across an MR image. Many factors contribute to it, including inhomogeneous radio-
frequency (RF) fields (caused by distortion of the RF field by the object being scanned, or non-
uniformity of the transmission field), inhomogeneous reception sensitivity and electromagnetic
interaction with the object being scanned. A review of the causes of non-uniformity is discussed
in Belaroussi et al. (2006). Non-uniformity does not necessarily impact on a radiologist’s
diagnosis, but it can affect computational analysis of the image due to the variance in signal
intensity. Many segmentation, registration and analysis algorithms make assumptions about
voxel intensities, and their results are frequently sensitive to non-uniformity. In cases where
non-uniformity is severe the results from analysis may become meaningless.

Many postprocessing correction techniques have been proposed to reduce the impact of non-
uniformity on brain MR scans, usually based on the assumption that the non-uniformity is a
spatially varying multiplicative field and/or that the intensity within the tissue classes of
cerebrospinal fluid (CSF), grey matter (GM) and white matter (WM) should be uniform. Some
approaches define points or regions of known tissue type and then fit a field to those points
and extrapolate it to the rest of the scan (Tincher et al., 1993). Other approaches derive the
non-uniformity by modeling tissue to calculate the expected intensities and then estimating the
non-uniformity by calculating the difference between the actual and expected voxel values.
This is usually achieved using an expectation maximization technique (Guillemaud and Brady,
1997; Wells et al., 1996; Zhang et al., 2001). Alternatively, or additionally, serially acquired
scans can be registered together and subtracted, giving a differential bias field that can be used
to approximate the non-uniformity (or, in the case of additional correction, the residual non-
uniformity) of each scan (Lewis and Fox, 2004). Recent reviews of non-uniformity correction
techniques can be found in Belaroussi et al. (2006) and VVovk et al. (2007).

Non-parametric non-uniform intensity normalization (N3) (Sled et al., 1998) is a non-
uniformity correction technique that finds a multiplicative field that maximizes the frequency
content of the intensity distribution of the corrected scan. N3 proceeds by estimating a Gaussian
distribution of the true scan intensities (uncorrupted by non-uniformity) by deconvolution and
then uses this distribution and the original scan to obtain an estimate of the non-uniformity
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field. This field is then smoothed by fitting a cubic B-spline intensity field to the estimate using
a selected basis point distance. This smoothed estimate is then removed from the original scan,
and the process begins again, iterating until the non-uniformity estimate has converged.

In a comparison of several correction techniques N3 performed well (Arnold et al., 2001). Also,
the algorithm and software are in the public domain
(http://www.bic.mni.mcgill.ca/software/N3/) and is probably the most widely used non-
uniformity correction technique in neurological imaging.

In this study we corrected non-uniformity in images obtained from 3-T scanners using N3. N3
was initially developed for correcting 1.5-T data as 3-T scanners were not commonplace at the
time, and thus it is not widely known how well it corrects non-uniformity in higher field
scanners and a new generation of receiver coils. 3-T and higher field scanners offer an increased
signal to noise ratio resulting in greater anatomical detail and are becoming increasingly
available in clinical settings; however artefacts such as non-uniformity may be more
pronounced due to the shorter RF wavelength compared to scanning at 1.5 T. This is commonly
known as a “dielectric resonance” artefact, but recently that term has been discouraged in favor
of “central brightening artefact” (Collins et al., 2005). A review of this and other artefacts
commonly observed at 3 T is provided in Bernstein et al. (2006). Likewise, newer generation
phased array receiver coils can provide increased signal to noise but may have problems with
non-uniformity due the smaller size of their elements and proximity to the scalp, as well as
interaction in reception sensitivity between the individual elements. Therefore it is paramount
that problems with non-uniformity in newer generation scanners be addressed, so that
longitudinal imaging can benefit from the advantages of higher field scanners and more modern
coils.

The accuracy and performance of N3 are affected by two key factors: firstly the choice of mask
used to identify the region of the scan over which N3 works and secondly the estimate of the
distance over which the non-uniformity field varies, which will in general be smallerat 3 T
due to the shorter RF wavelength. We wished to ascertain the importance of these two factors
using scans obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI; see
http://www.loni.ucla.edu/ADNI) preparatory phase.

The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National
Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical companies and non-profit organizations, as a
$60 million, 5-year public-private partnership. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other
biological markers, and clinical and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease
(AD). Determination of sensitive and specific markers of very early AD progression is intended
to aid researchers and clinicians to develop new treatments and monitor their effectiveness, as
well as lessen the time and cost of clinical trials.

The Principle Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center
and University of California, San Francisco. ADNI is the result of efforts of many co-
investigators from a broad range of academic institutions and private corporations, and subjects
have been recruited from over 50 sites across the U.S. and Canada. The initial goal of ADNI
was to recruit 800 adults, ages 55 to 90, to participate in the research — approximately 200
cognitively normal older individuals to be followed for 3 years, 400 people with MCI to be
followed for 3 years, and 200 people with early AD to be followed for 2 years. For up-to-date
information, see www.adni-info.org.
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The purpose of the MRI portion of the preparatory phase of ADNI was to evaluate various
technical options for scanning in order to select optimum protocol parameters prior to initiating
patient enrolment. Further reading in the preparatory phase of ADNI can be found in Leow et
al., 2006. One of the features of the preparatory phase was an evaluation of test-retest stability
and this was accomplished by scanning healthy elderly volunteers twice at a short interval.
This generated serial MRI data in which little biological change was expected, but which would
contain change that might occur due to short-term drifts in scanner calibration. In this study,
we used these serial images obtained from 3-T scanners equipped with phased array receive
coils to assess the ability of different invocations of N3 to reduce signal non-uniformity.

Materials and methods

Subjects and Scans

Four sites with 3-T scanners (vendors included GE, Siemens and Philips) scanned 18 normal
elderly subjects twice at baseline using different pulse sequences and again 2 weeks later, using
multichannel phased array coils (Table 1). Inclusion criteria required that all subjects were
between 55 and 90 years of age, with an informant/caregiver able to provide an independent
evaluation of functioning. All enrolled subjects had mini-mental state examination (MMSE)
(Folstein et al., 1975) scores of between 28 and 30 and a clinical dementia rating (CDR) of 0O,
without symptoms of depression, mild cognitive impairment (MCI) or other dementia and no
current use of psychoactive medications.

T1-weighted sagittal volumes were obtained using magnetization prepared rapid gradient echo
(MP-RAGE) and spoiled gradient echo (SPGR) pulse sequences.

Representative imaging parameters for the MP-RAGE sequence were TR = 2300 ms, TI1 =900
ms, minimum full TE, flip angle = 8°, 170 sagittal 1.2-mm-thick slices, 256 x 256 matrix with
a field of view of 256-260 mm, yielding a spatial resolution of 1.0 x 1.0 x 1.2 mm?3. Detailed
lists of imaging protocol parameters for the 3-T MP-RAGE on the three vendor’s systems are
available at http://www.loni.ucla.edu/ADNI/Research/Cores/. On the GE scanners, a pulse
sequence that operates similarly (IR-SPGR) was modified to operate equivalently to the MP-
RAGE sequence that is available from the other two vendors. In particular, a linear view
ordering was used, and a recovery time was made available after the gradient echo readout
train. We have called this sequence MP-RAGE for ease of discussion.

Representative imaging parameters for the SPGR sequence were identical to the MP-RAGE
except that TR=16 ms, flip angle = 25° and 164 slices were acquired, and TI is not applicable
because no inversion pulse is used. For this protocol, the SPGR pulse sequence is somewhat
less efficient than MP-RAGE, so its typical acquisition time was 11 min, as opposed to 9.5
min.

As described in Bernstein et al. (2006), all of the image data here were pre-processed (prior to
application of N3) with a B1-receive field correction (Narayana et al., 1988), that operates in
a similar way to widely available commercial packages known as CLEAR (Philips), PURE
(GE Healthcare), and Prescan Normalize (Siemens). Furthermore, the low flip angle (e.g., <
10°) of the MP-RAGE readout train minimized contrast variation from the central brightening
artefact, which in general, is more difficult to correct than spatial modulation of the intensity
alone. For the SPGR, which had a flip angle of 25°, a small but noticeable amount of contrast
variation was expected.

Methods of correction

The N3 algorithm described in the introduction has several parameters that might require
tuning: convergence criteria; maximal number of iterations; the shape of the Gaussian and
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distance between the knot locations of the spline basis functions. In addition a mask can be
provided to identify the region that N3 works over (e.g., brain as opposed to whole head or
entire image). As N3 uses a histogram sharpening method, greater clarity in the histogram with
respect to the form of the non-uniformity field should improve the method. Restricting the
algorithm to the intracranial cavity is ideal, as it should consist of three distinct tissue classes:
CSF, GM and WM. Thus a mask that correctly identifies the brain and CSF spaces should in
theory help N3 to improve the correction. For all scans obtained, we used the following
techniques to obtain five different masks with varying ability in identifying the intracranial
volume (we also include a dummy control mask that indicates the original, uncorrected scan):

1. Uncorrected: No mask/no scan correction.

2. Thresholded: A lower voxel intensity threshold was calculated (Otsu, 1979), and any voxels
in the scan that had an intensity less than this threshold were masked out. A largest connected
component algorithm was then applied so any small islands of disconnected voxels were
removed. This mask should exclude background voxels only, therefore regions of the image
that are not needed for subsequent analysis (including neck, skull and exterior facial features)
normally remain and were therefore included in the subsequent non-uniformity correction.

3. Template 6 dof: The ICBM 152 scan (Mazziotta et al., 2001) (also see
http://www.bic.mni.mcgill.ca/cgi/icbm_view/) was registered to the incoming scan using 6
degrees of freedom (dof) (translations and rotations in the three coordinate axes of the scan),
maximizing the normalized mutual information (NMI) (Studholme et al., 1999). The
registration software used was FLIRT (Jenkinson and Smith, 2001) from the FSL toolkit, which
has been shown to be highly robust (Smith et al., 2002). The registration parameters were then
applied to the brain mask of the ICBM 152 template, using trilinear interpolation and
thresholding at the 0.5 level, so it approximately overlaid the brain on the incoming scan. The
mask included most CSF and intra-sulcal and ventricular spaces. The mask and the ICBM 152
template are shown in Fig. 1. This masking technique aims to include a volume of brain, CSF
and (possibly) other parts of the head on the incoming scan. The volume of the masks should
be the same for all scans, and thus will include different amounts external to the intracranial
cavity for each person.

4. Template 12 dof: The ICBM 152 scan was registered to the incoming scan using 12 dof
instead of 6 (i.e., including scalings and shears in the 3 coordinate axes of the scan as well as
rotations/translations), and the mask transformed. This masking technique aims to improve on
the template 6-dof mask by including scaling and shear factors to account for intersubject
variability. Thus it should include brain and CSF spaces while parts external to the intracranial
cavity are kept to a minimum.

5. Manual-CSF: A brain segmentation was performed using a semi-automated iterative
morphological technique (Freeborough et al., 1997). This technique aims to include only grey
and white matter, removing all ventricular and intra-sulcal CSF.

6. Manual + CSF: The above segmentation was filled, adding in ventricular and intra sulcal
CSF spaces. This mask includes some CSF, adding another class to the histogram.

Note that the Manual-CSF and Manual+CSF masks are semi-automated, but for simplicity
they are referred to as ‘Manual.” Examples of each mask can be seen in Fig. 2. To assess the
quality of the masks (and thus to check if the respective masking techniques have worked), we
visually inspected all of the masks for each scan. We gave each mask a pass/fail rating based
on whether or not it had fulfilled its criteria to an acceptable level. For the five masks, we used
the following minimum criteria in order for each mask to be considered acceptable:
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» Thresholded: All of the brain must be included.

* Template 6 dof: All brain must be included, inclusion of skull and small amounts of anatomy
inferior to brain is acceptable.

* Template 12 dof: All brain must be included and significant amounts of CSF. Inclusion of
skull and parts of anatomy inferior to brain should be minimal.

» Manual-CSF: Entire brain must be included, CSF should be excluded.

» Manual+CSF: Entire brain, ventricular and intra-sulcal CSF must be included, no other part
of the anatomy should be present.

We chose four different spline distances for use in N3: 50 mm, 100 mm, 150 mm and 200 mm,
which we chose to cover an appropriate range to highlight method variance, stepping down
from the default of 200 mm (for 1.5-T data), reasoning that 3-T non-uniformity on phased array
coils would have a shorter wavelength.

Thus there were 20 different ways N3 was applied to the 72 scans, resulting in a total of 1440
corrected images. N3 has other parameters that can be chosen, most of which are associated
with a trade off between speed and accuracy. We chose the remaining parameters to favor
accuracy over speed, but allowing the correction time not to be prohibitively expensive. The
selection of the other parameters was:

1. FWHM — the full width at half maximum of the assumed distribution, chosen to be 0.05
(normalized voxel intensity).

2. Stopping threshold — 0.0001 (the coefficient of variation in the ratio between subsequent
field estimates at each iteration, e=sd (rp)/(mean(rp)), n =1 ... N, where r,, is the ratio between
subsequent non-uniformity field estimates at the nth location).

3. Resampling — 2 (scans are resampled to have a lower resolution, so we reduced resolution
by a factor of 2 in x, y and z).

4, Maximum number of iterations — 1000.

Measures of comparison

Variation of white matter—To compare how well the different combination of masks and
spline smoothing distances reduced the non-uniformity in the scans, we evaluated the intensity
variation over the white matter. This tissue class is an ideal region over which to evaluate non-
uniformity as it is relatively pure and reasonably homogeneous within a spatially extensive
and contiguous region, unlike GM or CSF.

While this measure cannot distinguish between intensity non-uniformity, anatomical variation
(such as regional differences in myelination density, which should be relatively small compared
to the non-uniformity) and noise, we can assume that any reduction is at least partly due to the
associated reduction in non-uniformity, and therefore that a larger reduction in the coefficient
of variation is due to N3 working more effectively.

For each subject, a white matter segmentation was obtained for the different pulse sequences
by an experienced image analyst using the original, uncorrected scan and the Manual-CSF
mask as a starting point. The same iterative morphological technique used in obtaining the
Manual-CSF mask (Freeborough et al., 1997) was then applied to obtain a white matter
segmentation. This segmentation was then eroded once to remove any voxels on the GM/WM
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interface that would have partial volume effects. Each baseline scan was then affinely registered
(12 dof) to the repeat for both pulse sequences using the Manual-CSF masks, maximizing the
NMI between the two. This registration was then used to transform the white matter mask
(using trilinear resampling and thresholding at the 0.5 level) to each pulse sequence’s respective
repeat scan, so that the white matter masks on the baseline and repeat scans were the same.

sd (WM (x))
The coefficient of variation = e (WM (x)) Was then calculated for the original and all
corrected scans over the white matter mask, to give a result for each scan and each type of
correction. The geometric mean of A for the MP-RAGE and SPGR pulse sequences was then
plotted for each mask type and distance on a log scale.

Variance of normalized registered difference image—Given the importance of serial
imaging to longitudinal studies such as ADNI, we also performed a similar test on registered
scans from the two time points.

As each subject was scanned on two occasions 2 weeks apart, there should be negligible
anatomical difference between the respective pulse sequence’s scans at the two time points. If
a normalized, registered, difference image were to be created for the MP-RAGE and SPGR
sequences, it should be composed of registration error, physiological and instrumentation
noise, and the difference between the two non-uniformity fields. If the non-uniformity had
been removed or significantly reduced using any of the 20 different techniques, there should
be a reduction in the variance of this normalized difference image that should relate to how
well the non-uniformity had been removed from each pulse sequence’s scan pairs. We assume
that variability in subject positioning between two time points will lead to differences in the
location and orientation of the non-uniformity with respect to the subject.

We therefore registered each MP-RAGE and SPGR repeat scan to their baselines, masking out
all non-brain voxels before registration (using the Manual-CSF brain masks), using 12 dof and
maximizing NMI. Using the transformation the repeat brain mask was transformed to the
baseline using trilinear interpolation and thresholded at the 0.5 level to re-binarize the mask.
This transformed repeat mask was then intersected with the baseline mask to create a joint
mask. The repeat scan was then transformed to the baseline using renormalized windowed sinc
interpolation (Thacker et al., 1999). The intensities of both the baseline and registered repeat
scans were then normalized by dividing each scan’s voxels by its respective mean in the joint
mask following a single erosion. The difference image for the MP-RAGE and SPGR sequences
was then calculated by subtracting the registered repeat normalized scan from the baseline
normalized scan. This difference image was then calculated for both pulse sequences’ scan
pairs, and the variance w = var(diff(x)) was calculated over the joint mask to obtain a value for
each scan that could be used in statistical analysis. The geometric mean of w across all subjects
was also plotted for each mask type and distance on a log scale on different graphs for the MP-
RAGE and SPGR scans.

Statistical analysis

To take into account the repeated measures nature of the study design linear mixed models
were used to analyze the white matter and difference image variance of the MP-RAGE and
SPGR pulse sequences separately. Both the WM and paired difference variance measures were
log transformed to facilitate comparisons on a percentage scale. The masking type and spline
smoothing distance were considered as six and four category fixed effects, respectively.
Interaction terms were included to investigate whether the differences between masks
depended on the smoothing distance. The model for difference image variance included four
types of random effects. These were (i) subject-specific effects (impacting on all measures on
a particular subject), (ii) subject-specific “mask/control” effects (one impacting on the single
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measure made from the uncorrected scan and another one all other measures made on that
subject), (iii) effects for each mask and subject combination (impacting on all measures for a
particular mask on a given subject) and (iv) effects for each smoothing distance and subject
combination. A similar model was used for the white matter variance measures with the
addition that each of the random effects was partitioned into subject and scan effects (because
there were two scans for each subject-mask-smoothing distance combination). For both models
a global test for interaction between mask type and smoothing distance was performed for the
MP-RAGE and SPGR pulse sequences. Provided that this achieved statistical significance (p
< 0.05) pair-wise comparisons (without adjustment for multiple comparisons) were made
between the different masks at each smoothing distance. Differences were expressed as
percentage differences in geometric mean levels with 95% confidence intervals.

Fig. 3 shows the MP-RAGE-uncorrected and N3-corrected scan and the associated non-
uniformity field when using the template 12-dof mask and a 50-mm smoothing distance. Fig.
4 shows the equivalent SPGR scan (of the same person — note that the SPGR scan is registered
to the MP-RAGE for visualization, thus the slices of Figs. 3 and 4 are equivalent).

Note in the uncorrected MP-RAGE scan the bright, deep central region typical of 3-T non-
uniformity, affecting image intensity in the thalamus and cerebellar white matter, and how in
the corrected scans the spatial variation in intensity has been removed. The SPGR scan is not
affected to the same degree; however, non-uniformity is still apparent.

Table 2 shows the number of masking failures using each masking technique for the two pulse
sequences. We found when using the thresholding technique on both MP-RAGE and SPGR
scans that the value calculated usually led to the neck, skull and dura being included in the
mask, but sometimes large parts of CSF were classed as background and excluded. However,
in the MP-RAGE scans the severity of the non-uniformity field (for an example, see Fig. 3)
led to areas of grey matter approaching the intensity of CSF, which led to parts of brain being
excluded and thus the masks were rated as a fail. SPGR scans were not as severely affected by
the non-uniformity field and thus all regions created using the thresholding technique included
all of the brain.

The two failures in the MP-RAGE and SPGR template 12-dof masks were from the same
subject. The mask included the eyes and base of skull anterior to brainstem for both baseline
and repeat scans (the aim of the masking technique is to include the brain and CSF spaces
only). This was probably related to the subject’s unusually large frontal sinus and enlarged
superior CSF spaces, which confounded the 12-dof registration.

MP-RAGE white matter variation

Fig. 5 shows mean levels of normalized white matter variance according to mask and distance
for the MP-RAGE sequence. Table 3 shows the percentage difference between geometric mean
levels for each mask relative to the template 12-dof mask at the same smoothing distance. A
global test of interaction provided evidence (p < 0.0001) that the way in which white matter
variance varies with smoothing distance does differ between masks. Both Thresholded and
Uncorrected scans give rise to variances that are on average more than 200% greater than those
for the template 12-dof mask at all smoothing distances. The template 6-dof mask is also
associated with statistically significantly higher levels at each distance but the magnitude of
the difference is reduced. The Manual-CSF mask resulted in levels that were broadly similar
to those with the template 12-dof mask, although results differed slightly by smoothing
distance. At a distance of 100 mm Manual-CSF gave results that were on average 23% higher
than those with the template 12-dof mask (a difference that just achieved statistical significance,
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p < 0.05). At smoothing distances of 50 and 150 mm the template 12-dof mask still performed
best, but differences were small and not statistically significant. At a smoothing distance of
200 mm the Manual-CSF mask was associated with levels that were 14% lower, but this
difference was also not statistically significant. Results for Manual+CSF were similar to those
for Manual-CSF.

MP-RAGE paired difference variance

SPGR white

Fig. 6 shows mean levels of the variance of the difference image according to mask and
smoothing distance for the MP-RAGE sequence. Table 4 shows the percentage difference
between geometric mean levels for each mask relative to the template 12-dof mask at the same
smoothing distance. A global test of interaction provided evidence (p=0.013) that the way in
which difference image variance varies with smoothing distance does differ between masks.
The Thresholded, template 6 dof and Uncorrected scans have greater variance at all smoothing
distances when compared to the template 12-dof scans. In contrast, variance with the Manual
+/-CSF masks is less than that of the template 12 dof at all smoothing distances. At larger
smoothing distances the reductions are of the order of 10% and statistically significant (p <
0.05). However, for the smaller distances, the differences are small and not statistically
significant.

matter variance

Fig. 7 shows mean levels of normalized white matter variance according to mask and distance
for the SPGR sequence. Table 5 shows the percentage difference between geometric mean
levels for each mask relative to the template 12-dof mask at the same smoothing distance. A
global test of interaction provided evidence (p = 0.0007) that the way in which white matter
variance varies with smoothing distance does differ between masks. Uncorrected scans give
rise to variances that are on average more than 200% greater than those for the template 12-
dof mask at all smoothing distances, with the largest percentage difference at a distance of 50
mm. For thresholded scans variances are about double those for the template 12-dof mask at
all smoothing differences, with the percentage difference increasing with smoothing
difference. Template 6-dof masks are also associated with statistically significantly higher
variances at each distance but the magnitude of the differences is reduced. The Manual-CSF
mask and Manual+CSF masks result in levels that are similar to those with the template 12-
dof mask, with no pair-wise differences achieving statistical significance.

SPGR paired difference variance

Fig. 8 shows mean levels of the variance of the difference image according to mask and
smoothing distance for the SPGR sequence. Table 6 shows the percentage difference between
geometric mean levels for each mask relative to the template 12-dof mask at the same
smoothing distance. A global test of interaction provided evidence (p=0.012) that the way in
which difference image variance varies with smoothing distance does differ between masks.
The Thresholded, template 6 dof and Uncorrected scans have greater variance at all smoothing
distances when compared to the template 12-dof scans, although only the differences with the
Uncorrected scans (at all distances) and the Thresholded scan at a distance of 50 mm achieved
statistical significance (p < 0.05). In contrast, variance with the Manual+/-CSF masks is less
than that of the template 12 dof at all smoothing distances. These differences are generally
small with only that with the Manual+CSF mask at a distance of 150 mm achieving statistical
significance (p=0.044).

Discussion

Upon initial inspection of the scans, we noted that after the B1-receive field correction a high
degree of residual non-uniformity centred in the brain persisted. This was more pronounced in
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the MP-RAGE compared to the SPGR sequence and is quantitatively shown by Figs. 5 and 7.
Thusiitis likely that different pulse sequences are affected to varying degrees by non-uniformity
in 3-T scanning.

Visual inspection of the N3-corrected scans indicated the residual non-uniformity was
considerably reduced when using accurate masks and smaller smoothing distances, as indicated
in Figs. 5-8. The quantitative measures support our assumption that masks with greater clarity
in the histogram improves the correction, and also that reducing the smoothing distance
encapsulates the form of the non-uniformity field more accurately. For both the white matter
and normalized difference images, the variance is significantly reduced as the accuracy of the
masks increase and the smoothing distance decreases. These quantitative measurements are
consistent with the findings of our visual assessments.

Upon inspection of the masks that were created (Table 2), the most notable problem is the
number of failures in the thresholded masking technique for the MP-RAGE scans. Overall the
mask included a significant amount of non-brain (also the case for the SPGR thresholded
masks), with CSF and sometimes brain being excluded. This may explain the poor performance
of the non-uniformity correction associated with this mask for both pulse sequences, as not
enough distinct tissue classes are made available to N3. The sensitivity of the threshold on the
MP-RAGE scans to the non-uniformity is an important problem; clearly a masking technique
should be independent of any non-uniformity to be of any practical use. For both masks derived
from the 6-dof and 12-dof template registration techniques, we used an entropy-based measure
(NMI) as the cost function for the registration, which should be largely independent of any
non-uniformity present in the scan (Maes et al., 1997). Despite this the four masking failures
on the single subject when using the 12-dof registration show that the technique is not
completely robust, and suggest that the use of a different template (e.g., one created from a
group of aged normal controls) may be more appropriate. Although the registration technique
has been shown to be highly robust (Smith et al., 2002), it would be advisable to check the
generated masks prior to N3 correction (e.g., range checking of the volume or visual
inspection), and any of poor quality interactively edited.

When comparing the correction using the template 12-dof mask to the semi-automated
(Manual) correction, it is apparent on both MP-RAGE and SPGR scans that the variance results
are more tightly clustered over the different smoothing distances. For the MP-RAGE
corrections at the 100- and 50-mm distances there is little to choose between the template 12
dof and Manual masks, while at the 150- and 200-mm distances the template 12-dof mask is
inferior. For the SPGR sequence the 50-mm smoothing distance performed better than the 100
mm in both WM and paired difference variance assessments.

We initially expected that including CSF in any mask would improve the performance of N3
as another, distinct tissue class would be included, and the greater volume would encapsulate
more of the non-uniformity, leading to higher accuracy. However, this was not the case, as
there was no significant difference between the Manual-CSF and Manual+CSF masks at any
smoothing distance, indicating that two tissue classes suffice. This finding suggests that the
template MNI 152 template mask we created could be altered to include less extra-sulcal CSF,
which may reduce the amount of tissue external to the brain cavity included in the incoming
scan, further improving the template-based correction.

In determining an ideal smoothing distance, the quantitative results of the MP-RAGE indicate
that 50 mm and 100 mm are significantly better than 150 or 200 mm, with a minimal
improvement between 50 and 100 mm in our assessment. For the SPGR scans, there is greater
benefit in using a smaller smoothing distance of 50 mm, as shown in Figs. 7 and 8. However,
smaller distances will naturally smooth out any variance; the key is that it must smooth only
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non-uniformity, not noise or anatomical variation. We believe that no slowly varying
anatomical variance should occur over a spatial scale of 50 mm, and thus N3 should not be
capable of removing any anatomical features in the scans. We checked this by visually
inspecting some of the 50 mm corrected scans and found that no naturally occurring variance
was eliminated.

One of the parameters of N3 that was not considered in this paper is the FWHM, which is used
to describe the assumed distribution of the non-uniformity field. In this paper it was chosen to
be 0.05, in order to favor accuracy over speed. Sled noted this and also suggested a varied
approach to the FWHM parameter during the correction procedure, leading to faster
convergence but reduced accuracy of the estimated non-uniformity field. This idea was not
explored and could be in future to obtain more accuracy with less computational cost.

The main finding of this work is that the reliability and robustness of the N3 algorithm for
correcting non-uniformity in 3-T head scans for different pulse sequences can be improved by
considered selection of brain masks and the smoothing parameter. N3 cannot be assumed to
perform well for a wide range of scanners and coils using just the default parameters. We
conclude that for 3-T brain imaging using phased array receiver coils a spline distance of 50
mm should be chosen and a brain mask provided which excludes non-brain tissues, as inclusion
of CSF spaces does not appear essential. Automated brain masks created using 12-dof
registration of a brain template performed well although checking of the masks or anomalous
results is recommended. An informed selection of the smoothing distance can be made using
visual inspection and knowledge of the sequence, coil and field strength. These factors are
likely to be particularly important for other higher field scanners and phased array coils.
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Fig. 1.
ICBM152 scan and mask used to obtain the template 6-dof and 12-dof masks.
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Fig. 2.

A representative example of the masks obtained for one particular MP-RAGE scan using the
different techniques: (a) thresholded; (b) template 6 dof; (c) template 12 dof; (d) Manual-CSF;
(e) Manual+CSF. Note the scale difference between panels b and ¢, with b being much larger,
reflecting the scaling change in the 12-dof registration.
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Fig. 3.

MP-RAGE (a) initial scan, (b) corrected scan (using the template-12-dof mask and 50-mm
smoothing distance) and (c) the estimated non-uniformity field obtained with the template 12-
dof mask overlaid.
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Fig. 4.

SPGR (a) initial scan, (b) corrected scan (using the template 12-dof mask and 50-mm
smoothing distance) and (c) the estimated non-uniformity field obtained with the template 12-
dof mask overlaid.
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MP-RAGE Normalised White Matter Variance
Geometric Mean Across All Scans
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Fig. 5.

MP-RAGE mean normalized white matter intensity variances when using N3 for different

masks and smoothing distances.
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MP-RAGE mean difference image variances when using N3 for different masks and smoothing

distances.
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SPGR Normalised White Matter Variance
Geometric Mean Across All Scans
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Fig. 7.

SPGR mean normalized white matter intensity variances when using N3 for different masks

and smoothing distances.
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Mask Type

SPGR mean difference image variances when using N3 for different masks and smoothing

distances.
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Table 1
Sites involved in 3-T scanning in the ADNI preparatory phase

Site 1 (Mayo Clinic, Site 2 (Johns Hopkins Site 3 (Boston University, Boston, Site 4 (University of

Rochester, Minnesota, USA) University, Baltimore, Massachusetts, USA) California, Davis, USA)
Maryland, USA)

GE Signa3 T Philips Intera 3 T Philips Intera 3 T Siemens Trio 3T

Subjects: 9 Subjects: 3 Subjects: 3 Subjects: 3

The scanner type and the number of subjects (who were scanned twice 2 weeks apart, using MP-RAGE and SPGR pulse sequences, resulting in four scans
per subject) at each site are indicated.
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Pass/Fail of each masking technique for the two different pulse sequences (baseline and repeat timepoints combined)

Masking technique Total passed MP-RAGE Total failed MP-RAGE Total passed SPGR Total failed SPGR
Thresholded 29 7 36 0
Template 6 dof 36 0 36 0
Template 12 dof 34 2 34 2
Manual-CSF 36 0 36 0
Manual+CSF 36 0 36 0
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