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Abstract: It has been reported that mechanical vibrations of the magnetic resonance imaging scanner
could produce spurious signal dropouts in diffusion-weighted images resulting in artifactual anisotropy
in certain regions of the brain with red appearance in the Directionally Encoded Color maps. We per-
formed a review of the frequency of this artifact across pediatric studies, noting differences by scanner
manufacturer, acquisition protocol, as well as weight and position of the subject. We also evaluated the
ability of automated and quantitative methods to detect this artifact. We found that the artifact may be
present in over 50% of data in certain protocols and is not limited to one scanner manufacturer. While a
specific scanner had the highest incidence, low body weight and positioning were also associated with
appearance of the artifact for both scanner types evaluated, making children potentially more susceptible
than adults. Visual inspection remains the best method for artifact identification. Software for automated
detection showed very low sensitivity (10%). The artifact may present inconsistently in longitudinal stud-
ies. We discuss a published case report that has been widely cited and used as evidence to set policy
about diagnostic criteria for determining vegetative state. That report attributed longitudinal changes in
anisotropy to white matter plasticity without considering the possibility that the changes were caused by
this artifact. Our study underscores the need to check for the presence of this artifact in clinical studies,
analyzes circumstances for when it may be more likely to occur, and suggests simple strategies to identify
and potentially avoid its effects. Hum Brain Mapp 36:4745—4757, 2015.  © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Diffusion Tensor Imaging (DTI) [Basser et al., 1994] is a
quantitative Magnetic Resonance Imaging (MRI) technique
used to study the structure and architecture of human brain
tissue [Pierpaoli et al., 1996]. However, DTI data is known to
suffer from numerous artifacts, which affect the quantitative
accuracy and precision of tensor derived metrics [Jones et al.,
2012; Pierpaoli, 2010]. Switching of the diffusion gradients
produces vibrations in the gradient coils that propagate to
other components of the MRI scanner, including the subject
table. Although these vibrations may be exploited to measure
tissue properties using magnetic resonance elastography
[Gallichan et al., 2009], they are also known to produce an
unwanted artifact in diffusion-weighted images (DWI) [Galli-
chan et al., 2010; Hiltunen et al., 2006; Jones, 2010; Tournier
et al., 2011]. The artifact manifests as increased diffusivity in
the left-right direction, mainly in parietal-occipital regions
[Gallichan et al, 2010; Liu and Liu, 2011] resulting in
increased fractional anisotropy (FA) [Basser and Pierpaoli,
1996] and red appearance in Directionally Encoded Color
(DEC) maps [Pajevic and Pierpaoli, 1999].

Although the artifact is documented and methods to avoid,
detect, or correct the artifact have been proposed [Farzinfar
et al., 2013; Gallichan et al., 2010; Koch and Finsterbusch,
2011; Mohammadi et al., 2012b; Scherrer and Warfield, 2012;
Sharman et al., 2011], few investigators mention inspecting
for it in their diffusion MRI studies [Jensen and Helpern,
2010; Mohammadi et al., 2012a]. Even when mentioned, it is
often cursorily discussed as a possible confound for their
findings [Aso et al., 2013; Budde et al., 2011, Mohammadi
et al., 2012c; Mohammadi et al., 2013; Mueller et al., 2011;
Rapacchi et al., 2011]. Also, all references to the artifact are
related to a specific scanner (Siemens 3T Trio) although some
studies do not report the scanner manufacturer, leaving open
the possibility that it could be found on other scanners
[Budde et al., 2011; Jones, 2010; Mohammadi et al., 2012c].
Systematic investigations have focused on quantifying the
effects of the artifact on a single subject or gel phantom [Galli-
chan et al,, 2010], or have measured the gradient-induced
vibration without assessing the presence of artifacts in the
DWIs [Hiltunen et al., 2006], but prevalence of this artifact
across a population of study participants has only been
reported once for a Siemens scanner ranging from 1 to 54%
across four sites [Farzinfar et al., 2013].

To achieve a more detailed understanding of the impact
of this artifact in a clinical research setting, we conducted
a retrospective review of our data and report the fre-
quency of the artifact across datasets acquired on two
scanners from different manufacturers (General Elec-
tric>and Siemens). We identified the artifact by system-
atic visual inspection of the DWIs and the DEC maps and
evaluated the only automated tool publicly available for
the detection of this artifact (entropy tool within DTIPrep)
[Farzinfar et al., 2013; Oguz et al., 2014], as well as another
quantitative tool for general DWI artifact detection,
RESTORE [Changet al.,, 2005]. In addition, we analyzed

whether two factors—weight and positioning—contribute
to the presence of the artifact. Our attention toward posi-
tioning was based on our observations during visual
inspection that suggested that positioning might influence
the presence of the artifact. Our investigation of weight
was based on references that identified weight load as an
influential factor. Specifically, Siemens addressed the
vibration artifact by designing a new patient table that no
longer has the table board in contact with the gradient coil
[Liu and Liu, 2011]. In the patent for the new scanner bed,
it was noted that the artifact may be reduced if the load
on the table is greater than approximately 30 kg or if load
distribution is adjusted. Thus, we hypothesized that
greater weight and positioning away from center will be
associated with decreased incidence of the artifact. On a
prospective, single subject basis, we also implemented sol-
utions previously suggested and investigated additional
solutions for avoiding the artifact.

METHODS
Retrospective Analysis

We reviewed DWI data acquired on pediatric subjects from
two scanner manufacturers (Siemens 3T Trio and General Elec-
tric > Signa HDX). We examined whether weight and head
position influenced the manifestation of the artifact. Two hun-
dred thirty-one children were included with three acquisition
protocols resulting in a review of 484 datasets. The subject pop-
ulation included patients (autism or epilepsy) and typically
developing controls. GE Data: One hundred eighty-eight chil-
dren ranging in age from 17 months to 10 years were scanned
on a 1.5T GE Signa HDX. There were two acquisition protocols
that were designed to reproduce the protocol used by the
National Institutes of Health (NIH) MRI Study of Normal Brain
Development (http:/ /pediatricmrinih.gov). Some children
were scanned under both acquisition protocols and a subset
had a repeat study for a total of 441 GE datasets. One hundred
ninety-one scans were acquired with the higher resolution pro-
tocol (High-Res GE) of 60 directions at b= 1,100 s/ mm?, 10
directions at b =300 s/mm?, and 10 b= 0 s/mm? for 80 brain
volumes, 2.5-mm isotropic voxels, 86 slices at 2.5-mm thickness,
and echo time/repetition time (TE/TR) 84.5/21,330 ms. Two
hundred fifty scans were acquired with the lower resolution
protocol (Low-Res GE) six directions at b=1,000 s/ mm?
repeated four times, six directions at b =500 s/mm? repeated
two times, and 6 b= 0 s/mm? for 42 brain volumes, 3-mm iso-
tropic voxels, 86 slices at 3-mm thickness, and TE/TR 71.9/
12,408 ms. Seventy-eight datasets were repeat studies (mean
time between scans =24 years; range =15 days-3.63 years).
This longitudinal data was examined to determine if the artifact
persisted, disappeared, or appeared de novo at the second scan.

Siemens data

Forty-three children were acquired on a 3T Siemens Trio
ranging in age from 7 to 16 years. The Siemens DTI data
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were acquired with 30 directions at b= 1,000 s/mm? and 5
b=0s/mm? repeated twice for 70 brain volumes, 2.5-mm
isotropic voxels, 55 slices at 2.5-mm thickness, Generalized
Autocalibrating Partially Parallel Acquisition (GRAPPA) =
2, and TE/TR =86/6,300 ms. Data were collected before
and after a manufacturer upgrade, which did not include
the updated scanner bed intended to eliminate the vibration
artifact. The upgrade did include a gradient upgrade to the
Siemens “TQ-engine system,” which has maximum gradi-
ent amplitude of 45 mT/m for the longitudinal direction
and 40 mT/m for the horizontal and vertical directions.

Detection of the artifact was done by three methods.
One method was a systematic visual inspection of both
DWI and DEC maps. Visual inspection was compared
with a second automated detection method using the
entropy tool within DTIPrep [Farzinfar et al., 2013; Oguz
et al.,, 2014]. Lastly, we also evaluated the utility of a quan-
titative measure (chi-squared) as a possible method of
detecting outlier data using RESTORE robust tensor fitting
[Chang et al., 2005; Chang et al., 2012].

For visual inspection, DEC maps were available follow-
ing a correction pipeline using TORTOISE [Pierpaoli et al.,
2010] to reduce effects of motion, eddy current distortions,
and echo-planar imaging (EPI) distortions. Corrections
were performed in the native space of each subject. Fol-
lowing corrections, nonlinear tensor fitting was used to
estimate the diffusion tensor and tensor derived metrics,
which produced the DEC maps. Interrater reliability was
measured using Cohen’s kappa [Mackinnon, 2000] using
the following criteria for determining whether the artifact
was present:

1. Visual inspection of the DWIs for signal dropouts.

2. If a signal dropout is evident, confirm that the drop-
out occurs in the areas that are suggestive of the
vibration artifact (parietal-occipital) and consistently
in a particular diffusion direction when looking
across the entire acquisition for that subject. In con-
trast, bulk head motion has a different pattern of
large or whole brain signal dropout occurring in any
gradient direction, and within a volume, has a typical
“venetian blind” or staircase pattern when viewed
from an orthogonal plane.

3. Inspecting the DEC map for presence of a red hue in
the parietal-occipital region of the brain, as well as
any other unusual patterns such as in inferior, ventral
frontal regions as described by Gallichan and
coworkers.

For the automated detection, we imported Low-Res GE
TORTOISE-corrected data into DTIPrep. We only con-
ducted the entropy analysis with the Low-Res GE data
because there was not enough artifact-free data in the Sie-
mens data to establish the acceptable range of entropy val-
ues. The mean and standard deviation of acceptable
entropy values were established from a set of artifact-free
samples (n = 41). Those values were then used to calculate

z-scores to categorize the quality of the remaining Low-
Res GE DTI scans. We used categories as described by the
entropy tool developers (z < 1.64 is Acceptable; z>1.64 is
Suspicious; z>2.58 Unacceptable). To compare visual
inspection with the entropy tool, we collapsed the suspi-
cious/unacceptable categories to match the present/not
present decision of a visual read. Sensitivity and specificity
and the 95% confidence intervals (CI) of the entropy tool
to detect the artifact as compared with visual inspection
was calculated [Mackinnon, 2000].

Evaluation of chi-squared was done by calculating mean
chi-squared values for two regions of interest (ROI) within
the vibration artifact. One ROI was drawn on the slice of
the DEC map that was within the core of the vibration
artifact where the vibration artifact was most visually
intense (i.e., strongest degree of anisotropy [redness]). The
second ROI was drawn at the periphery of the artifact
where the artifact was still visually evident but often was
the last slice before it was no longer apparent. The mean
chi-squared values from each ROI were used to determine
the percent of voxels in the entire brain for that subject
that had a chi-squared value greater than or equal to that
value. With this data, we are able to get a sense of how
specific the chi-squared values might be in detecting
abnormalities related to the vibration artifact (e.g., the per-
centage of voxels in the brain that were at or above the
values within the vibration artifact).

In addition to detection, analysis focused on assessing
the prevalence of the artifact within the clinical dataset
and across time points for the subset of longitudinal data.
We conducted a chi-squared analysis to determine if prev-
alence of the artifact differed by protocol. A multivariate
analysis of variance (MANOVA) was used to determine if
weight and the six position parameters differed between
the group with vibration and the group without vibration
artifact across the different scanner protocols. Weight data
in kilograms were collected at the time of scanning. Patient
position data included translation and rotation. Translation
was computed as the distance in millimeters (x, y, z) of the
center of the central slice from the scanner isocenter, while
rotation indicates the angle of the head from its native
position to a standard AC_PC orientation (x rotation
[pitch], y rotation [yaw], z rotation [roll]). Positioning
information was obtained from the Digital Imaging and
Communications in Medicine (DICOM) header and the
parameters computed by the TORTOISE software [Pier-
paoli et al., 2010] used for registering the subject data to
standardized space. We also conducted a canonical linear
discriminant analysis to determine if the presence of arti-
fact could be predicted from a linear combination of these
same variables.

Historical data analyzed in this study were acquired in
studies approved by the Combined Neurosciences Institu-
tional Review Board of the National Institutes of Health or
the Institutional Review Board of the Children’s National
Medical Center. Parents provided informed consent and
minors—who were able—provided assent.
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Single Subject Evaluation of Strategies for
Avoiding the Artifact

We prospectively tested factors that could affect the
presence of the artifact to optimize our DTI acquisition on
a Siemens 3T Trio scanner. We examined the effect of dif-
ferent degree of k-space coverage in the acquisition,
because Gallichan and coworkers suggested that acquiring
full k-space parallel-accelerated data was the most feasible
option for preventing the signal loss associated with the
vibration artifact, while also managing increases in TE.
Moreover, we also investigated head repositioning—at a
more extreme angle than is typical—as a strategy to avoid
the artifact.

This pilot testing was conducted on a single healthy
subject (age 32 male) on a 3T Siemens Trio scanner. The
following correction strategies were tested: (1) using full k-
space acquisition in place of the default three-fourth k-
space acquisition, (2) increasing the TR, (3) using a dual
spin-echo [Reese et al., 2003] for acquisition, and (4) alter-
ing head position two ways. Six serial scans were acquired
with a single-shot EPI sequence using the following
parameters: 41 diffusion directions, 31 b= 1,100 s/ mm?, 5
b=300 s/mm? and 5 b=0 s/mm’ and GRAPPA =2,
matrix =96 X 96, Field of Vision (FOV) =240 mm, slice
thickness = 2.5 mm skip 0, 64 slices, TE/TR = 87/7,500 ms.
The first scan was with no correction strategy acquired
with three-fourth k-space. The second scan was modified
for full k-space acquisition. The third scan had full k-space
and TR=11,000 ms. The fourth scan used a dual-spin-
echo diffusion preparation period. The fifth scan altered
head position by pitch *£30°. The sixth scan altered head
position by roll =45°.

RESULTS
Retrospective Analysis
Detection of the artifact

Interrater agreement of visual inspection was excellent
(Cohen’s Kappa =0.81 (95% CI: 0.63-0.99)). Visual rating
discrepancies were due to instances where the signal drop-
out was subtle. We found that the entropy tool had a high
percentage of false negatives resulting in 10% sensitivity
(95% CI: 0.04-0.20) and 95% specificity (95% CI: 0.90-0.98)
using visual rating as a reference. The entropy tool often
missed subtle cases of the artifact (Fig. 1). There were no
instances of a false positive (i.e., identifying an artifact-free
dataset as abnormal), but in a few instances, the entropy
tool identified abnormalities that were not specific to
vibration artifact such as residual eddy distortion.

The range of chi-squared values across core and periph-
ery ROIs of the vibration artifact was large (Range: 0.74-
60.86, Table I). This was true for both GE and Siemens data.
By definition, it is expected that regions with no artifact
should have chi-squared values near one. While on average,

Figure I.
An example of a subtle artifact as seen in the DEC map of an
axial slice in a GE dataset showing evidence of vibration artifact
in the occipital area. The entropy tool of DTIPrep did not
detect this artifact.

the chi-squared values from artifact regions were higher
than one, the standard deviation was large (Table I). This
was true for ROIs in the core of the artifact as well as at the
periphery. As a result, many voxels in which the artifact
was not present shared the same chi-squared value as those
with the artifact. At the extreme for one subject, 83% of
brain voxels would have been identified as artifactual based
on the chi-squared mean value from the artifact ROI. Chi-
squared lacked specificity in detecting vibration abnormal-
ity in GE datasets as an average of 30.65% (SD 21.66%) of
voxels shared the same or higher chi-squared values as
those mean values from the core ROI. Chi-squared values
were slightly more specific for Siemens data as an average
of 7.39% (SD 10.93%) of voxels throughout the brain had the

TABLE I. Descriptives by scanner of chi-square values
within ROls drawn within the vibration artifact

Siemens Lo-Res GE
Range of mean chi-square 0.95-14.56 0.74-60.86
values for ROIs with
vibration artifact
Mean chi-square in the 6.08 (4.33) 6.49 (8.28)
core of the vibration
artifact ROI (SD)
Mean chi-square in the 2.29 (0.797) 5.49 (6.26)

periphery of the vibration
artifact ROI (SD)
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Figure 2.
Lack of specificity of chi-squared. (A) DEC map of an axial slice of a Siemens dataset where the
vibration artifact is clearly visible yet subtle. (B) Chi-squared map from the tensor fitting of the
same slice showing no elevated chi-squared values in the region of the artifact but some elevated
values elsewhere from the artifact.

Figure 3.
Assessing the use of RESTORE to identify and remediate the artifact. (A) DEC map where the
vibration artifact is present. (B) Chi-squared is elevated in the same region as (A). (C) DEC map
still showing significant abnormalities yet the corresponding chi-squared map (D) after tensor fit-
ting with RESTORE showing no abnormal values.
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¢ Berl et al. ¢

Artifact

Not Present

01-Jan-2012-

01-Jan-20117]

01-Jan-2010-

01-Jan-2009

Date of Scan

01-Jan-2008-]

01-Jan-2007-

T T

T
40 30 20

Frequency

Present
—01-Jan-2012
01-Jan-2011
-01-Jan-2010
o
B
m
o
L2 5
F01-Jan-2009
(1]
E-)
=
01-Jan-2008
~01-Jan-2007
T T T
20 30 40
Frequency

Figure 4.
Presence of vibration artifact in Low-Res GE data over time. No artifact was
tember 2009 when a software upgrade occurred.

same or higher chi-squared value as the mean chi-squared
value found in the core ROI The lack of specificity is
because there are instances when the vibration artifact is
evident in the DEC map but the chi-squared is normal (Fig.
2A,B). Moreover, even when an abnormality is present in
both the DEC map (Fig. 3A) and chi-squared map (Fig. 3B),
after using RESTORE to remove the data contributing to
the artifact, significant artifact persisted in the DEC map
(Fig. 3C) despite having a normalized chi-squared map
(Fig. 3D).

evident after Sep-

Frequency of the artifact

By visual inspection, the artifact was identified in 18%
of all pediatric datasets (n =87 of 484). The artifact was
more frequent in the Siemens data (48.8%) followed by the
Low-Res GE data (24.4%) then the High-Res GE data
(2.6%) (4*> = 65.33, P <0.001, Table II). A higher percentage
of data acquired after the Siemens scanner gradient
upgrade compared with preupgrade were affected by the
artifact (68.9% postupgrade vs. 7% preupgrade, P <0.001

TABLE Il. Descriptives of rate of occurrence, weight, and positioning factors by scanning protocol

Siemens Lo-Res GE Hi-Res GE
48.8% 24.4% 2.6%

No Artifact Artifact No artifact Artifact No artifact Artifact
Incidence of artifact (n=22) (n=21) (n=189) (n=61) (n=186) (n=25)
Parameters (Mean [SD])
Weight (kg)™* 45.3 (16.1) 34.1 (9.8) 22.12 (8.14) 18.05 (4.63) n/a n/a
x displacement (mm) —2.20 (5.69) —3.48 (9.40) —3.23 (4.53) —2.45 (4.15) n/a n/a
y displacement (mm)? —37.58 (16.62) —50.56 (13.48) —33.51 (12.12) —33.61 (8.26) n/a n/a
z displacement (mm)® 13.62 (19.85) 13.71 (11.04) 17.20 (17.38) 7.38 (13.40) n/a n/a
x rotation (degrees) 4.57 (8.11) 6.34 (5.51) —1.39 (10.09) —2.66 (9.67) n/a n/a
y rotation (degrees) —0.07 (2.45) —1.30 (2.82) 0.25 (3.35) —0.52 (4.49) n/a n/a
z rotation (degrees)b —0.93 (2.35) —0.94 (3.33) —2.41 (5.07) 0.04 (5.87) n/a n/a

AP <0.05 for Siemens.
PP <0.01 for Lo-Res GE.
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Figure 5.
Example of inconsistent occurrence of the high anisotropy produced by the artifact in longitudi-
nal scans of the same subject. Axial and sagittal views of the DEC map of Scan | (top) and Scan
2 acquired 34 months later (bottom) in the same child in the GE scanner. White arrows indicate
brain regions affected by the vibration artifact in Scan | that show no evidence of the artifact in
Scan 2.

Fisher’s Exact Test (FET). For GE, 130 scans (52% of the
data) were collected between August 2006 through August
2009 and all the artifacts occurred in that timeframe, prior
to a software upgrade, while the other 120 scans collected
between September 2009 through May 2011, after a soft-
ware upgrade, had no artifact (Fig. 4).

Seventy-eight repeated scan datasets were reviewed for
the longitudinal analysis. Forty-three (55%) had no vibra-
tion artifact at either time point. Of the 35 that had the
vibration artifact, one had it on both scans, 31 had the arti-
fact at Scan 1 but not at the Scan 2 (Fig. 5), and three had
the artifact only at the second time point.

Influence of weight and positioning

The High-Res GE data were excluded from these analyses
because they were nearly artifact-free. Separate MANOVAs
were performed on the Siemens and Low-Res GE datasets.
Descriptive data (Table II) reveals that the range of position-
ing parameters was narrow with average displacement in
any direction within 50 mm and average rotation within 8°.
The data with vibration artifact differed from data with no

artifact with respect to weight and positioning parameters
for both the Siemens (F = 2.532, P =0.035) and Low-Res GE
data (F=5911, P<.001). These parameters account for
more of the variance between the artifact/no artifact groups
in the Siemens protocol than in the GE protocol (Siemens
'qg =0.364 vs. Low-Res GE m? =0.157). For both protocols,
subjects with artifact weighed significantly less than subjects
without artifact (Fig. 6). For Siemens only, subjects with
vibration artifacts were positioned at a more negative y axis
location with respect to the isocenter of the magnet. For the
Low-Res GE data, subjects with vibration artifacts were less
displaced in the positive z direction and less rotated in the
negative z rotation. We also tested whether these group dif-
ferences remained using absolute values for the z rotation
given that it should not matter if one is rotated left or right
given the symmetry of the brain around that axis and
because we noticed that the effect was largely due to a few
outliers. Indeed, the z rotation finding was no longer signifi-
cant when using absolute values. The displacement findings,
however, held.

For the discriminant analysis, the value of the discrimi-
nant function was different for data with the artifact and
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Figure 6.
Boxplots of subjects’ weight (kilograms) grouped by scanning
protocol and presence of the artifact. Dark lines within boxplot
represent median values.

data without the artifact for both Siemens (Wilks 4= 0.581,
Chi-squared = 18.198, df =7, Canonical correlation = 0.647,
P=0.011) and Low-Res GE data (Wilks A=0.878, Chi-
squared =29.429, df=7, Canonical correlation = 0.350,
P <0.001). However, consistent with MANOVA results,
there were differences in findings by scanner. For Siemens,
correlations between predictor variables and the discrimi-
nant function suggested that y displacement and weight,
followed by z and y rotation were the best predictors of
vibration artifact. The function extracted for Siemens data
accounted for 72.2% of the variance for whether there was
vibration artifact present or not, suggesting some added
value for considering the linear combination of variables.
The Siemens data function successfully predicted outcome
for 76.9% of cases, with accurate predictions being made for
80.0% of data with no vibration artifact and 73.7% of data
with vibration artifact. For Low-Res GE data, weight and z
displacement were the best predictors of vibration artifact,
followed by y rotation, x displacement, and z rotation,
respectively. The function extracted for Lo-Res GE data only
accounted for 13.9% of the variance for whether there was
vibration artifact present or not. As a result, there was suc-
cessful prediction of outcome for only 64.1% of cases, with
accurate predictions being made for 59.9% of data with no
vibration artifact and 76.3% of data with vibration artifact.

Single Subject Evaluation of Strategies for

Avoiding the Artifact

For the single subject, the artifact was observed in the raw
diffusion data (Fig. 7A) and DEC map (Fig. 7B). We found that

Figure 7.
Effect of head rotation and k-space coverage on the occurrence of the artifact in repeated scans
of the same subject. (A) Raw diffusion data. Diffusion gradient direction was (x, y, z) = (0.9,
—0.42, 0.11) (B) DEC map with original settings, (C) DEC map using full k-space coverage, and
(D) DEC map with altered head position.
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the artifact was reduced when using full k-space coverage, but
not completely eliminated (Fig. 7C), and was eliminated by
altering the head position with a +45° roll (Fig. 7D). Increasing
the TR, setting the diffusion preparation to dual-spin-echo,
and altering the pitch did not affect the artifact beyond the
improvement made when using full k-space acquisition.

DISCUSSION

We investigated the prevalence of a previously
described vibration artifact in DWI data collected in pedi-
atric clinical datasets on different scanners. We found that
the prevalence of the artifact was present across multiple
scanner manufacturers (not just Siemens) and affected by
acquisition protocol. Even for the same scanner, software
and hardware upgrades were strongly associated with
changes in the incidence of the problem. Weight and posi-
tioning of the subject also were factors in its manifestation.
While an automated software tool is available to detect the
artifact (DTIPrep), on our data, it showed very low sensi-
tivity and, therefore, in our view, visual inspection should
still be the method of choice for detecting the artifact.
Lastly, longitudinal data showed that the artifact is often
inconsistently present in repeated scans of the same sub-
ject. We discuss the implications of our findings for inter-
preting DTI scans.

Having a better sense of the frequency of the artifact is
important for determining the risk level of how this arti-
fact may impact one’s data and the potential for lost
resources. Our results suggest that in the worst-case sce-
nario, a majority of one’s data could be contaminated, but
the risk is scanner and acquisition protocol dependent.
Changing acquisition protocols to different resolutions or
upgrading of sequences that presumably include gradient
changes may impact the likelihood of having a vibration
artifact. For example, the Siemens upgrade to the “TQ-
engine system” resulted in a significant increase of the
problem. For the GE scanner, vibration artifacts were pres-
ent only in the low-resolution acquisitions and in a partic-
ular time window prior to a software upgrade. As
Gallichan and coworkers suggested, k-space coverage
influences manifestation of the artifact. However, on the
Siemens scanner during our pilot testing, increasing k-
space coverage did not completely eliminate the problem.
On the GE scanner, there were changes to the amount of
k-space coverage between software versions before and
after upgrade resulting in a decrease in artifact. A similar
low resolution protocol on GE scanners was used by the
NIH MRI Study of Normal Brain Development (http://
pediatricmri.nih.gov). A systematic quality assessment per-
formed in preparation of that database showed no instan-
ces of vibration artifact in data acquired on GE scanners
with this protocol [Nayak et al., 2011]; however, data were
collected with an earlier version of the software than that
used in this study. Unfortunately, these software changes

implemented by the manufacturers are often not known
by the end user.

This study highlights that the artifact is not limited to a
single scanner manufacturer. It would be informative for
clinical research centers with other scanner manufacturers
(e.g., Philips) to conduct a similar review to compare to
our findings. Moreover, as new gradient systems and
upgrades become available, we suggest that DTI data
should be systematically inspected for this artifact. The
artifact is relatively easy to identify because it is pervasive
enough and consistent regarding location, with occipital-
parietal regions being mostly affected, although we and
other investigators also found vibration artifacts in frontal
areas. We found that viewing an entire volume across
axial slices is optimal for checking for the artifact and
were able to achieve very high interrater reliability with
fairly simple criteria. There are several reasons for relying
on visual inspection rather than an automated tool for
identifying this artifact. As also noted by another group
[Farzinfar et al., 2013], we highlight that vibration artifacts
can result in regions of spurious anisotropy (with left-right
preferential orientation and red hue in the DEC maps)
without an obvious abnormality in the residuals of the ten-
sor fitting and the chi-squared map. Essentially, the signal
dropout in the x-direction can increase with a function suf-
ficiently compatible with the tensor model to prevent chi-
squared values from appearing abnormal (Fig. 2B). Even if
an abnormality in the chi-squared data is present, using
RESTORE [Chang et al., 2005] removes the data most con-
tributing to the abnormality and normalizes chi-squared
results (Fig. 3D). Unfortunately, in the case of vibration
artifacts, significant artifacts may still be present in the
DEC maps even if the chi-squared map is normalized (Fig.
3C). Thus, chi-squared values from within vibration arti-
fact regions have high variability, which then diminishes
the specificity of that metric as a helpful in detecting the
vibration artifact.

The “coregressor” [Gallichan et al., 2010] approach is
another method proposed to detect and potentially
remediate the vibration artifact. We did not test this
method because there is not software readily available to
apply to large datasets. However, as a hypothesis for fur-
ther investigation, we would expect this method to per-
form similarly to RESTORE because it attempts to detect
abnormal signal attenuation that is not consistent with the
tensor model, which is what RESTORE does, although the
specific metric used is different.

While automated detection tools for this artifact would
be useful to avoid the tedious visual inspection step, the
only currently available tool, the entropy tool imple-
mented in DTIPrep [Farzinfar et al., 2013], has limitations.
First, it can only be used on a large dataset because it
needs enough artifact-free data to establish an appropriate
range of entropy values. Thus, our Siemens dataset that
had only 43 total datasets but half were impacted by the
artifact could not undergo the training step. Second, while
there was enough GE data to go through the entropy
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pipeline, the sensitivity of the tool was very low (10%).
There are possible reasons for this unsatisfactory result.
One reason is that the tool may require artifacts to be
large in magnitude and spatial extension to be detected
while the vibration artifact in our GE datasets was often
subtle as compared with the Siemens datasets (Fig. 1 vs.
3A). In fact, a more recent paper from the developers of
this tool reports the rates of detection of the entropy tool
as 100% for severe artifact but as low as 67% for more
subtle artifact [Oguz et al., 2014]. We consulted the devel-
opers to inquire about other possible explanation for our
results and they suggested that a reason could be the
mask used for the entropy computation. The developers
used brain masking that removes all cerebrospinal fluid
(CSF) regions as well as the usual skull stripping [Farzin-
far et al., 2013], but this method of masking is not cur-
rently part of their DTIPrep automated pipeline [Styner,
2015].

We consider factors that contribute and strategies to
address the artifact. Siemens addressed the problem by
updating the scanner bed [Liu and Liu, 2011]; however,
there is a report that the problem is improved but persists
even following a scanner bed upgrade [Farzinfar et al.,
2013], and many existing systems may still have the old
bed configuration. We are aware that manufacturers have
worked to improve equipment and software to reduce arti-
facts, which is evident from the timing of the GE data
where the artifact was no longer evident in scans acquired
at a later date. Increased weight was associated with
avoiding the artifact for both GE and Siemens scanners.
Weight was particularly influential for Siemens data,
which is consistent with how the problem is described in
Siemens’ own analysis of the problem in their patent. Our
prospective pilot testing on a single subject indicated that
altering the roll of head placement potentially affects the
artifact. Specifically, the artifact was reduced with the
head slightly rotated. Perhaps, repeating the scan with the
head rotated could be used as a strategy for addressing
the problem. Rotational parameters were not associated
with the artifact in the archival review, perhaps because
the range of rotation was quite narrow and only a few
datasets exceeded 20° while the pilot testing was done at a
more dramatic angle of about 45°. The direction of the dis-
placement associated with frequency of the artifact dif-
fered by manufacturer/protocol. For Siemens, greater y
displacement (i.e., having the subject’s head further ele-
vated and away from the bed) was associated with not
having artifact, which may be due to having more pad-
ding under a child’s head. Either the padding or being far-
ther off the scanner bed may have disrupted the
vibration’s effect during the scan. For GE, greater z dis-
placement (i.e.,, having the subject’s head deeper in the
scanner) was associated with not having the artifact.
Nonetheless, our modeling with these factors did not
explain all the variance—and certainly there are other fac-
tors that influence whether the vibration artifact is present,
particularly for GE datasets. For Siemens, however, we

accounted for a large portion of the variance and were
able to predict 77% of cases accurately with information
that is standardly known at the outset of a scanning ses-
sion (weight and y position). Based on this data and our
pilot testing, we suggest that altering the position of the
head and weight load may reduce the effects of the vibra-
tions within the brain and disrupt the directional bias of
the artifact. In the Siemens scanner, repositioning (deeper
in the MRI scanner, increased padding to elevate from the
bed, and/or rotated from center) or adding of weight may
be solutions in addition to changing parameters or doing a
hardware replacement of the scanner bed.

Pediatric datasets may be prone to the artifact regard-
less of scanner type. One reason is because children weigh
less. The Siemens patent demarcated a weight of 30 kg or
less as the tipping point for when the load on the scan-
ning bed is susceptible to vibration artifact. We found a
weight of approximately 34 kg for our Siemens data as
the mean weight for those cases with the artifact. In com-
parison, the artifact was less frequent in the GE data,
which may be related to a different weight threshold
(approximately 18 kg in our datasets) for when the scans
are more susceptible to the artifact. However, there was
overlap in the weights of those with and without the arti-
fact, which, similar to our discriminant function, indicates
that weight is not the only factor in determining whether
the artifact is present. Interestingly, the one other study
that examined this artifact also found a higher prevalence
of vibration artifact in their youngest age group (6-months
old) even though they did not explicitly examine weight
as a factor [Farzinfar et al., 2013]. Examination of all pos-
sible factors that contribute to the presence of the artifact
are not within the scope of this study as this was largely
a retrospective review of data. Future investigations
would benefit from a more systematic approach that
might include a more careful examination of the factors
such as acquisitions at higher b-values or higher field
strength.

Implications for the Interpretation of Clinical
Studies

The finding that weight affects the incidence of this
vibration-induced artifact suggests that care should be
used in ruling out this confound when data from groups
of subjects with different weight are compared. Moreover,
our finding that this artifact manifested itself inconsistently
in repeated scans of the same subject has important impli-
cations for the interpretation of the results of longitudinal
diffusion MRI studies. Typically, changes in diffusion met-
rics, such as anisotropy, between time points are inter-
preted as indicative of changes in white matter structure
and architecture. Given that this artifact could manifest
itself inconsistently, it is important to confirm that regional
changes in anisotropy are indeed caused by brain changes
as opposed to the inconsistent presence of this—or any
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other—artifact. In this regard, we suspect that this artifact
may have lead to misinterpretation of diffusion MRI find-
ings in a previously published clinical study [Voss et al.,
2006]. This case study claimed that DTI detected brain
plasticity, in a 39-year old man who spontaneously recov-
ered from being in a minimally conscious state for 19
years. The patient underwent two scans conducted 18-
months apart. There was increased FA in the parietal-
occipital region with red appearance in the DEC map at
Time 1 that was not present at Time 2. The differences in
anisotropy between the two time points were interpreted
by the authors as a “transitional stage of an ongoing proc-
ess...of possible axonal regrowth.” The increased anisot-
ropy with left-right apparent fiber orientation found in
this patient was very consistent to the manifestation of
this artifact in our data (Fig. 5) and in the data reported in
other publications [Gallichan et al., 2010; Jones, 2010; Tour-
nier et al., 2011].

The notoriety of this case and the findings led to
national and international media coverage [“Man Speaks
after 19-Year Silence,” 2003; BBC, 2003]. Beyond general
public interest, the case report was also propagated within
the scientific community as it has been cited 145 times
using an electronic search performed in Web of Science
(Science Citation Index All years 1900-2014; final search
was completed June 10, 2014 using the title of the Voss
article as the search criteria). While some citations were
related to the length of survival for the patients, several
citations of this study were for issues that had far-reaching
policy and economic impact including: a call to change
medical dogma about the recovery possibilities of brain-
injured patients [Laureys et al., 2006; Schiff, 2009]; evi-
dence for dedicating resources for systematic and longitu-
dinal study of minimally conscious patients [Fins et al.,
2007; Fins, 2011]; a “remarkable example of regenerative
fibre growth” in support of pursuing drug development
for traumatic brain injury [Mueller et al., 2009]; and a dis-
cussion point within an Institute of Medicine exploratory
meeting to set policy [Fins, 2011; Fins et al., 2007].
Although some of the discussion within these citations
called for caution and recognized that the neuroimaging
evidence was preliminary as it was based on a single case
study, none of the papers considered the possibility of
misinterpretation of artifactual data.

The speed at which this article was propagated was
assisted by the inherent interest of the case details; how-
ever, it also illustrates the danger of univocal clinical inter-
pretation of DTI results. If we would have not considered
the possibility of this artifact, we could have claimed
“plasticity changes” in the brain of 34 of our subjects who
demonstrated similar anisotropy changes in repeated
scans. While increased FA can be caused by reorganization
or regrowth of axons, alternative explanations must be
considered as possible sources of DTI changes [Budde
et al., 2011]. We cannot be certain that the findings of that
paper were due to vibrational artifact; however, we feel
that there is a high likelihood because of the location and

plausibility of the findings. Interhemispheric parietal-
occipital white matter plasticity is unlikely as a physiologi-
cal phenomenon but is exactly where the vibration artifact
manifests. Moreover, given that the “axonal regrowth”
was evident at the first time point and disappeared at the
second time point, this is contrary to conventional under-
standing of neural reorganization principles where it is
expected that regrowth should persist because it would be
adaptive. Another possibility is that certain brains may
have mechanical properties that make them more vulnera-
ble to vibrational artifact. For example, the brain-injured
patient in the case report had a substantial degree of atro-
phy and, therefore, may have had a greater amount of cer-
ebrospinal fluid compared to tissue. Similarly, young
children may have larger water content in the brain paren-
chyma, which may lead to brains of younger subjects to
have different mechanical properties from adults and be
more susceptible to the occurrence of this DWI artifact for
the same level of vibration. Conducting repeat scans with
different positioning of the subject would have been a
potential test to rule out an artifactual origin of the meas-
ured anisotropy. Repositioning the patient by adjusting
the roll should not affect anisotropy caused by “axonal
regrowth” and the pattern should be consistently present
in subsequent scans.

CONCLUSION

This work reported a systematic analysis of the preva-
lence of a previously described vibration artifact in DWIs
across a population. The most relevant findings include:
(1) The artifact can be found in scanners other than Sie-
mens Trio, in particular in pediatric subjects. (2) Children
may be particularly susceptible because they weigh less
than adults. (3) We investigate systematically how differ-
ent factors (scanner, acquisition, weight, positioning) can
affect the prevalence of this artifact. We identify head
rotation as a new factor that may alter the mechanical
coupling and ultimately the manifestation of this artifact.
(4) We show that an automated method to identify the
artifact was not as sensitive as visual inspection in GE
data where the artifact is more subtle. (5) We confirm that
postprocessing remedies that are highly effective at reduc-
ing other types of artifacts, such as the RESTORE
approach, are largely ineffective in removing this artifact.
(6) We also find that some of the solutions proposed to
avoid the artifact, such as collecting full k-space data, do
not completely eliminate the artifact on our Siemens scan-
ner, (7) Lastly, we address the potential for clinical misin-
terpretation by discussing a previously published case
where changes consistent with this vibration artifacts
have been interpreted as having unequivocally a biologi-
cal origin. Our study underscores the need to check for
the presence of this for the vibration artifact, we propose
simple strategies to identify and potentially avoid its
effects.
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