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1 ABSTRACT

Despite its great potential in studying brain anatomy and structure, diffusion magnetic resonance
imaging (dMRI) is marred by artefacts more than any other commonly used MRI technique. In
this paper we present a non-parametric framework for detecting and correcting dMRI outliers
(signal loss) caused by subject motion.

Signal loss (dropout) affecting a whole slice, or a large connected region of a slice, is frequently
observed in diffusion weighted images, leading to a set of unusable measurements. This is caused
by bulk (subject or physiological) motion during the diffusion encoding part of the imaging
sequence. We suggest a method to detect slices affected by signal loss and replace them by a
non-parametric prediction, in order to minimise their impact on subsequent analysis. The outlier
detection and replacement, as well as correction of other dMRI distortions (susceptibility-induced
distortions, eddy currents (EC) and subject motion) are performed within a single framework,
allowing the use of an integrated approach for distortion correction. Highly realistic simulations
have been used to evaluate the method with respect to its ability to detect outliers (type 1 and
2 errors), the impact of outliers on retrospective correction of movement and distortion and the
impact on estiation of commonly used diffusion tensor metrics, such as fractional anisotropy
(FA) and mean diffusivity (MD). Data from a large imaging project studying older adults (the
Whitehall Imaging sub-study) was used to demonstrate the utility of the method when applied
to datasets with severe subject movement.

The results indicate high sensitivity and specificity for detecting outliers and that their

deleterious effects on FA and MD can be almost completely corrected.
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2 INTRODUCTION

The advent of MR diffusion imaging has led to great progress in our understanding of the mi-
crostructure of the brain (see for example Jones (2011) or Johansen-Berg and Behrens (2014)
for recent summaries of the field). In the last few years, advances in acquisition (Moeller et al.
(2010), Setsompop et al. (2012), Heidemann et al. (2012), Ugurbil et al. (2013), Vu et al. (2015))
have constituted a “second technical revolution” that has enabled acquisition of data of previ-
ously unimaginable quality. Recent projects have seen the acquisition and public dissemination
of datasets with high spatial resolution, hundreds of diffusion directions and multiple shells
(Ugurbil et al. (2013), Sotiropoulos et al. (2013) and (Setsompop et al., 2013)).

However, great care must be taken with the processing of diffusion images since they are
marred by artefacts more than any other commonly used MR technique (Andersson and Skare
(2011) and Pierpaoli (2011)). In addition, some of the recent advances have come at the cost
of increased artefacts in the data straight off the scanner. For example high fields (Vu et al.
(2015)) will increase the susceptibility induced off-resonance field. There is a trade-off between
in-plane acceleration (IPAT) and simultaneous multi-slice acquisition (MB), and some have
decided against IPAT for that reason (Ugurbil et al. (2013)). SNR considerations may cause one
to opt for Stejskal-Tanner diffusion encoding in lieu of an EC-compensated alternative (Ugurbil
et al. (2013)).

Artefacts in diffusion imaging include
e Image distortions due to field inhomogeneities caused by the subject’s head (susceptibility).

e Image distortions due to eddy currents caused by rapid gradient switching during the

diffusion encoding.

e Location (of the object within the FOV) changes caused by subject movement.



e Signal dropout caused by bulk motion (subject movement or cardiac pulsation) during the

diffusion encoding part of the imaging sequence.

In a recent paper we reported on progress with correcting for the first three of these problems
(Andersson and Sotiropoulos (2016)). The current paper deals with the fourth; the signal
dropout caused by bulk motion.

Signal dropout is a potentially serious problem that can cause false positives when comparing
groups where subjects in one group are more likely to have moved or when regressing data against
a factor that is correlated with the degree of subject movement (Yendiki et al., 2014). Examples
of when this might occur include the comparison of Parkinson’s disease patients with healthy
controls (Perea et al. (2013)), regressing against severity of tremor, and developmental studies of
babies and young children (Walker et al. (2016)) where motion and dropouts can be severe. In
general, the manifestation of the problem may be less obvious, yet may cause biased estimates
due to the presence of outlier measurements (Chang et al. (2005)).

Strategies for dealing with signal dropout have received less attention than the related prob-
lem of EC-induced distortions. When bulk motion is caused by cardiac induced pulsatile move-
ment, gating has been suggested to avoid the part of the cardiac cycle with the greatest motion
(Skare and Andersson (2001) and Nunes et al. (2005)). However, this comes at the cost of a
more complicated setup, sequence programming and slower acquisition. Moreover, it has been
shown that gating can sometimes be deleterious (Mohammadi et al. (2013)).

Another strategy has been to identify affected voxels (Chang et al. (2005), Chang et al.
(2012), Pannek et al. (2012), Collier et al. (2015) and Tax et al. (2015)), “patches” (Zwiers
(2010)), slices (Zhou et al. (2011)) or volumes (Oguz et al. (2014)) and to exclude these from
further processing. One can also use an estimator that is less sensitive to extreme values (Man-

gin et al. (2002)) to reduce the effects of outliers. A potential problem with these voxel-wise



approaches is finding a balance between sensitivity and specificity since the SNR for a single
voxel can be quite low, especially for deep brain voxels in high b-value data. They are also
sensitive to the choice of model for the diffusion signal since the outlier is really defined as the
deviation from the model fit. If the model, such as the diffusion tensor (Chang et al. (2005),
Chang et al. (2012), Zwiers (2010), Collier et al. (2015) and Tax et al. (2015)), is not able to fully
capture the variability of the true signal, a perfectly good voxel may appear to be an outlier.

Another question is the order in which to perform motion correction and outlier detection.
It can be problematic to perform motion correction in the presence of outliers since the dropout
is likely to affect the estimation of movement. On the other hand, it is not really meaningful
to perform a model-to-observation comparison before movement has been properly corrected.
Therefore, instead of a model driven approach, Zhou et al. (2011) used local texture analysis to
find outlier slices and Oguz et al. (2014) used correlation between adjacent slices in the same
volume.

Below we present a novel approach for detecting outliers that are due to signal dropouts.

Compared to previous methods, the proposed technique

e Does not rely on a specific biophysical model of the diffusion process to detect outliers.

e Is able to replace outliers with non-parametric signal predictions made at any direction

and b-value using angularly neighbouring measurements.

o [s extensively validated against "ground truth" obtained from a recent highly realistic

simulator (Graham et al. (2016)).

e Detects outliers in scan space, thereby avoiding the problem of interpolation that mixes

valid and outlier measurements.

e Avoids the problem of order of movement/distortion correction and outlier detection.



This novel approach is integrated into our previous framework for joint correction of off-resonance
effects and subject movement (Andersson and Sotiropoulos (2016)). The framework is based on
aligning and comparing a Gaussian Process based generative model (Andersson and Sotiropoulos
(2015)) to the observed data. The extended version, presented here, involves an additional step
as part of comparing the generative model to each observed slice, where the slice can be labeled
as an outlier based on a summary statistic.

We show that the proposed method has a very high sensitivity and specificity for detecting
outliers, and that replacing them by non-parametric predictions almost completely corrects

errors in derived parameters.

3 THEORY

3.1 Origin of the dropout

The effects of bulk motion have been described in the case of multi-shot sequences by Anderson
and Gore (1994), Trouard et al. (1996), Atkinson et al. (2000) and Norris (2001). For single
shot sequences the effects have been described by Wedeen et al. (1994) and there is a very clear
description in Storey et al. (2007). In section S.1 in the supplementary material we give an
intuitive explanation of how subject movement can cause signal dropout.

In brief:

e Signal dropout is caused by gross movement (subject movement or pulsatile movement of

the brain) coinciding temporally with the diffusion encoding.
e Only movement that has a rotational component can cause dropout.

e The severity of the dropout is a function of the magnitude and rotational axis of the gross

movement, the imaging plane and the diffusion gradient direction.



e Unlike in the case of distortions the phase encode(PE)-direction has no special relevance,
with one caveat: If partial k-space sampling is used the “margin” is smaller in the PE-
direction and for a given k-space translation the signal is more likely to end up outside
the sampled window. [le. if one for example uses 6/8 partial k-space sampling in one
direction the signal only needs to be translated by FOV/4 for it to fall outside of the

sampled window compared to FOV/2 for the other directions.

3.2 How to detect the dropout

When visually inspecting a set of diffusion images any sizeable dropout will be noticed as a
discrepancy between what one sees and what one “expects” to see. If one for example views a
range of slices constituting a volume acquired with a given diffusion gradient it is immediately
obvious if one slice has a much lower intensity than the neighboring slices. Hence, one way to
detect dropout is to compare an “expectation” of what the signal should be to the observed
signal. That “expectation” can be derived from an assumption about neighbouring voxels or
from an assumption about neighbouring points in Q-space (diffusion gradient direction and b-
value). In the present paper we assume the latter and utilise a Gaussian process (Andersson
and Sotiropoulos, 2015) to derive an expectation for what a slice “should” look like.

In brief, a Gaussian process can be used to make predictions about some continuous function
f(x) given some “training data” consisting of a set of (x,y) pairs without having to specify a
parametric form for f(x). It does so by assuming the existence of a function k(x,x’) that gives
the covariance of the function values for any pair x and x’. The form of k(x,x’) is typically
such that the function f(x) varies smoothly as x is changed. Specifically for diffusion MRI data
we recently suggested (Andersson and Sotiropoulos, 2015) a covariance function that combines

a “spherical” covariance function (Wackernagel, 2003) for the angular direction and a squared-



exponential (Rasmussen and Williams, 2006) in the b-value direction. It is parameterised by
a small number (3 + N where N is the number of shells) of hyperparameters that are learned
directly from the data, and can provide predictions for single- or multi-shell data.

Importantly the Gaussian process can give a prediction ¢ for any measurement point x (just
as a parametric model like e.g. the tensor). The specific form of x is [0 ¢ b] and § signifies the
expected signal in a voxel of the diffusion weighted image acquired after the application of a
gradient with direction (6, ¢ - the spherical coordinates) and b-value b. Formally the prediction

9 for a point x* given the set of points X and observed values y is
N * 21\ !
§(x") = k(x", X) (K(X,X) +0°I) "y (1)

where x* may or may not be part of X and where o is one of the hyperparameters that are
learned from the data (see Andersson and Sotiropoulos (2015) for more details).

Hence, a good candidate for detecting an outlier would be d = y — § where a negative value
would indicate less than expected signal and a potential outlier. If we denote a voxel by its
index ¢ we can use d; = y; — §; to denote the deviation from the expected signal in voxel i. Since
the dropout will pertain to an entire slice or, in the case of pulsatile movement of the brain, to
a sizeable subset of the voxels in a slice, it makes sense to use a summary statistic for the entire

slice. We will denote this

1 .
dgs = ni Z Ygi — Ygi (2)

S ics

where s denotes slice s, g denotes volume g, n, denotes the number of brain-voxels in s and gg;
denotes the expected signal in voxel ¢ of volume g.

Typical numbers of slices (and hence distinct dys values) would range from ~a couple of
thousand up to more than 50000.

From the collection of dgs we calculated the mean (d) and an estimate of the voxel-wise



standard deviation from
1

Ng
2 _ s 2

where Ny is the number of slices per volume and N, is the number of volumes. We can then

convert each dgs value to a z-score by

2gs = W (4)

where it should be noted that d will be very close to zero. A decision can then be made for
any zgs by comparing it to a determined (arbitrary) limit such as for example 3 or 4 standard

deviations.

3.3 Dropout and spatial pre-processing

Image registration is needed in dMRI to correct for subject movement and EC-induced distor-
tions. It seems reasonable to assume that if the signal is “missing” in a slice it will have a
deleterious effect on image registration and may affect its accuracy. Conversely if two volumes
are not properly aligned it is easily realised that a large d4s is not necessarily an indication
of signal dropout, but could be due to the lack of registration. Hence, one cannot correct for
movement and distortion in the presence of dropout nor can one detect outliers if there are un-
corrected distortions and subject movement, which suggests that they all need to be corrected
simultaneously.

A simultaneous correction is complicated by the way most EC correction is performed: by
aligning all images to some reference (typically an image without diffusion weighting that is
unaffected by EC) as shown in figure 1. It means that when an image affected by a slice dropout
is transformed into reference space where a prediction could be made, that slice might potentially

be slanted in both an zz- and and yz-view. This would make it more difficult to identify it as



an outlier since one can no longer use a statistic based on the entire slice and there will be
interpolated voxels which are only partially affected by the dropout.

We recently suggested a method for estimation of and correction of EC-induced distortions
and subject movement where a Gaussian Process model in reference space is transformed into
the (unique) space of each of the observed volumes (Andersson and Sotiropoulos, 2016). The
comparison that drives the registration is then performed in the scan space. As shown in figure
2 this formulation lends itself very easily to outlier detection since the observed scan is compared

directly to the model prediction without any resampling.

3.4 The algorithm

The algorithm for estimation and correction of eddy currents and movement is described in
detail in Andersson and Sotiropoulos (2016) and here we focus on the modifications that allow
us to also detect and replace outliers. A schematic outline of the algorithm is presented in figure
3 divided into two steps, i) The prediction step and ii) The estimation step. One iteration of
the method consists of performing both steps.

The difference between the original algorithm and the modification we propose in the present
paper is highlighted in red in figure 3 and consists of keeping a list of outliers that is updated as
part of the estimation step. The outlier list keeping can be summarized as shown in Algorithm

1



Figure 1: The top row shows the principle behind many image registration based EC/movement
correction methods. A reference (which might be a specific scan or some function of many scans
in a “reference space”, shown with a gren outline) is used as a target to which the individual
scans (shown with dashed outlines) are registered through one transform T; per scan. The lower
row demonstrates the case when there is an outlier slice (solid, thick line) in one of the scans.
As it is registered to the target the outlier slice no longer lines up with a slice in the reference,

which makes it harder to detect.

10



Transform scans into ) Transform model into
Build a model
reference space scan spaces

Figure 2: The top row shows how each scan is transformed (with its own unique transform) into
a single reference space and how a Gaussian Process model is built in that space. For a given
volume/gradient a prediction (shown in red) is made in reference space and transformed into
the pertinent scan space using the inverse of the transform for that volume (bottom row). The
prediction is now in scan space and the comparison between prediction and observation can be

performed without any resampling of the actual scan data.
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Figure 3: This figure attempts to graphically demonstrate the joint distortion, movement and
outlier algorithm. The difference to that presented in Andersson and Sotiropoulos (2016) is
highlighted in red and consists of an additional step at the stage of comparing prediction and
observation. If the observation slice is deemed to be an outlier it is put on a list of outliers (ol)

and is replaced by the prediction. The details of the replacement are given in algorithm 1.
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Figure 4: This figure is based on data from an HCP subject and shows a schematic of how an
outlier is detected. For each slice in each volume a prediction is made and compared to what was
observed (panel 1). For each pair of observation—prediction the voxelwise mean of differences
is calculated (panel 2). From the set of all such differences the mean and standard deviation
is calculated. Then the number of standard deviations between the slice mean and the average
slice mean (z-score) is calculated. The decision to reject a slice is binary and is based on the

z-score exceeding some pre-defined threshold.
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Initialize:

Make an empty list of outlier slices

Put all original slices into list of used slices
for Every eddy iteration do

for Every slice in every volume do
Make prediction based on used slices

Calculate difference between prediction and original slice
if Difference indicate an outlier then

if Slice is already in outlier list then
| Replace used slice by prediction

else

Make new prediction without current volume
Replace used slice by new prediction
Add original slice to outlier list

end

else

if slice is on outlier list then
Put original slice back into used slices

Remove slice from outlier list

end
end

Calculate difference between prediction and used slice

Use difference to update movement and EC parameters

end

Algorithm 1: This algorithm details the outlier part of the joint distortion, movement and

outlier correction algorithm.

Importantly, as can be seen from the pseudo-code above, a slice can be labeled an outlier in
one of the first iterations and then be rehabilitated and brought back in a later iteration. This
is important since a slice may appear as an outlier due to uncorrected movement or EC-induced
distortions, but may not once the movements and distortions have been corrected. Conversely, in
an early iteration, sensitivity to detect outliers may be poor as the distribution of slice differences
(c.f. right panel of figure 4) is quite wide because of movements and distortions. But as these
are corrected the distribution becomes more narrow, the sensitivity improves and new slices will
be deemed as outliers.

It is our experience that this algorithm is very robust and we have not seen it fail to converge

on any of the simulations or experimental data presented in the paper.
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3.4.1 QOutlier detection for simultaneous multi-slice acquisitions

With modern multiband (MB) acquisitions, when several slices are acquired in groups following
a single diffusion encoding (Moeller et al. (2010), Setsompop et al. (2012)) any subject movement
will affect the signal in all of those slices. We therefore suggest the group (of slices) as the unit
for detecting an outlier. It is trivial to adapt equations 2 to 4 by simply replacing each s by an
m (for multi-band group). This should further increase our ability to detect an outlier (group),
i.e. make the method more sensitive.

However, when the true cause of the dropout is pulsatile physiological movement (leading to
a local “rotation”), rather than subject movement, it can cause signal loss only /predominantly
for one slice even for multi-band acquisition. To resolve this we have implemented a heuristic
that combines the slice- and group-wise tests. We refer to this last method as “combined”

(combining group- and slice-wise detection).

3.5 What to do with the dropout

When a dropout has been detected the next question is what to do about it. One option would
be to discard the detected slice, but there are some practical problems associated with that. The
end result of the corrections is a dataset in a single (reference) space which means that all of
the individual diffusion weighted images (dwis) will have been resampled (including out-of-plane
rotations) into that space. Hence a “discarded” slice will now be a discarded oblique plane with
ambiguous edges, and for which one would have needed the information from the discarded slice
for the interpolation.

Instead, we propose to replace the original slice with the prediction made by the Gaussian
Process (GP) and then proceed as if there was no missing slice. This is equivalent to replacing

a data-point with its expectation (given the GP), which is the value that would not affect the

15



predictions/inference of the GP at all. That means that it is independent of whatever biophysical
model will subsequently be used to analyse the data and will therefore not bias results towards
any one specific model. The quality of that prediction, in terms of similarity to some unknown
“truth”, will depend on how densely the diffusion sphere has been sampled. Unlike the distortion
correction estimated by eddy it does not matter if diffusion has been sampled on the whole or
the half sphere. More details about the Gaussian Process generative model can be found in

Andersson and Sotiropoulos (2015).

4 MATERIAL AND METHODS

4.1 Implementation

The method described in the present paper has been implemented in C++ as part of the eddy
tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY) in FSL (see Smith et al. (2004) and
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). When we use the term eddy we refer to that

implementation of joint movement, distortion and outlier correction.

4.2 Simulations
4.2.1 Data

We used the POSSUM MRI-simulator (Drobnjak et al. (2006), Drobnjak et al. (2010)), extended
to simulate diffusion weighted images (Graham et al. (2016)). POSSUM is a highly realistic
MRI simulator that simulates data in k-space by solving Bloch’s and Maxwell’s equations. This
ensures that images and their artefacts capture the key features of their real-world counterparts.
The object (brain) was based on a tissue type segmentation of a subject from the HCP cohort

an Essen et al. ollowe tissue type based assignment o , an . e
(Van E 1. (2013)) followed by ype based g f T1, T2 and T2*. Th
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diffusion properties was based on a spherical harmonics fit to the subject’s diffusion data.
Data was simulated with known eddy currents, subject movement and signal dropout. Sim-
ulations were divided into slice-wise and group-wise outliers, where a group corresponds to a set
of slices acquired for the same excitation and diffusion weighting as part of a multi-band acqui-
sition. For all simulations there was “ground truth” dataset that contained no noise, movement
or outliers. A simulated dataset consisted of 12, interspersed, b=0 volumes, 32 b = 700s/mm?
volumes and 64 b = 2000s/mm? volumes. The matrix size of each volume was 72 x 86 x 55
with a 2.5 x 2.5 x 2.5mm voxel size. The directions for each non-zero shell were optimised on
the half-sphere using Coulomb forces (Jones et al. (1999)), and then randomly sign-swapped
to achieve a “reasonable” distribution over the whole sphere. Two different levels of subject
movement and two SNR levels were used. The movements were “realistic” in that they were
taken from the estimated motion parameters of actual studies, one set for a “good” subject and
one for a “bad” subject. The two SNR levels were defined for the b=0 volumes and were 40 and
20, corresponding to “normal” and “poor” SNR. Outliers were generated for random slices in
random volumes with a multiplicative “dropout factor” randomly drawn between 0.1 and 0.9,
where zero corresponds to complete dropout and 1.0 to no dropout. The total number of outliers
was chosen to be commensurate with what is “typically” seen in datasets with “slightly difficult”
subjects such as in the Whitehall Imaging substudy ((Filippini et al., 2014)) or in the study by
Krogsrud et al. (2016). This corresponded to 155 £ 25 outliers per dataset for these simulations
with 96, diffusion weighted volumes of 55 slices each. Not all outliers occurred in slices with
a sufficient number of brain-voxels for estimation of outlier slices, so within the slices actually
used there were 126 +21 outliers. Data was also simulated with the same EC-distortions, motion
parameters and noise levels, but without any outliers. This was to enable the isolation of the

effects of the outliers from the other factors that degrade the data, and also to be able to assess
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any negative effects from false positives (the erroneous labelling of a slice or voxel as an outlier)

when applying outlier detection to data with no outliers.

4.2.1.1 Slice-wise outliers

This corresponds to the usual case where each slice is excited and diffusion weighted separately,
and hence where a movement during the diffusion weighting affects a single slice. The outliers
slices were drawn individually from a random diffusion weighted volume followed by a random

slice within the volume.

4.2.1.2 Group-wise outliers

In multi-band (MB) imaging several slices are excited and diffusion weighted simultaneously
and any movement affects them all. Hence, potentially it is better to assess outliers as “outlier
groups” than outlier slices. For this case outliers were created by drawing a random diffusion
weighted volume followed by a random group (of slices) within the volume where all slices
within the group were multiplied by the same factor. Our framework has the option to use

either slice-wise or MB-group-wise statistics and outlier detection, or a combination of both.

4.2.1.3 Increasing frequency of outliers

The data above were simulated with an outlier frequency of 3%, which corresponds to what is
typically seen in data. These 3% were realised by a 30% chance of an outlier in each volume and
a 10% chance of any slice being an outlier in a volume with outliers. For this simulation both
those probabilities were increased by y/n (where n was 1,2, ..., 6) such that the total frequencies
of outliers were 3, 6, 9, 12, 15 and 18%. This simulation was performed only for the level of

movement corresponding to a “good” subject and for slice-wise outliers.
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4.2.2 Analysis
4.2.2.1 The effect of outliers on estimated movement and EC parameters

As outlined in section 3.3 it seems likely that the presence of outliers in the data will adversely
affect our ability to accurately estimate subject movement and EC-induced distortions. For the
simulated data the “true” geometric distortions are available as displacement fields that sum-
marise the effects of movement and EC distortions so these can be compared to the corresponding
fields estimated by eddy to assess the accuracy of the latter (Graham et al. (2016)). For this
analysis we used the sum-of-squared differences between the true and estimated displacement
fields (summed over all brain-voxels) as a summary statistic of the registration error. We used
eddy on the simulated data with slice-wise outliers (section 4.2.1.1) using outlier replacement at

threshold levels of 3, 3.5, 4 and 4.5 ¢ and also without any outlier replacement.

4.2.2.2 Comparison to RESTORE

RESTORE is a previously published method (Chang et al. (2005), Chang et al. (2012)) that
fits a tensor model non-linearly to each voxel and detects outliers for that voxel based on the
residuals (one for each volume) of that fit. There are a number of other methods available
that we could have compared against (for example PATCH, Zwiers (2010) or DTIPrep, Oguz
et al. (2014) ). The choice of RESTORE was based on it being amongst the first published
methods and being part of two popular packages for analysis of diffusion data (CAMINO,
Cook et al. (2006) and TORTOISE, Pierpaoli et al. (2010)). For this comparison, all processing
following eddy was performed using the CAMINO software package (Cook et al. (2006)) (but also
see Supplementary Material for comparisons using RESTORE as implemented in TORTOISE;,

Pierpaoli et al. (2010)). All simulations were pre-processed in two ways:
eddy EC-induced distortions and subject movements were corrected using eddy.
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eddy with OLR EC-induced distortions, subject movements and outliers were corrected using

eddy with simultaneous outlier rejection.

For this comparison the outlier detection in eddy considered both positive (increased signal) and
negative outliers in order to be comparable to that of RESTORE since the implementation in
CAMINO does not support the “informed” detection described in Chang et al. (2012). In order
to isolate the effects of the outlier detection, eddy used outlier replacement internally to ensure
that the estimation of movement and EC-induced distortions did not differ between options
eddy and eddy with OLR. Ie. it used the algorithm shown in algorithm 1 for the estimation
of the movement and distortion parameters, but for the option eddy those parameters were
applied to the original data with the outliers left in place. A single diffusion tensor model
was fitted non-linearly (Jones and Basser (2004)) as implemented in the CAMINO software
package (Cook et al. (2006)) to data pre-processed in all three ways, as well as to the noise
free “ground truth” data. In addition, for data pre-processed according to eddy, single tensors
were fitted using RESTORE (Chang et al. (2005)) as implemented in CAMINO (Cook et al.
(2006)). This processing stream will be referred to as eddy+RESTORE. For the RESTORE
analysis we estimated the noise using the “for multiple b=0 images” option of the estimatesnr
command of CAMINO. These estimates were in close agreement with the SNR used to simulate
the data (within 1 of the tentative values (20 or 40)). We calculated the correlation (Pearson’s
r) between “ground truth” derived FA and MD and that derived from the processed data. This
was performed both for all brain-voxels (denoted r in figure 7) and for all white matter voxels

only (denoted rw in figure 7).
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4.2.2.3 False positives and negatives

A false positive is when a slice or group is labelled as an outlier when in fact it is not. A false
negative is an outlier slice that is not detected. For this analysis outlier detection (using eddy
with OLR) was performed for four different thresholds for defining an outlier: 3, 3.5, 4 and 4.5
standard deviations away from the mean slice-difference. Only “negative” outliers (i.e. outliers
associated with signal loss) were considered. Outlier detection was only attempted for slices
with 250 or more brain-voxels (as defined by a user supplied mask). Outliers in other slices were
ignored, and hence did not count towards false negatives. For each movement type (“good” or
“bad” as defined in section 4.2.1 above) and SNR level (20 and 40) ten different realisations of
random outlier slices were used.

For the analysis of false positives we used the simulated data without outliers and analysed
it using slice-wise, group-wise and combined outlier detection. The false negatives were assessed
using data with slice-wise and data with group-wise simulated outliers. Data with slice-wise
outliers were analysed with slice-wise and combined outlier detection, and data with group-wise
outliers were analysed with group-wise and combined outlier detection.

The data without outliers were also used to assess false positives with RESTORE. Because
of the difficulty of clearly defining an outlier after movement correction and interpolation no

attempt was made to estimate the false negative rate for RESTORE.

4.2.2.4 The effect on derived diffusion parameters

Different methods for estimating the diffusion tensor are differently sensitive to the presence of
outliers caused by signal loss. This is due to the different weighting of the error that is implicit
in the different methods (see e.g. Chang et al. (2005)). For this analysis tensors were fitted to

the data using the CAMINO implementations of
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OLS Ordinary linear least-squares on log-transformed data

WLS Weighted linear least-squares on log-transformed data (Jones and Basser (2004)).

NLS Non-linear least-squares (Jones and Basser (2004)).

This was done for the pre-processing streams eddy and eddy with OLR, in section 4.2.2.2 above,
but for this analysis only detecting and rejecting “negative” outliers. For each movement type
(“good” or “bad” as defined in section 4.2.1 above) and SNR level (20 and 40) ten different
realisations of random outlier slices were used. The outcome was the correlation (Pearson’s r)

between “ground truth” derived FA and MD and that derived from the processed data.

4.2.2.5 The effect of frequency of outliers

A similar analysis to in the previous paragraph was performed, but for this analysis only with
a threshold of 40. Data with SNR levels (20 and 40), movement corresponding to a “good”
subject, outlier frequencies of 0, 3, 6, 9, 12, 15 and 18% was used and for each case ten different
realisations of noise and random outlier slices were used. The outcome was the correlation

(Pearson’s r) between “ground truth” derived FA and that derived from the processed data.

4.3 Whitehall Imaging data

4.3.1 Data

These data are from community-dwelling older adults and have been described in great detail
in Filippini et al. (2014). Images were acquired on a 3T Siemens Magnetom Verio system with
a 32-channel receive head coil. Diffusion encoding was performed using monopolar Stejskal-
Tanner gradients. A single shell with 60 unique directions and a b-value of 1500 was acquired

along with 5 interspersed b = 0 volumes. The resolution was 2mm isotropic, the imaging matrix
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was 96x96x 64 voxels. Phase-encoding was in the anterior—posterior direction and a factor of
2 in-plane acceleration (GRAPPA) was used. An additional single b = 0 volume with phase-
encoding posterior—anterior was acquired to allow for estimation of the susceptibility-induced
off-resonance field.

Data was used from eight subjects who were identified as “having moved a lot”.

4.3.2 Analysis

For these datasets there was no “ground truth”, hence the analysis consisted of manual identi-
fication of outlier slices. First, the sagittal and coronal views of each volume were inspected for
signs of “stripy appearance” in the z-direction. Each volume with signs of “stripy appearance”
was stepped through in the z-direction whilst viewing the transversal slices. If a slice appeared
“surprisingly dark” it was further inspected to determine if it was an outlier. This process was
performed twice, once stepping in bottom to top and once in top to bottom direction.
Subsequently, eddy was run with and without outlier replacement and the data was revisited

with the automated outlier report in hand to verify the outliers.

5 RESULTS

5.1 Simulations

In figure 5 we show an example of the simulated data. It demonstrates the problem alluded to
in figure 1, where after reorientation an outlier slice has turned into oblique bands where most

voxels are a mixture of lost and preserved signal.

23



Figure 5: An example of a $=2000 volume from the simulations. This is a volume late in the
series where the movement has accumulated to rotations of 7.3 and 1.5 degrees around the z- and
y-axes respectively. The top row shows the results without outlier replacement and the voxels
labeled as outliers by RESTORE (in yellow). Note in the sagittal view how the outlier slices
are now thin oblique bands (indicated by arrows) through the volume and that they manifest
as wide oblique bands (indicated by arrows with corresponding color) in a transversal view. All
voxels in one of those bands are, through the interpolation, a mixture of outlier and non-outlier
voxels. This makes it more difficult to detect (or even define) an outlier (c.f. figure 1). The
bottom row shows the same slices from the same data when outlier detection and replacement

was performed.
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5.1.0.1 The effect on estimated movement and EC parameters

Figure 6 shows a typical example of registration error for each volume in one realisation of the
simulated data. It can be seen that for most of the volumes there is no appreciable difference
when performing outlier rejection compared to when not. The volumes with a clear difference
are all characterised by a larger than average number of outlier slices (the two volumes with ten
and nine outliers had the largest numbers). In those cases, outlier detection has helped improve
the estimates of the distortions and subject movements. On the other hand there are several
volumes (not indicated in figure 6) that do not exhibit an increased registration error despite
having four or more outlier slices. Our interpretation is that it is not only the number of outliers
that determine the effect on registration accuracy, but also the location of these slices in the
volume.

The average registration error was consistently higher when not performing outlier rejection,

but because it mainly affected a handful of volumes the effect on the mean was very small (table

1).

5.1.0.2 Comparison to RESTORE

Figure 7 shows an example of correlations against “ground truth” FA for the small movement
case with SNR 40. When looking at the scatter plots for the eddy+RESTORE case it can also
be seen that it has many voxels in the low FA range where the FA has been overestimated, which
leads to worsened correlation with “truth” when estimated across all brain-voxels. RESTORE
performs better when limiting the calculation of the correlation with “truth” to white matter
voxels (rw in figure 7), but is still inferior to the outlier replacement within eddy.

Figure 8 shows results pooled across all ten realisations for the two levels of movement and

SNR.
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Figure 6: Registration error was defined as the average voxelwise misplacement averaged across
all brain-voxels. Registration with outlier rejection is shown in blue and without in red. The
numbers next to four of the red markers are the # of outliers in those volumes (the average
number of outliers per dwi volume is 1.7). The corresponding points with outlier rejection have
been framed in black to make them easier to spot. There were other volumes with 4 or more
outlier slices (not indicated) that did not show an increased error. The simulated data used
for this figure had an SNR of 20 and subject movement corresponding to a “good” subject’s
(see section 4.2.1). A threshold of 40 was used to define an outlier slice. There are no blue
dots visible in the figure. That is because there are no outliers among the b=0 volumes so they

coincide exactly with the red dots.

26



eddy eddy+RESTORE eddy with OLR noise only

g 1 1 1
2 1=0.946 =0.965 =0.976
*5 08 rw=0.939 081 rw=0.946 o8 rw=0.961
o g
4“5 E X 06 06 06
B é . 0.4 0.4 0.4
S 32 :
= M 02 02 0.2
A
o o0z 04 06 08 1% 02 04 06 08 10 o0z 04 06 08 1% 02 o4 06 08 1
True FA True FA True FA True FA

4] eddy eddy+RESTORE eddy with OLR noise only
5] 1 1 1 1
E =0.966 r=0.955 =0.966 =0.976
g 08 rw=0.950 08 rw=0.949 08 rw=0.950 o8 rw=0.961
< £
= SR X 06
o 2

<
g § 0.4
- :

02t

s 5
<
) o o0z 04 06 08 10 02 04 06 08 1% 02 o0& 06 08 10 0z 04 06 08 1

True FA True FA True FA True FA

Figure 7: This figure shows the voxelwise correlation between estimated FA and “ground truth”
for the simulated data. This example represent one realisation of the “small movement” case
with SNR 20. The top row shows the results when data contained outlier slices and the bottom
row when it did not. Panels from left to right are i) eddy with no outlier correction, ii) eddy
followed by RESTORE outlier correction, iii) eddy with outlier correction (40) and iv) data with
noise only (7.e. the "ground-truth" correlation in the presence of noise). The “scatter plots” have
been created by binning all pairs of voxels in a 200 x 200 matrix and displaying the log of the
resulting images as a gray scale. The r-values are the voxel wise correlations calculated over all

brain-voxels and the rw calculated for white matter voxels only.
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Figure 8: This figure shows the voxelwise correlation between estimated FA and “ground truth”
for the simulated data. Each point represents the correlation across all brain-voxels (left two
columns) or across all white matter voxels (right two columns) averaged over ten realisations.
The error bars represent + one standard deviation across those ten realisations. The dashed
black lines represent the cases where there were no outliers in the data, and the solid grey lines

when there were outliers.
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Movement: Small Large

SNR: 20 40 20 40

Without OLR: | .279+.015 .2424+.014 .269 4+.004  .248 4+ .005
With OLR: 264 +£.013  .239+£.009 .2594+.004 .239 £+ .003

Difference 015 (2.42*%) .003 (0.58) .010 (5.42*) .008 (4.63%)

Table 1: Error and difference in registration error when performing compared to not performing
outlier rejection as part of the registration process. The numbers represent average (over all dwi
volumes and over the ten realisations) error in mm. The first two rows show the error without
and with outlier replacement and the third row the increase in registration error. The numbers
in parentheses are t-statistics from a two-sample test with unequal variances and the * indicates

significance at the 0.05 level.

Figure 8 shows that in the absence of outliers RESTORE consistently decreases the cor-
relation to ground truth, though less so when only considering white matter voxels. When
data contained outliers RESTORE still decreased the correlation when considered across all
brain-voxels, but improved the correlation for white matter voxels.

In contrast the outlier replacement within eddy did not affect results when there were no
outliers. This can be seen by comparing the first and the third point of the dashed lines in figure
8. When data contained outliers it was able to correct for those to a level that was comparable
to the case when there were no outliers in the first place, as can be seen by comparing the first

points of the dashed lines to the third points of the solid lines.

5.1.0.3 False positives and negatives

The false positive rate was assessed from the data without outliers, which means that any

slice labeled as an outlier was a false positive. The rate was assessed for four different outlier
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Movement: Small Large

SNR: 20 40 20 40

Slice-wise: .00042 .00016 .00056 .00127
Group-wise: 0 0 0 0

Combined .00044 .00019 .00060 .00104

Table 2: Observed false positive rate for eddy with OLR averaged across ten simulated datasets.
An outlier threshold of 3 was used, which means that the tentative false positive rate was 0.00135.

When using a higher threshold (3.5, 4 or 4.5) no false positives were observed.

Movement: Small Large

SNR: 20 40 20 40

False positive rate: | .01125 +.00024 .02020 4+ .00043 .00858 £+ .00013 .01349 + .00031

Table 3: This table shows the false positive rate for RESTORE (in the eddy+RESTORE chain)

for each simulated dataset.

thresholds, 3, 3.5, 4 and 4.5 in datasets with a total of 4320 slices with sufficient brain-voxels
and diffusion weighted images. The rate of false positives was lower than the tentative (i.e.
more conservative) rate for all cases, and only for the lowest threshold (3) did we find any false
positives at all. The results for an outlier threshold of 3 are summarised in table 2. The reason
that the combined error rate is not always greater than the slice-wise is that there is a stochastic
element in the estimation of the hyperparameters on which the predictions depend.

The number of false positive voxels from RESTORE are reported in table 3. For all cases
the rate of false positives was considerably higher than the approximate tentative false positive
rate of 0.00135 (based on 30). Looking at spatial maps (data not shown) of these false positives

they are predominantly along edges between cerebrospinal fluid (CSF) and brain.
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Figure 9: This figure shows the false negative rate vs fraction of original signal intensity (0 is
complete signal dropout, 1 is no dropout). In the left panel it can be seen that for fractional
signal of 0.1-0.7 the FN rate is relatively constant, and that for fractional signal > 0.7xoriginal
signal the FN rate starts to increase. For the MB-group based outlier detection there are no

false negatives for fractional signal < 0.8 xoriginal signal.

As expected the false negative (FN) rate depended on the threshold used for the detection
with a rate of 0.030 for a threshold of 3 and a rate of 0.045 for a threshold of 4.5 (the similarity
between the numbers for the rate and threshold is a coincidence). The effect of SNR is surpris-
ingly small with FN rates of 0.0395 and 0.0381 for SNR 20 and 40 respectively when averaged
across thresholds. As can be seen in figure 9, it also depends on the “strength” of the outliers
such that an outlier slice with 20% of the original intensity is more likely to get detected than
one with 80%.

There is also a large effect of the number of brain-voxels in a slice on the ability to detect
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Figure 10: This figure shows the false negative rate (based on 40) vs slice number. The bars

show the false negative rate per slice (left column) or per MB-group (right column). Also shown

is the # of brain-voxels per slice (solid line and right y-axis on left panel) and # of brain-voxels

per MB-group (dashed line and right y-axis on right panel).

an outlier in that slice. Almost all the false negatives were in the ultimate slices at the top and
bottom (see figure 10). For the top and bottom three slices the average number of voxels were
502, and the average FN rate was 0.29. For the middle 39 slices, the average number of voxels

were 2224 and the average FN rate was 0.0040.

5.1.0.4 The effect on derived diffusion parameters

The results from examining the effect of the outlier detection and replacement on the estimated
diffusion parameters are presented in tables S3, S4, S5 and S6. A subset of the results are

also summarised in figure 11, though the other results in tables are in good agreement with

32



that subset. Figure 11 demonstrates that there are no deleterious effects from applying the
outlier detection to data without outliers, as evident from the horizontal dashed lines for all
plots. It also demonstrates that not correcting for outliers (final point of each line) has a
negative impact on the estimates and that this impact appears to be greater for weighted linear
tensor estimation (WLS, black solid lines) compared to ordinary linear estimation (OLS, grey
solid lines). The deleterious effect of the outliers is almost completely reversed by the outlier
detection/replacement (as indicated by the proximity of the solid and dashed lines in each plot)

and this seems to be independent of the threshold that was used for outlier detection.

5.1.0.5 The effect of frequency of outliers

The effects of increasing frequency of outliers are presented in tables S3 and S5 and in figure 12.
It demonstrates that when outlier detection and replacement is performed there appears to be
little damaging effect up to an outlier frequency of 10%, after which results start to get worse.
In contrast, when the outliers are ignored, the results decline approximately linearly over the
examined range. Already at an outlier frequency of 3% are the results as bad, or worse, as when

performing outlier detection and replacement on data with 15% outliers.

5.2 Whitehall imaging data

Manual inspection of the data yielded a number of outlier slices for each subject as presented
in table 4 together with the corresponding numbers for eddy. As can be seen from the table
the automatic outlier detection in eddy detects considerably more outliers than the manual
observer, even when using a threshold of 4. On the other hand there is a strong correlation
between the measures (0.89 between Manual and OLR 3 and 0.95 between Manual and OLR 4)
which indicated that the difference can just be a matter of sensitivity. This is further supported

by a detailed analysis of the results from the “worst” subject: WH_025 (as defined by the
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Figure 11: This figure shows the correlation between estimated and “true” FA. The left column
is for data simulated with small movement and the right column for large movement. The top
row is from data simulated with an SNR of 20 and the bottom row for an SNR of 40. Solid
lines are for data with outliers and dashed lines for data without. Black lines represent tensor
estimation using weighted linear fit (WLS) and grey lines represent tensor estimation with linear
fit (OLS). The “Inf” outlier threshold represents “no outlier detection”. The error bars represent

one standard deviation across the ten realisations.
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Figure 12: This figure shows the correlation between estimated and “true” FA vs frequency

of outliers. The dashed lines show the situation when outlier detection and replacement was

performed and the solid line when it was not. All outlier detection was performed at the 4o level.

Black lines represent tensor estimation using weighted linear fit (WLS) and grey lines represent

tensor estimation with linear fit (OLS). The error bars represent one standard deviation across

the ten realisations.
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Subject: | WH_015 WH 017 WH 025 WH 117 WH 198 WH 212 WH 305 WH_ 372

Manual 28 25 94 18 27 52 83 55
OLR 3 100 150 203 120 103 140 211 156
OLR 4 66 63 166 62 60 98 112 104

Table 4: This table shows the number of outliers detected in each of the eight “bad” subjects
from the Whitehall imaging data. The top row shows the number of manually detected outliers
and the following two rows show the numbers detected by eddy with outlier thresholds of 3¢

and 4o respectively.

number of outliers for OLR 4). A detailed description of the analysis of this subject is shown
in figure 13. As can be seen from the figure there is a single manually identified outlier that is
not identified by OLR 4, and there are 93 outlier slices identified by both. By comparing the
top panels it can be seen that the slices identified by both are those with the greatest (negative)
z-score as assessed by eddy. This is further confirmed by the bottom panel which shows that
the human observer identified all slices with z-scores greater than 20, identified most slices with
a z-score greater than ten and became considerably more unreliable below ten.

An example of a slice after distortion and movement correction with and without outlier
replacement is shown in figure 14. A movie of the same example can be seen in movie S5 in the

Supplemental material. Examples of sagittal slices for two volumes are shown in figure 15.

6 DISCUSSION

6.1 What do we actually achieve?

The predictions that replace the outliers are linear combinations of all the non-outlier Q-space

data (for that slice). Hence they contain no “new information” and the data (the outlier) is
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Figure 13: Detailed description of the findings in one subject. The top left panel shows the
detected outliers. A dark blue color means no outlier, a light blue color means an outlier
detected only manually, a yellow color an outlier detected only automatically and a red color
an outlier detected by both methods. The top right panel shows the z-score for each slice as
assessed by eddy. The bottom panel shows a histogram of the distribution of z-scores estimated

by eddy (blue bars) and the manually detected outliers for the different z-scores (red).
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Figure 14: On the left is a slice from one dwi volume of subject WH__025, after realignment to
the first volume. It shows how two outlier slices in the original volume have been rotated into
wide diagonal bands in the realigned volume. On the right is the same slice where the outlier

slices have been replaced in the original space prior to realignment.
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Figure 15: This figure shows a sagittal slice from two selected volumes of subject WH_ 025, one
volume per row. The left-most panels show the situation before any correction, the middle after
distortion/movement correction but no outlier replacement and the right-most column after

correction for distortion/movement and outliers.
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irretrievably lost. What we can achieve is to minimise the impact of the outlier on the subsequent
diffusion analysis. The prediction that we use is formally ¢;(x;|y_;), 7.e. our estimate of the
data point y;, associated with diffusion gradient x;, is conditional on all the other data points
(denoted by y_;). In other words, the prediction is the expectation of y; given all the other data.
Due to the fact that we do not use a particular biophysical model to replace outliers, subsequent
estimates of diffusion parameters from [y_; ;] or [y_;] will be unbiased by any inherent set of
assumptions tied to a biophysical model of the diffusion process.

Given that, why not simply remove y; instead of replacing it by ;7 The reason is purely
practical and related to gross subject movement. A given voxel centre in the reference space
(given for example by the first b=0 volume in the diffusion dataset) is unlikely to fall on a voxel
centre in the volume ¢ that contains the outlier slice. That means that for every voxel centre
we need to check where it falls in the ¢th volume and in particular we would need to check if it
falls in the neighbourhood of the outlier slice such that we would need to use values from that
slice for the interpolation. The consequence of that would be losing not just one slice, but a
slab surrounding that slice. It would also preclude using more advanced interpolation models,
such as spline interpolation where the entire volume affects each interpolated value (i.e. the
interpolation “neighbourhood” is the whole volume). By instead replacing the outlier slice by
“the least obtrusive” replacement we can progress with all aspects of our analysis as if there
were no outlier in the first place.

It should be noted that §; will often be associated with less uncertainty than y;. For methods
that attempt to assess the uncertainty of derived diffusion parameters (Behrens et al. (2003)
and Jones (2003)) the replacement can therefore potentially lead to an underestimation of un-
certainty.

It should also be noted that the accuracy of the prediction (used to replace the lost signal)
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will be affected by the number of measurements in [y_;]. How critical this is will depend on the
b-value. Data acquired with a higher b-value will have more high frequency information (will
change more rapidly as a function of angle in Q-space) and it will therefore be more difficult
to accurately predict the signal from a small number of observations. Our results demonstrate
that 32 and 64 measurements are sufficient for b = 700 and b = 2000 respectively when up to

10% of the observations are missing (leaving 29 and 58 measurements in [y_;]).

6.2 Slice-wise vs voxel-wise outlier rejection

In the present paper we chose to reject and replace data on a per-slice basis. This is in contrast
to voxel-wise approaches suggested by Chang et al. (2005), Chang et al. (2012), Pannek et al.

(2012), Collier et al. (2015) and Tax et al. (2015). There are several reasons for our choice:

e The slice is the only real demarcation between an outlier and a non-outlier. Within a slice
all the voxels have largely the same history in terms of excitation and phase-evolution and
are therefore highly correlated w.r.t. k-space translation of their signal. Even in the case
of pulsatile (as opposed to rigid body) movement, neighbouring voxels (within the slice)
will have experienced very similar phase evolution and there is no clear border separating

the outliers from the “good” voxels.

e For a given specificity, the sensitivity for detecting a single voxel as an outlier is at least
an order of magnitude lower than for a slice. For a given slice the sensitivity essentially
scales as /ns, where n, denotes the number of brain-voxels in slice s. That means that
for the voxel-wise case one must either pick a lower threshold to reduce false negatives,
but at the expense of inflated false positives, or keep a high threshold and have very poor

sensitivity.
e With state of the art MRI scanners and multi-band sequences there is typically no paucity
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of data. It is therefore more crucial to find and eliminate “bad” data in order to avoid it

influencing the end result, rather than retaining a voxel that is potentially “good”.

e Because we can. Our registration framework allows us to compare prediction and obser-
vation in the scan space of each volume. Previous work (Chang et al. (2005) and Chang
et al. (2012), Pannek et al. (2012), Collier et al. (2015) and Tax et al. (2015)) looked for
outliers after movement correction, which means that an outlier slice has potentially been

distributed over several “sub-slices” (see figures 5 and 14).

We believe that the reason our method is able to combine low false positive rate and low
false negative rate is precisely the use of a slice/group-wise statistic in a native (undiluted) slice-
space. We have not compared our method to that suggested by Zwiers (2010), but we would
expect that method to share some advantages of our method. He too assesses outliers on a slice
basis (or a “patch” basis in the case of pulsatile motion) and maps the residuals back into native
space. Oguz et al. (2014) goes a step further and removes the entire volume when it is found
to contain outlier slices. It is not clear whether that leads to greater sensitivity as the observed
slices are compared to neighbouring slices in the same volume and these are not expected to be

identical in the first place.

6.3 Comparison to RESTORE

In the absence of outliers RESTORE yielded FA estimates that were further from the truth
compared to simply using non-linear tensor estimation. When averaged over all brain-voxels,
RESTORE on outlier free data gave the same error as no outlier detection on data with outliers
(figures 7 and 8 and tables S1 and S2). These results were all obtained with the CAMINO
implementation of RESTORE, but a sub-set of the data was also analysed using the TORTOISE

implementation and with very similar results (presented in the Supplementary Material, section
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S.2.2, figure S4).

A likely explanation for the performance on outlier free data is that any detected outlier
will be a false positive, and can hence only make matters worse. As discussed before, voxelwise
detection makes the trade off between false positives and negatives less advantageous (compared
to slice-wise detection), meaning that there are potentially lots of false positives, which is what
we observed in our simulations.

We also observed that these outliers were mainly along edges between CSF and brain, and
that may explain why RESTORE fares better when calculating the correlation (with truth) only
for white matter voxels.

Finally, it should be noted that when applied to single shell data RESTORE performed

considerably better as can be seen in figures S2 and S3 in the supplementary material.

6.4 Impact of outliers on registration parameters

As was expected the presence of outliers had an effect on our ability to accurately estimate
EC-induced distortions and subject movement. However, for the frequency of outliers used in
our simulations (3%), this effect was smaller than we had expected. As can be seen in figure
6, demonstrating a typical case, the impact was limited to a small number of volumes that had
a greater than average number of outliers. Even for those volumes the impact was typically
limited to a few tenths of a mm increase in registration error.

Hence we conclude that the “traditional” approach of first correcting for movement and
distortions followed by outlier correction is feasible, albeit less optimal than the simultaneous
approach suggested in the present paper. In addition, it is not feasible to perform a slice-wise
outlier correction following movement correction (see figures 5). In that case one would have to

use a voxel-wise test, which brings pitfalls as outlined above in section 6.2.
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6.5 Impact of outliers on FA and MD

As is shown in figure 11 the outliers have a significant effect on both FA and MD. For the
simulations used here any given slice was affected by signal loss in 1.6 volumes on average (out
of 96 dwi volumes) and this leads to a drop in correlation with the ground truth of 0.02-0.03.
More outliers means a greater impact, with a drop in correlation of 0.1-0.15 when outliers
constitute 18% of the slices (figure 12).

It is also shown in figures 11 and 12 that the present method can counteract the deleterious

effects of outliers almost completely as long as they constitute no more than 10% of the slices.

6.5.1 Small versus large movement

It can be seen from figures 8 and 11 that the “correlation with truth” seems to be consistently a
little higher for the “large movement” case compared to the “small movement” case. We believe
this is related to an observation by Graham et al. (2016) that eddy seems to perform slightly

better in terms of EC correction in the presence of some subject movement.

6.6 Relevance for group comparisons

There is great interest in and a number of methodologies for comparing FA or MD (or other
diffusion derived measures) between groups (see for example Smith et al. (2006), Yushkevich
et al. (2008), Maddah et al. (2011) and Raffelt et al. (2015)). Common to all of these is an
implicit assumption that the quality of the input data is similar for the groups in question.
That assumption is potentially violated if one of the groups happens to move more, and the
result might be incidental differences such as those reported in Yendiki et al. (2014). This is not
an uncommon situation for example when comparing healthy elderly subjects to those suffering

from tremor or dementia (Perea et al. (2013)), healthy children to children with ADHD (Nagel
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et al. (2011)) or simply different age groups (Westlye et al. (2010)). It is therefore imperative
that any pre-processing is able to correct for all adverse effects of movement, and failing that
at the very least detect it. We have demonstrated in previous work that eddy is superior to a
competing method (eddy_correct) when it comes to estimating movement both in simulated
(Graham et al. (2016)) and real data (Andersson and Sotiropoulos (2016)). In the present paper
we have further demonstrated that we can almost completely correct for the signal dropout
associated with subject movement. In addition eddy will produce a set of summary statistics
reflecting total amount of movement and number of detected outliers, which could be used as

regressors in the group statistical analysis.

6.7 Positive outliers

In the present paper we have defined an outlier as a slice that has, averaged across the slice, less
than expected signal. This is in accordance with for example Chang et al. (2012), which revised
the method in Chang et al. (2005) to only recognise signal loss. Others (Chang et al. (2005),
Zwiers (2010), Pannek et al. (2012), Collier et al. (2015) and Tax et al. (2015)), in contrast, have
defined outliers as residuals greater than some number of noise standard deviations regardless
of direction.

Many of the causes for positive outliers, for example RF-artefacts, spiking and insufficient
fat-saturation, can in principle be dealt with at the acquisition stage and be avoided altogether.
In contrast, no acquisition stage remedy exists for subject movement-induced signal dropout.
This is the reason we have chosen to focus only on negative outliers even if in principle our

framework could be easily adapted to handle hyperintensities.
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6.8 Where to next?

In the present and in an earlier paper (Andersson and Sotiropoulos (2016)) we have described
methods to correct for off-resonance distortions, subject movement and movement-induced signal

dropout. The problems that remain are both associated with large subject movements and are

Movement-by-susceptibility interaction: When the subject moves, especially if it involves
a rotation around an axis non-parallel to the main magnetic field, the susceptibility-
induced off-resonance field changes (Andersson et al. (2001)). This means that a single

susceptibility-induced field is not sufficient to fully correct the distortions.

Within volume movement: The movement model use in Andersson and Sotiropoulos (2016)
assumes that any volume moves “as a whole”, following a rigid body model. As can be
seen in figure 16 this is not necessarily true and a movement model (7.e. a slice-to-volume

model) that takes this into account is needed (see for example Kim et al. (1999)).

The two issues are related in that they both tend to be a problem primarily in subjects who
move a lot.

The first issue depends on the total amount of movement (rotation) during the scan while the
second is an issue mainly for movements that are “fast” relative to the repetition time. Hence
we have identified the first as the main issue in the HCP project that is characterised by young
adult subjects, long scan time and short repetition time (Van Essen et al. (2013)).

In contrast the Whitehall Imaging substudy (Filippini et al. (2014)) is characterised by elderly
subjects, short scan times and relatively long repetition time, and there we have identified the
second issue as having greater impact. In figure 16 we demonstrate the presence of this problem
in subject WH__025. As we outlined in section 3.1, the movement does not need to be very big (a

rotation of 0.5 degrees was used in that example) in order to cause dropout as long as it occurs at
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Figure 16: This figure shows a sagittal slice from one volumes of subject WH__025. The left-
most panel shows the situation before any correction, the middle after distortion and movement
correction but no outlier replacement and the right-most column after correction for distortion
and movement and outliers. It shows a case where there is signal dropout and gross movement
during the acquisition of the volume. Because the data was acquired with interleaved slice order
this leads to the telltale “zig-zag edges” of the brain. In the right-most column it can be seen

how the outlier replacement has addressed the first but not the other of these two problems.

the “wrong time” in the acquisition. But dropouts become more likely in the presence of large,
sudden movements and hence they are often observed together in real data. In the present paper
we have aimed to very specifically deal with the problem of outliers as caused by the mechanism
described in section 3.1. Figure 16 shows that we have achieved that, but that the problem of
“within volume movement” remains. We can also “correct” for the “within volume movement”
problem by detecting and replacing outliers based on sum-of-squared slice differences (part of
the implementation within eddy). However, that would imply potentially discarding valid data
that should ideally be used as part of a slice-to-volume resampling strategy. Hence we have
chosen not to show that and instead aim at solving the problem properly in future work.

We plan to address both “movement-by-susceptibility interaction” and “within volume move-

ment” in future work.
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6.9 Conclusion

Signal dropout is a problem for diffusion imaging, especially when acquiring data on patient
populations, elderly, children etc. In the present paper we have shown that our strategy of joint
EC, movement and outlier correction does no “harm” when applied to data without outliers and
that it almost completely nullifies the deleterious effects of outliers when they are present. Our

method is non-parametric and it can be applied to both single- and multi-shell dMRI data.
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S Supplementary material

Listed below are text, tables and figures that were deemed superfluous to the main article.

S.1 Understanding the origin of the dropout

Below we overview the effect of bulk motion on a single-shot sequence. We assume a Stejskal-
Tanner type diffusion encoding (but a similar reasoning can be made for other types of encoding,

for example Reese et al. (2003)) for which the diffusion weighting is given by
b=~>G?6*(A —6/3) (S1)

where v is the gyromagnetic ratio, G and J are the diffusion encoding gradient strength and
duration (of one lobe) respectively and A is the time between the two gradients. Without loss
of generality, let us assume that G =30 mT/m and that § =25 ms (A is immaterial for this)
and that the extent of the FOV is 128 voxels x 2 mm = 256 mm (which means that the centres
of the end voxels are 254mm apart). These would be typical values for a “standard” diffusion

2. Let us also

weighted image acquired with a modern 3T scanner and a b-value of 1500s/mm
assume rectangular gradients, so that the phase accrued at location r along a gradient direction
during the application of a gradient is Gr~d.

Consider a column of voxels along the y-direction and imagine that the diffusion gradient is
applied along the z-direction (see top row of figure S1). When the diffusion gradient is played
out there will be a uniform phase accrual for all voxels along the column, i.e. there will be no
dephasing of signal along the column. Now imagine that in the period between the two lobes of
the diffusion gradient the subject moves such that there is a rotation of 0.5 degrees around the

x-axis (7.e. an axis orthogonal to both the column and the diffusion gradient). This means that

when the second lobe of the diffusion gradient is played out the centres of the ultimate voxels
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along that column will be a distance 254 mm X sin.5° &~ 2.2 mm apart and that the voxels
along that column will accrue a relative phase that is proportional to their location. The phase
difference between the ultimate voxels is given by Gr~d, i.e. 0.03 T/m x 0.254 m X sin.5° X
267.5-10% rad s=' T~! x 0.025 s ~ 445 radians. A linear phase of 27 in the image domain
corresponds to a one-pixel translation in k-space, which means that the 445 radians correspond
to a 71 pixel shift of the signal along the “y-direction” in k-space. Those 71 voxels will be
enough to move the centre, and most of the power, of the signal outside the sampled window,
leading to an almost total loss of signal.

Next we want to demonstrate how the exact same movement can cause a very different
(negligible) dropout for a different direction diffusion gradient. Everything is the same as above,
except that the diffusion gradient is applied along the y-direction (see bottom row of figure S1).
For this case the voxels along the column will accrue a relative phase that is proportional to their
location along the column such that the phase difference between the ultimate voxels is given
by 0.03 T/m x 0.254 m x 267.5-10% rad s~ T~! x 0.025 s ~ 50959 radians (Grvd). As before,
in the period between the two lobes of the diffusion gradient the subject moves resulting in a
rotation of 0.5 degrees around an axis orthogonal to the diffusion gradient. That means that the
distance (projected onto the diffusion gradient) between the points that previously corresponded
to the centres of the ultimate voxels is now “only” 254 mm X cos0.5° ~ 253.99 mm. Hence,
between the ultimate voxels, the second lobe will rewind (253.99/254) x 5-10* ~ 50957 radians,
leaving 2 radians linear phase along the direction of the diffusion gradient. That means that in
this case the same movement results in a 1/3 pixel translation in k-space, which would cause a
trivial or no loss of signal.

A subject movement in the form of a translation in the period between the two lobes would

cause a constant (over space) phase which would not cause any signal loss.
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First gradient lobe Second gradient lobe
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Figure S1: The left column shows the situation during the first diffusion gradient lobe and the
right during the second gradient lobe (after the re-focusing pulse in an ST scheme). The top
row shows the case where the diffusion gradient is perpendicular to the excited plane and the
bottom row when it is parallel to the plane. In both cases there is a 0.5° rotation around the
subjects left-right axis (the axis perpendicular to the sagittal view in the figure). The imaging
parameters are assumed to be those specified in the main text. In the top row the first diffusion
gradient causes no phase accrual along the subjects posterior-anterior axis. However, during
the second gradient the posterior part experiences a stronger field than the anterior part and a
linear phase of ~ 445 radians is introduced between the end voxels. In the bottom row the first
gradient results in a linear phase of =~ 50959 radians as the posterior part experiences a stronger
field. During the second gradient the distance between the extreme voxels is slightly smaller
(=~ 0.0lmm) so the re-phasing is not complete and = 2 radians are left. The top case leads to a
translation of most of the signal outside the k-space window, and hence severe dropout, whereas

the bottom case leads to a trivial translation of ~ 1/3 of a “k-space pixel”.
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SNR: 20

Data: Without Outliers

Analysis: eddy eddy+RESTORE eddy with OLR
Whole brain .9638 £+ .0016 19519 £ .0020 19640 £ .0012
White matter .9442 £+ .0038 19432 + .0039 .9444 4+ .0030
Data: With Outliers

Analysis: eddy eddy+ RESTORE eddy with OLR
Whole brain .9564 + .0030 19458 + .0029 19636 + .0027
White matter .9345 £ .0052 19369 £ .0050 .9438 £+ .0059
SNR: 40

Data: Without Outliers

Analysis: eddy eddy+RESTORE eddy with OLR
Whole brain .9826 £ .0012 .9747 + .0012 .9831 4+ .0016
White matter .9702 £+ .0030 19692 + .0030 .9715 £ .0041
Data: With Outliers

Analysis: eddy eddy+ RESTORE eddy with OLR
Whole brain .9754 £+ .0028 .9686 + .0025 19822 4+ .0013
White matter .9615 £ .0050 19657 £+ .0044 .9700 £ .0031

Table S1: Correlation between “ground truth” and estimated FA in the absence and presence of
outliers in the data. These results pertain to the simulations with movement levels commensurate

with a “good” subject.

S.2 Comparison to RESTORE

Tables S1 and S2 list the results that are the basis for figure 8 in the main text.

S.2.1 Separate analysis of low and high b-value shells

The results presented in the tables above and figures 7 and 8 in the main text are based on
both shells (b = 700 and b = 2000) of the simulated data. We also performed an analysis
where the data was divided up into two sets consisting of 4b = 0 + 32b = 700 volumes and
8b = 0+ 64b = 2000 volumes respectively. Results from this analysis are presented in figures S2
and S3.

A couple of findings are worth pointing out in figures S2 and S3.

e RESTORE performs better on single shell than on multi shell data (compare figures S2
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SNR: 20

Data: Without Outliers

Analysis: eddy eddy+RESTORE eddy with OLR
Whole brain .9691 £ .0007 19598 £ .0011 19691 £ .0007
White matter .9559 £+ .0016 19545 4+ .0017 .9559 4+ .0018
Data: With Outliers

Analysis: eddy eddy+ RESTORE eddy with OLR
Whole brain .9604 £ .0025 19512 4+ .0022 .9681 + .0013
White matter 19451 4+ .0034 19475 + .0029 .9536 4+ .0031
SNR: 40

Data: Without Outliers

Analysis: eddy eddy+RESTORE eddy with OLR
Whole brain .9860 £ .0011 19804 + .0012 .9859 £+ .0010
White matter .9786 £ .0024 L9774 + .0024 .9781 £ .0021
Data: With Outliers

Analysis: eddy eddy+ RESTORE eddy with OLR
Whole brain 9775 £+ .0025 .9719 + .0018 .9853 4+ .0008
White matter .9684 £+ .0033 .9728 + .0025 L9773 4+ .0020

Table S2: Correlation between “ground truth” and estimated FA in the absence and presence of
outliers in the data. These results pertain to the simulations with movement levels commensurate

with a “bad” subject.
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Figure S2: This figure, similarly to figure 8 in the main text, shows the voxelwise correlation
between estimated FA and “ground truth” for the simulated data. The difference compared to
figure 8 is that here only the data from the low-b shell (b = 700) was used. Each point represents
the correlation across all brain-voxels (left two columns) or across all white matter voxels (right
two columns) averaged over ten realisations. The error bars represent + one standard deviation
across those ten realisations. The dashed black lines represent the cases where there were no

outliers in the data, and the solid grey lines where there were outliers.
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SNR 20
Correlation with truth

SNR 40
Correlation with truth

Figure S3: This figure, similarly to figure 8 in the main text, shows the voxelwise correlation
between estimated FA and “ground truth” for the simulated data. The difference compared
to figure 8 is that here only the data from the high-b shell (b = 2000) was used. Each point
represents the correlation across all brain-voxels (left two columns) or across all white matter

voxels (right two columns) averaged over ten realisations.
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standard deviation across those ten realisations.

The dashed black lines represent the cases

where there were no outliers in the data, and the solid grey lines where there were outliers.
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and S3 to figure 8 in the main text.

e When assessed across all voxels the deleterious effects of outliers is greater for low than for
high b-value data (compare figures S2 and S3). In retrospect this is not really surprising
since for a given diffusion direction the majority of voxels have little signal left at a b-value
of 2000. However, note that it is likely that for the subset of voxels with largely preserved

signal for a given diffusion gradient the outliers will still have a significant impact.

e In the presence of outliers eddy with OLR still performs better than eddy+RESTORE for

all cases.

e When assessed for all brain-voxels it seems that RESTORE improves the results for the
high b-values data even when there are no outliers in the data (left two columns of figure
S3). The outliers were mainly detected along CSF-tissue boundaries. Hence a tentative
explanation for this is that RESTORE excluded data points affected by small registration

errors that has the greatest effect where there are strong gradients in the images.

S.2.2 Comparison to TORTOISE implementation of RESTORE and iRESTORE

All the comparisons above were performed using the CAMINO implementation of RESTORE.
In order to ensure that the results were not specific to one particular implementation we also
performed a comparison to the RESTORE and iRESTORE (Chang et al. (2012)) as implemented
in TORTOISE (Pierpaoli et al. (2010)). This comparison was performed on a sub-set of the
simulations and the results are presented in figure S4.

Comparing this figure to figure 8 it can be seen that

e The behaviour of TORTOISE RESTORE is very similar to that of CAMINO RESTORE.

e Compared to RESTORE, iRESTORE causes less harm to data with no outliers. This is
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Figure S4: This figue was based on the “small movement” simulation with an SNR of 20. Hence
it corresponds to panels 1 and 3 in the top row of figure 8 in the main part of the paper. The
dashed black lines corresponds to simulations without any outliers and the grey solid lines with

outliers. The vertical bars represent + one standard deviation across the ten realisations of the

simulations.
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to be expected as one would expect iRESTORE to reduce the number of false positives

by 50%.

e iRESTORE performs approximately as RESTORE with respect to improving matters in

the presence of outliers.

S.3 The effect on derived diffusion parameters

Detailed results for the effect of outliers on derived diffusion parameters (FA and MD) are shown
in tables S3, S4, S5 and S6. A subset of these results form the basis for figure 11 in the main

text.

S.4 Movies of subject WH__025

As described in the main text, the manual assessment found 94 outliers in the “worst” subject,
while the automatic detection at a threshold of 40 found 166. The movie S5 extends figure 14
in the main text to four adjacent slices and also to flip between the corrected and uncorrected
images

The movie S6 extends figure 15 in the main text to show all diffusion weighted volumes for

subject WH__025.
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SNR: 20

Data: Without Outliers
No. of o: 3 3.5 4 4.5 e
Linear (OLS) .9277 4+ .0050 .9276 £+ .0055 19285 + .0044 .9273 4+ .0059 19289 + .0040

Weighted (WLS) 19459 £ .0042 19462 £ .0043 19469 + .0036 19457 £ .0047 .9472 £ .0032

Non-linear (NLS) 19436 £ .0043 19438 £ .0045 19446 + .0037 9434 4 .0049 .9448 £+ .0032

Data: With Outliers
No. of o: 3 3.5 4 4.5 =)
Linear (OLS) .9272 4+ .0057 .9283 £ .0055 19268 + .0059 19274 4+ .0062 19122 £ .0052

Weighted (WLS) 19451 £ .0051 19462 £ .0048 19448 + .0057 19455 + .0058 .9254 £+ .0057

Non-linear (NLS) 19430 £ .0054 .9441 £+ .0050 19427 + .0057 .9434 4+ .0058 .9361 £ .0041

SNR: 40

Data: Without Outliers

No. of o: 3 3.5 4 4.5 e
Linear (OLS) .9685 4+ .0043 L9676 + .0044 19680 + .0042 L9672 4+ .0037 .9666 + .0038

Weighted (WLS) 19749 £+ .0032 .9741 £+ .0033 .9745 + .0032 .9739 £+ .0028 .9736 £+ .0027
Non-linear (NLS) .9721 4+ .0035 .9714 £+ .0036 .9717 + .0035 .9711 4+ .0030 .9707 £+ .0030

Data: With Outliers
No. of o: 3 3.5 4 4.5 =)
Linear (OLS) .9655 + .0038 .9665 + .0042 19652 + .0045 .9644 + .0050 19467 £+ .0075

Weighted (WLS) L9727 + .0029 .9734 £+ .0032 19724 + .0035 L9717 £+ .0039 .9492 £ .0080

Non-linear (NLS) 19699 £ .0031 .9707 £+ .0034 19696 + .0037 19688 £ .0041 19611 £ .0041

Table S3: Correlation between “ground truth” and estimated FA in the absence and presence
of outliers in the data. For all cases eddy was run either with outlier detection and replacement
at a specified level (outliers defined as 3, 3.5, 4 or 4.5 o from mean) or without outlier detection
(00 o). These results pertain to the simulations with movement levels commensurate with a

“good” subject.
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SNR: 20

Data: Without Outliers
No. of o: 3 3.5 4 4.5 e
Linear (OLS) .9410 4+ .0026 .9406 £+ .0018 19415 + .0023 19412 4+ .0022 .9414 £+ .0020

Weighted (WLS) L9577 £+ .0021 19574 £+ .0014 19581 £+ .0017 .9578 4+ .0017 .9579 £+ .0016
Non-linear (NLS) 19560 % .0020 .9558 + .0015 19564 + .0016 19562 £ .0015 .9562 £ .0015

Data: With Outliers
No. of o: 3 3.5 4 4.5 =)
Linear (OLS) .9400 £ .0035 .9394 £+ .0023 19380 + .0038 .9389 4+ .0038 .9248 £+ .0052

Weighted (WLS) 19566 + .0025 .9564 £+ .0015 19551 + .0028 19558 £+ .0027 .9344 £ .0062
Non-linear (NLS) 19546 + .0025 .9543 £+ .0013 19530 + .0028 .9537 £+ .0027 .9453 £ .0037

SNR: 40

Data: Without Outliers

No. of o: 3 3.5 4 4.5 e
Linear (OLS) .9741 + .0034 .9743 £+ .0039 .9746 + .0033 .9748 4+ .0040 .9749 £+ .0039

Weighted (WLS) 19803 £ .0027 .9806 + .0029 19808 + .0024 .9809 £ .0031 .9810 £ .0031
Non-linear (NLS) L9778 £+ .0027 .9780 £ .0028 19782 + .0024 .9783 4 .0031 .9784 £+ .0031

Data: With Outliers
No. of o: 3 3.5 4 4.5 =)
Linear (OLS) .9737 4+ .0037 .9740 £ .0032 .9737 + .0024 .9739 + .0025 .9568 £ .0055

Weighted (WLS) L9797 + .0030 .9801 £ .0027 L9797 + .0019 19799 £+ .0020 .9562 £ .0070

Non-linear (NLS) .9772 4+ .0030 L9776 £+ .0028 L9772 + .0020 .9774 £+ .0021 .9678 £ .0040

Table S4: Correlation between “ground truth” and estimated FA in the absence and presence
of outliers in the data. For all cases eddy was run either with outlier detection and replacement
at a specified level (outliers defined as 3, 3.5, 4 or 4.5 o from mean) or without outlier detection
(00 o). These results pertain to the simulations with movement levels commensurate with a

“bad” subject.
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SNR: 20

Data: Without Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .8660 + .0034 .8656 + .0035 .8664 + .0024 .8653 £+ .0039 .8667 + .0022
Weighted .8654 + .0037 .8666 + .0025 .8670 + .0018 .8655 £+ .0035 .8665 + .0029
Non-linear .8652 £ .0022 .8655 £+ .0019 .8659 + .0016 .8651 £ .0022 .8660 + .0014
Data: With Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .8644 £+ .0032 .8648 £ .0026 .8642 4+ .0035 .8648 £+ .0041 .8430 + .0048
Weighted .8637 £+ .0049 .8647 + .0038 .8646 + .0038 .8646 + .0056 .8557 + .0039
Non-linear .8644 £+ .0028 .8649 + .0021 .8642 4+ .0029 .8647 £+ .0030 .8628 + .0022
SNR: 40

Data: Without Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .9128 £+ .0022 .9121 + .0027 19121 4+ .0024 .9117 £+ .0023 19115 + .0025
Weighted .8838 + .0069 .8824 + .0068 .8825 4+ .0068 .8810 £+ .0102 .8812 + .0101
Non-linear .8852 4+ .0015 .8847 £+ .0012 .8848 + .0016 .8845 £+ .0016 .8844 + .0015
Data: With Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .9102 £ .0023 .9107 £ .0028 .9101 4+ .0019 .9096 + .0028 .8819 + .0098
Weighted .8842 4+ .0038 .8848 + .0037 .8840 4+ .0029 .8835 £+ .0036 .8735 + .0040
Non-linear .8838 + .0017 .8842 + .0017 .8836 + .0016 .8834 £+ .0019 .8812 + .0015

Table S5

of outliers in the data. For all cases eddy was run either with outlier detection and replacement
at a specified level (outliers defined as 3, 3.5, 4 or 4.5 o from mean) or without outlier detection

(00 ). These results pertain to the simulations with movement levels commensurate with a

: Correlation between “ground truth” and estimated MD in the absence and presence

“good” subject.
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SNR: 20

Data: Without Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .8678 + .0036 .8677 £+ .0026 .8684 + .0028 .8683 £+ .0027 .8685 + .0023
Weighted .8652 + .0021 .8651 + .0014 .8655 + .0018 .8651 + .0019 .8653 + .0019
Non-linear .8642 £+ .0010 .8642 £+ .0007 .8645 1 .0008 .8644 £+ .0008 .8644 + .0008
Data: With Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .8656 + .0028 .8650 £ .0020 .8642 4+ .0033 .8648 £+ .0034 .8450 + .0047
Weighted .8629 £+ .0027 .8628 + .0019 .8619 + .0026 .8618 £ .0036 .8542 + .0035
Non-linear .8633 + .0013 .8632 + .0009 .8627 4+ .0014 .8629 £+ .0014 .8606 + .0017
SNR: 40

Data: Without Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .9090 £+ .0031 .9087 + .0036 .9088 4+ .0035 19093 £+ .0029 19093 + .0029
Weighted .8842 4+ .0027 .8822 + .0075 .8823 4+ .0075 .8815 4+ .0102 .8817 + .0103
Non-linear .8821 4+ .0013 .8822 £+ .0015 .8822 4+ .0013 .8824 £+ .0015 .8823 + .0014
Data: With Outliers

No. of o: 3 3.5 4 4.5 oo
Linear .9079 £ .0028 .9079 £ .0027 .9079 £+ .0021 .9080 £ .0020 .8834 + .0074
Weighted .8830 4+ .0038 .8839 + .0020 .8836 + .0012 .8830 £+ .0030 .8738 + .0041
Non-linear .8813 4+ .0015 .8816 + .0016 .8812 4+ .0010 .8814 £+ .0009 .8784 + .0019

Table S6

of outliers in the data. For all cases eddy was run either with outlier detection and replacement
at a specified level (outliers defined as 3, 3.5, 4 or 4.5 o from mean) or without outlier detection

(00 ). These results pertain to the simulations with movement levels commensurate with a

: Correlation between “ground truth” and estimated MD in the absence and presence

“bad” subject.
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Figure S5: This is a still from the movie Movie_S1.gif. The movie extends figure 14 in the main
text. It shows four contiguous transversal slices in one dwi volume from subject WH_ 025. The
volume has been rotated into the space of the first volume of the dataset, resulting in outlier
slices being transformed into wide diagonal bands in the realigned volume. The view alternates
between the case with no outlier replacement and the case where outlier slices were replaced in

the original volume prior to realignment.
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Figure S6: This is a still from the movie Movie_ S2.gif. The movie extends figure 14 in the main
text. It steps through all diffusion weighted volumes for subject WH__025, displaying the same
sagittal slice for all. The left-most panel shows the slice prior to any correction, the middle
panel shows the slice after correction for distortions and movement and the right-most panel

after correction for distortions, movement and outliers.
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