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Abstract In neurorehabilitation, longitudinal assessment
of arm movement related brain function in patients with
motor disability is challenging due to variability in task
performance. MRI-compatible robots monitor and control
task performance, yielding more reliable evaluation of
brain function over time. The main goals of the present
study were first to define the brain network activated while
performing active and passive elbow movements with an
MRI-compatible arm robot (MaRIA) in healthy subjects,
and second to test the reproducibility of this activation over
time. For the fMRI analysis two models were compared. In
model 1 movement onset and duration were included,
whereas in model 2 force and range of motion were added
to the analysis. Reliability of brain activation was tested
with several statistical approaches applied on individual
and group activation maps and on summary statistics. The
activated network included mainly the primary motor
cortex, primary and secondary somatosensory cortex,
superior and inferior parietal cortex, medial and lateral
premotor regions, and subcortical structures. Reliability
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analyses revealed robust activation for active movements
with both fMRI models and all the statistical methods used.
Imposed passive movements also elicited mainly robust
brain activation for individual and group activation maps,
and reliability was improved by including additional force
and range of motion using model 2. These findings dem-
onstrate that the use of robotic devices, such as MaRIA,
can be useful to reliably assess arm movement related brain
activation in longitudinal studies and may contribute in
studies evaluating therapies and brain plasticity following
injury in the nervous system.
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Introduction

Functional magnetic resonance imaging (fMRI) allows
measuring brain function in a non-invasive manner and
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therefore offers the possibility to repeat measurements over
time. This is an important prerequisite to address questions
related to brain reorganization after central or peripheral
damage of the nervous system and to plasticity following
training or rehabilitation treatments. In longitudinal stud-
ies, the use of paradigms able to provide robust activation
across sessions is crucial. For example, during motor tasks
differences in movement parameters across sessions (i.e.
force, frequency, range of movement) may cause large
differences in brain activation, complicating the interpre-
tation of the results. To ensure a comparable motor per-
formance across sessions, the relevant parameters of the
task must be adequately controlled and monitored.
Consistency across sessions is even more challenging
when studying patients with motor impairments whose
motor output, i.e. force, range of movement etc., may
change over time. This variability in task performance may
consequently prevent meaningful conclusions related to
brain activation changes following rehabilitative interven-
tions and reorganization processes after injury.
MRI-compatible robotic devices have the potential to
overcome the aforementioned limitations by providing
control and monitoring of the motor performance over
time. They guide the subjects to perform well-controlled
and reproducible passive sensorimotor tasks and provide
standardized conditions for active movement execution
(Yu et al. 2008; for review see Tsekos et al. 2007). Fur-
thermore, movement parameters can be recorded and
quantified by the robotic system during the actual experi-
ment. The collected data can then be incorporated into
fMRI data analysis allowing accurate interpretations. Thus,
MRI-compatible robots are promising tools for investigat-
ing brain reorganization mechanisms and plasticity related
to neurorchabilitation by providing a well-controlled
method for motor execution and for objectively monitoring
the effect of therapy in patients with motor impairment.
For longitudinal assessments of brain function, test—
retest analyses are essential to ensure that activation
obtained with fMRI is reliable and does not randomly vary
across repeated measures. In healthy subjects reliability of
brain activation has been tested for a variety of cognitive
and non-cognitive tasks (for review see Bennett and Miller
2010). With respect to motor function, reliability has been
mainly assessed for active finger or hand movements
(Carey et al. 2000; Friedman et al. 2008; Gountouna et al.
2010; Kimberley et al. 2008a, b; Kong et al. 2007; Lee
et al. 2010; Loubinoux et al. 2001; McGregor et al. 2012;
Yoo et al. 2007). In contrast, the reliability of brain acti-
vation patterns was rarely studied in passive motor tasks
(Loubinoux et al. 2001). Only one study so far tested the
reproducibility of activation in the primary motor cortex
(M1) during active elbow flexion and extension (Alkadhi
et al. 2002). Furthermore, to our knowledge there are no
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studies addressing reproducibility of passive arm move-
ments. This is surprising, considering that arm movements
are of major importance in the field of neurorehabilitation.

It is still a matter of debate which is the most appropriate
test—retest analysis to assess reproducibility of brain acti-
vation. Therefore, different approaches were suggested,
which all have advantages and disadvantages (for review
see Bennett and Miller 2010). The calculation of various
aspects of reliability should therefore give a more detailed
estimation of the reproducibility in an fMRI study (Specht
et al. 2003).

In the present investigation we test the reliability of
brain activation during active and passive arm movements
in healthy subjects. To this purpose an MRI-compatible
arm robot (MaRIA), which guides extension and flexion of
the elbow joint, was used in an fMRI event-related design
(ERD) (Yu et al. 2008, 2011). The device allows moni-
toring and quantifying relevant movement parameters
(movement onset, duration, force and range of motion).
Here we present two possible fMRI models to show how
this information can be best used to assess brain activation
related to arm movements. This study had two main goals:
first, to explore the brain network responsible for active and
passive arm movements performed with MaRIA and sec-
ond, to examine the reproducibility of this activation by
applying various test-retest analyses. Since in future
studies MaRIA will be used in various patient populations
individual results are of major interest. Therefore, besides
the reliability assessment on group results, the reproduc-
ibility of brain activation during active and passive arm
movements was also tested at single subject level.

Materials and Methods
Participants

Nineteen healthy subjects (nine female, ten male, mean:
25 years, age range: 20-37 years) without history of neu-
rological or psychiatric disorders were recruited for this
study. All subjects had right-hand dominance (Annett
1970). The study was approved by the local ethics com-
mittee and all participants gave their written informed
consent for participation prior to the experiment. In order
to assess the reliability of arm movement related brain
activation the volunteers participated in two fMRI sessions
at intervals of 3—4 weeks.

MaRIA

MRI-compatible arm robot was developed by the Sensory
Motor System Lab of the ETH Zurich (http://www.sms.
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Fig. 1 Experimental setup:

MaRIA is positioned slightly
above the legs of the patients.
At start position the arm is
placed at 90° flexion. The
position and orientation can be
adjusted to fit the size of the
patients. The settings used
during the first session are
stored and used in subsequent
sessions. A self-made head bowl
is used to avoid motion
artifacts (modified from Yu

et al. 2011 with permission of
Springer Science and Business
Media)

hest.ethz.ch/research/mr_robotics/setup). ~ The  device
(Fig. 1) can be safely placed inside the MR scanner room,
is compatible with fMRI, and allows extension and flexion
movements of the elbow joint. A detailed description of
this device was published in a pilot study (Yu et al. 2008,
2011). Therefore, only a brief description is provided here.

MRI-compatible arm robot allows adjustable, well-
controlled, passive and active arm movements. It interacts
with human subjects through a handle, which is attached to
and driven by a hydraulic cylinder. The cylinder allows
moving the handle in a translational direction, with a
maximum motion range of 25 cm, maximum speed of
20 cm s and force up to 300 N. An optical force sensor,
installed between the handle and the cylinder, measures the
push and pull forces from the subject’s arm to the cylinder.
In addition an optical encoder measures the position of the
handle, thus providing the recording of the handle’s range
of motion for each movement. The sensors also enable the
assessment of movement onset and duration. This timing
information allows an exact modeling of the brain activa-
tion related to arm movements. The position, height and
orientation of the device constrain the movement of the
robot and can be adjusted to fit the size of each subject. To
further standardize the performance of the tasks the
parameters used during one session are recorded for each
subject and used in subsequent sessions. The device is
controlled using MATLAB 7.6 (Mathworks Inc., Natick,
MA, USA) and can be synchronized with other recording
softwares, such as Presentation (http://www.neurobs.com/).
Below we will refer to the range of motion of the device’s
handle as dROM.

Handle
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- : Adjust Orientation
Adjust = with scales
Height B

Adj'm‘

Position

fMRI Procedure and Experimental Paradigm

For the fMRI scans, the participants were positioned supine
on the MR scanner table with the fixation frame of the
device above the subjects’ thighs. The participants were
asked to flex the right elbow to reach the handle. The
position, height and orientation of MaRIA were adjusted to
ensure that subjects could reach the handle and perform the
tasks in a comfortable way, while the upper arm remained
close to the body without causing shoulder and head
motion. The elbow was supported by a cushion for better
comfort and stabilization of the upper arm. At the start
position, the elbow was flexed by 90°. A maximal elbow
extension reached approximately 120°, so that the range of
motion of the subjects’ elbow was about 30°.

To reduce head motion artifacts during data acquisition,
we used a custom-made head support, which covered the
top and partially the sides of the subjects’ head (Hollnagel
et al. 2011), thus limiting the range of head motion,
especially in the cranio-caudal direction (Fig. 1). Addi-
tional foam pads restricted the motion in the left-right
direction.

To investigate brain activation during the subjects’
motor interactions with MaRIA, an ERD was used for the
experiment. The experiment consisted of three conditions:
passive arm movement, active arm movement and rest. In
the passive condition, subjects were required to hold the
device’s handle and let it move without applying force. The
speed was kept constant at 7.2 cm s. In the active condi-
tion, subjects had to push and pull the handle actively. The
movement could only be initiated when the force reached a

@ Springer


http://www.sms.hest.ethz.ch/research/mr_robotics/setup
http://www.neurobs.com/

734

Brain Topogr (2014) 27:731-746

certain threshold, defined as 20 % of the subjects’ maximal
voluntary push force (MVPF). The MVPF was measured
by MaRIA for each subject in the scanner prior to fMRI
scanning. Participants were instructed to push the fixed
handle of the robot three times with their maximal volun-
tary force without moving head and body, and the mean
force value was recorded. Above this threshold, an inverse
viscous law was applied in such a way that an increase in
the force applied by the subject induced an increase in the
arm movement speed. Maximal speed was saturated to
10 cm s when the force reached 30 N or beyond. For both,
active and passive movements, low speed and smooth
movements were selected to avoid head motion and
potential moving artifacts in the images (Yu et al. 2008,
2009). The dROM was approximately 16-20 cm depend-
ing on the body size of the individual subject. For each
subject, the dROM and the linear movement trajectory
remained the same for all passive and active movements.
During the period of rest, subjects were simply asked to
hold the device’s handle without applying force. In order to
test the reliability of this procedure in a standardized way,
the same setting configuration used during the first session
was applied in the second.

A total of 30 trials per condition were presented ran-
domly to the participants. Each trial lasted 13.5 s and was
composed of a short instruction followed by 8 s of task
period and of an inter-stimulus interval with a jitter of
3+1 s. The duration of the whole run was about 20 min.
Passive and active movements were visually and acousti-
cally guided to ensure that the active movements were
performed similarly across trials and sessions, and had the
same duration as the passive ones. Visual instructions,
displayed on a screen in front of the subject, consisted of a
green and a red square being presented for 4 s each, with
the green always presented first. During the active condi-
tion, participants were instructed to push the device upon
appearance of the green square and to pull it when the red
one was displayed. The auditory instruction for the active
condition consisted of the words “stossen” (German: “to
push”) and “ziehen” (German: “to pull”), which were
synchronized with the green and red squares, respectively.
During the rest and passive movement conditions the same
colored squares were presented and the participants were
asked to fixate the squares. For the passive and rest con-
ditions the auditory instructions consisted of the words
“stossen lassen” (German: “let it push”) and “ziehen
lassen” (German: “let it pull”) and “Pause” (German:
“pause”), respectively. The fMRI data acquisition and the
tasks were synchronized applying Presentation (http://
www.neurobs.com/). This software received trigger signals
from the MR system and provided the visual and auditory
instructions to the subjects. Additionally, it sent control
commands to MaRIA instructing the device to switch from
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one condition to the other, allowing the initiation of active
or passive movements. Prior to both scanning sessions the
subjects were trained to practice the tasks outside of the
scanner bore to ensure proper task performance.

During each scanning session the change in force and
dROM, measured by the force and position sensors during
the tasks, were displayed simultaneously in real time on a
monitor outside the scanner room, allowing constant
monitoring by the investigators to ensure that the subjects
were performing the tasks correctly.

Behavioural Data Analysis

To assess the motor performance the following parameters
were computed for each subject and session separately:
force and dROM per trial, as well as mean force and mean
dROM for the 30 active and passive movements separately.

During the arm movement itself, the force applied on the
device’s handle was normalized by the MVPF. In each
session the mean force values were normalized by the
respective MVPF.

The parameters for the individual trials were visually
inspected to check whether the motor tasks were executed
correctly. To identify differences between sessions, paired
t-tests were performed on the normalized mean force for
the active and the passive movements. The Kolmogorov—
Smirnov test for mean dROM for active and passive
movements showed significant results, indicating that the
values were not normally distributed. Therefore, to test
differences in the mean dROM between sessions, non-
parametric tests were applied.

MRI Data Acquisition

The study was carried out in the MR-Center of the University
and ETH Zurich, using a Philips Achieva 1.5 T MR system
equipped with an eight channel SENSETM head coil. The
functional acquisitions consisted of a T2* weighted, single-
shot, field echo, EPI sequence of the whole brain (TR = 3 s,
TE = 50 ms, flip angle = 82°, FOV = 220 x 220 mm,
acquisition matrix = 128 x 128 mm, in-plane resolution =
1.7 x 1.7 mm, slice thickness = 4 mm, SENSE factor 1.6).
Additionally, anatomical images of the entire brain were
acquired using a 3D, Tl-weighted, field echo sequence
(TR = 20 ms, TE = 4.6 ms, flip angle = 20°, in-plane res-
olution = 0.9 x 0.9 mm, slice thickness = 0.75 mm, 210
slices).

Data Analysis

Image pre-processing and statistical analysis were per-
formed using SPM8 (Welcome Department of Cognitive
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Neurology, London, http:/fil.ion.ucl.ac.uk/spm) imple-
mented in MATLAB 7.6 (Mathworks Inc., Natick, MA,
USA). “Realign and unwarp” facility was applied on the
EPI images to correct for motion artifacts and additional
susceptibility-by-movement interactions. The motion
parameters obtained during this procedure were used to
determine the extent of movements. Functional data that
did not exceed displacement of one voxel size was included
in the analysis. The realigned functional images of each
session were then co-registered with the T1-weighted
structural images acquired during the first MRI session. To
achieve an accurate registration of the images between both
scanning sessions DARTEL registration (Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra)
was performed (Ashburner 2007). With this procedure the
realigned EPI images were normalized and smoothed with
an 8 mm full-with half-maximum Gaussian kernel. Addi-
tionally, a high-pass filter was applied on the preprocessed
functional images to remove slow temporal drifts with a
period longer than 128 s.

The statistical analysis was performed at single subject
and group level. At the single subject level, the experi-
mental conditions were modeled by the general linear
model using two approaches: first by explicitly modeling
all three conditions, i.e. rest, passive and active arm
movements (contrasts against rest), and second by model-
ing only the movement conditions, i.e. active and passive
arm movements (single contrasts). Additionally, for each
of these approaches two different types of models were
performed for each subject. In the first model, the experi-
mental conditions were modeled in a more classical way
using only information about the movement onset and
duration. The exact movement onset and duration of each
task, needed for modeling, were provided by the device and
a canonical hemodynamic response function was used. In
the second model, besides the three or the two experi-
mental conditions respectively, two user defined regressors
per session were added into the design matrix of each
participant. The first one consisted of the mean applied
force per scan normalized by the MVPF and the second
was the maximal dROM per scan recorded by the device.
This model should help to reduce additional variance due
to differences in performance. All the analyses described
below were performed for both models separately.

For both models individual statistical parametric maps
(SPM) were calculated for each movement condition ver-
sus rest (first approach) and for the single contrasts for
active and passive arm movements (second approach) for
each session separately. Group analysis was performed
according to the random effects analysis using the single
subject contrast images as input. One-sample t-tests were
performed for the four contrasts of interest per session. The
significance level for the resulting statistical maps was set

at p < 0.05, corrected for multiple comparisons (family
wise error (FWE)). Additional analyses were performed at
an uncorrected threshold of p < 0.001. Pair-t-tests were
computed for the four contrasts to assess differences in
activation maps across sessions,

Average and maximum t-values for each of the relevant
contrasts were calculated in predefined anatomical regions of
interest (ROIs) for both fMRI sessions separately. Differ-
ences in brain activation between the sessions were esti-
mated by comparing the average t-value in each ROI using
paired t-tests. The same analysis was also performed for the
maximum t-value for each contrast and ROI. This analysis
was performed in SPSS 19.0 (http://www.spss.com).

In the majority of the cases ROIs were defined based on
probabilistic cytoarchitectonic maps implemented in the
SPM anatomy toolbox (http://www.fz-juelich.de/ime/spm_
anatomy_toolbox) (Eickhoff et al. 2005, 2006a, 2007). The
bilateral analyzed areas were the M1, including Brodmann
area (BA) 4a and b (Geyer et al. 1996), the primary
somatosensory cortex (S1) including BA 3a, 3b, 1 and 2
(Geyer et al. 1999, 2000; Grefkes et al. 2001), and the
secondary somatosensory cortex (S2) corresponding to the
parietal operculum (OP1-4, Eickhoff et al. 2006a, b).
Bilateral ROIs were also defined for the superior parietal
cortex (SPC) including BA 5 and 7 (Scheperjans et al.
2008a, b) and inferior parietal cortex (IPC), comprising
areas PFt, PF, PFm, PFcm, PFop, PGa, PGp (Caspers et al.
2006, 2008). The supplementary motor area (SMA) and the
cingulate motor areas (CMA) were defined using the ana-
tomic automatic labeling (Tzourio-Mazoyer et al. 2002)
implemented in the standard software WFU Pickatlas
(Maldjian et al. 2003). In order to define the premotor
cortex (PMC) and divide it into a ventral and a dorsal part,
a ROI for the BA 6 was created using the anatomy toolbox
(Geyer 2004). Subsequently, the SMA was subtracted from
the BA6 using MRIcron (http://www.mccauslandcenter.sc.
edu/mricro/mricron/). The remaining part was divided into
the dorsal PMC (PMd) and the ventral portion of BA6
which together with BA 44 was defined as the ventral PMC
(PMv). Based on the meta-analysis by Mayka et al. (2006)
the boundary between these two regions was set between
z = 35 (MNI z = 38) medially and z = 45 (MNI z = 49)
laterally. Finally, ROIs for the cerebellum (CB) were
defined by combining all areas included in the anatomy
toolbox (Diedrichsen et al. 2009).

Reliability Analyses

All reliability measures reported below were only per-
formed in the ROIs that were activated in at least 80 % of
the subjects, in all contrasts of interest and both sessions
using both models. This allowed to reduce the data volume
and to perform a reasonable comparison of the reliability
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values across both models and conditions. These regions
were the contralateral M1, S1, SMA, PMd, and SPC.

Reliability of Activation Maps

For comparison with other reliability studies, the relative
ij

overlap DEtween the two

amount of overlapping volume R
sessions was calculated according to the formula intro-
duced by Rombouts et al. (1998):

RY

overlap

= 2V0verlap/Vi + V_] (1)

Where V; and V; denote the number of suprathreshold
voxels within activation maps in session i and session j
respectively, and Vyen,p Tepresent the number of voxels
that pass the threshold in both sessions. For the estimation

of the RV a statistical threshold of p < 0.001 (uncor-

overlap
ij

overlap can

rected for multiple comparisons) was used. The R

range from 0 (no overlap) to 1 (perfect overlap). This
measure tests the reproducibility of the location of acti-
vated voxels above a threshold and is independent of the
actual t-values of these voxels once they pass the threshold.

In the present study, the RY was used to assess test—

overlap
retest reliability of brain activation of both the single
subject data and the activation maps of the group analysis
within predefine ROIs.

By setting a threshold, small differences in activation
can be overestimated affecting considerably the size of the

obtained RY

overlap- FOI example, some voxels may have a
similar activation during both sessions, but may be below
the threshold in one session and above it in the other. In
spite of similar activation patterns these voxels would be
classified as inconsistent between the sessions. To over-
come this limitation, intraclass correlation coefficients
(ICC) of contrast t-values for pairs of activation maps were
calculated. This computation is based on all voxels in the
brain and therefore, is not dependent on a threshold. In our
study, test-retest reliability was computed across all voxels
within each of the ROIs separately for individual and group
activation maps. ICC values were calculated using a two-
way mixed model ICC for consistency using the following
formula (Shrout and Fleiss 1979):

ICC(3,1)=(BMS—EMS)/(BMS + (k — 1)EMS) (2)

BMS and EMS denotes the mean square for between voxel
and error variance respectively, and k is the number of
sessions. The ICC ranges from 0 (low reliability) to 1
(perfect reliability). Although some reliability studies have
been performed on fMRI data in the past, there is still no
consensus regarding the acceptable level of reliability. In
order to have a basis for comparison in our study, ICC
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values were classified as ‘excellent’ above 0.75, ‘good’
between 0.59 and 0.75, ‘fair’ between 0.40 and 0.58 and
‘poor’ for values lower than 0.40, as proposed by Cicchetti
and Sparrow (1981) In the following text ‘high’ will also
be used for ‘excellent’ and ‘moderate’ for ‘fair’. The cal-
culated coefficient represents a value for intra-voxel reli-
ability and we will refer to it as ICC;pnin (Raemaekers
et al. 2007).

To summarize the results of the single subjects, the
average Royerap and the average ICCpnin Were calculated.
In order to average the ICCy;min values across subjects,
Fisher’s z-transformation was applied on the ICCy;inin
estimated for each subject.

Reliability of Summary Statistics

To assess test—retest reliability across subjects, ICC was
also calculated on the average t-values and the maximum
t-values for each ROI and contrast separately. ICC values
were calculated using the same formula as before for the
t-values of the individual and group activation maps
(Shrout and Fleiss 1979). BMS and EMS denote the mean
square for between subject and error variance respectively,
and k denotes the number of sessions. In this case, the
calculated coefficient represents a measure for between-
subject reliability, referred as ICCpeqween- For this calcula-
tion, values are high for large between subject variance and
small between session variance. The coefficients were
tested against zero using a significance level of p < 0.05
(Shrout and Fleiss 1979).

Results

All 19 subjects accomplished the two fMRI sessions, but
two (one female, one male) had to be excluded from the
analysis, one due to the presence of significant movement
artifacts and the other due to a technical problem in the
synchronization of the tasks with the scanner.

Behavioral Performance

All subjects performed all active and passive movements as
instructed. Mean MVPF was 47.2 N (£24.3) at the first and
42.4 N (£22.7) at the second session. The mean force for
active movements was 20.0 N (£2.5) during the first and
17.8 N (£2.0) during the second session, while for passive
movements the mean force was 3.5 N (£1.6) and 4.0 N
(£1.4), respectively. Paired sample t-tests performed on
the normalized force values for each movement condition
and for MVPF did not show any significant differences in
performance between sessions (passive, t(16) = —1.29,
p(16) = 0.21; active, t(16) = 0.33, p(16) = 0.75; MVPF,
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t(16) = 2.1, p = 0.053). In the active movement condition,
the mean dROM was 17.1 cm (%1.8) during the first ses-
sion and 18.3 cm (£2.1) during the second one. For pas-
sive movements, the mean dROM was 18.0 cm (1) and
19.5 cm (£0.6), respectively. Furthermore, non-parametric
tests on the dROM values did not differ significantly
between sessions (passive, z = —1.9, p = 0.61; active,
z=—14,p = 0.15).

Brain Activation
Model 1

In model 1, the experimental conditions were modeled
using information about the movement onset and duration
provided by the device.

In the first fMRI session, when contrasting the active
movement condition with rest, group analysis revealed
activation in left M1, S1, CMA, SPC, anterior insula and in
the right anterior and posterior CB. Bilateral activation was
found in S2, IPC, SMA, PMd, PMv and the mid insula
(p < 0.05 corrected for multiple comparisons). During the
second session, similar activation patterns were found,
except in the PMv and in the left insula. Additionally,
CMA was activated bilaterally. For both sessions, all
reported areas were activated bilaterally when a less con-
servative correction was applied (p < 0.001 uncorrected
for multiple comparisons). Additionally, activation was
detected in the right middle temporal gyrus, bilaterally in
the posterior insula and the basal ganglia, and in the left
thalamus and brainstem (Fig. 2a). For the single contrast,
active movement activation was found left in M1, SlI,
SMA, PMd, SPC, bilaterally in S2, IPC, and in the right
PMv, CMA and anterior CB during the first session. During
the second session this first model showed activation only
in left M1, S1, SMA, PMd, SPC and right in IPC (p < 0.05
corrected for multiple comparisons). In both sessions, non-
corrected activation maps revealed activation in the same
network as for the active movement condition contrasted
with rest with the exception of the left thalamus, right basal
ganglia and right middle temporal gyrus (Fig. 2b).

When contrasting passive movement with rest for both
fMRI sessions, the group activation patterns were similar to
those in the contrast active movement versus rest. Only the
insula and the PMv were not activated. In addition, acti-
vation was found in the left anterior CB during the first
session. PMd was activated during the first session bilat-
erally and only on the left during the second one. Bilateral
activation was found in CMA during both sessions
(p < 0.05 corrected for multiple comparisons). For both
sessions, all areas of this network showed bilateral acti-
vation when the activation maps were not corrected for

multiple comparisons (p < 0.001). Additional activation
was detected in the left thalamus and in the basal ganglia,
middle temporal gyrus, PMv and the mid and posterior
insula bilaterally (Fig. 2e). For the single contrast, passive
movement activation was found in the left M1, S1, PMd
and IPC in both sessions. Activation in S2 was only
detected in the left hemisphere during the first session.
When activation maps were not corrected for multiple
comparisons (p < 0.001) the same activation pattern was
found as for the contrast of passive movements versus rest,
except for the right M1, S1, SPC, PMv and left CB
(Fig. 2f).

For both active and passive movements, the single
contrast showed in general less activation when compared
to the contrast with rest. Coordinates for local maxima for
all contrasts and ROIs using model 1 are shown in Table 1.

Model 2

In this model, besides the experimental conditions, addi-
tional movement parameters (i.e., force and dROM) pro-
vided by the device were implemented into the data
analysis.

Applying model 2, the active movement condition
compared to rest showed for both sessions the same
activation patterns as in the analysis with the first model.
This was the case using both thresholds (p < 0.05 cor-
rected and p < 0.001 uncorrected for multiple compari-
sons, Fig. 2c). For both fMRI sessions the single contrast
for active movements revealed activation in left M1, S1,
SMA, CMA, PMd, SPC, in S2, IPC bilaterally, and in
right PMv, and right posterior CB. During the second
session activation was also found in the right mid insula
and CMA (p < 0.05 corrected for multiple comparisons).
Uncorrected activation maps revealed for both sessions the
same network as in the active movement condition con-
trasted with rest, except for the right middle temporal
gyrus (Fig. 2d).

For both sessions and thresholds the activation patterns
in the passive movement condition compared to rest acti-
vation were similar to those reported for model 1 (p < 0.05
corrected and p < 0.001 uncorrected for multiple com-
parisons, Fig. 2g). For the single contrast passive move-
ment activation was found in the same network as in the
contrast with rest, except for the bilateral activation in
SMA and CMA during the first session. Using this second
model, the same activation patterns as those for passive
movement condition contrasted with rest were found when
the activation maps were not corrected for multiple com-
parisons (p < 0.001, Fig. 2h).

For active and passive movement, the activation pattern
of the contrast with rest and the single contrast were largely
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Model 1

active arm
movement vs. rest

active arm
movement

passive arm
movement vs. rest

passive arm
movement

Fig. 2 Transversal sections showing the overlap of activation in both
fMRI sessions for all contrasts of interest and for model 1 (a, b, e,
/) and model 2 (c, d, g, h) (p <0.001 uncorrected for multiple
comparisons). Activation during first session (red), second session

identical. Coordinates for local maxima for all contrasts
and ROIs using model 2 are shown in Table 2.

Systematic Changes in Brain Activation

For both models and all contrasts of interest, paired-t-tests
analysis computed on the activation maps did not reveal
any significant differences between sessions (p < 0.05
corrected for multiple comparisons). Additionally, no sig-
nificant differences were found on average t-values for all
the contrasts in the predefined ROIs. For the ROI analyses
significant differences were only found on maximum
t-values for the single contrast of active movements in
contralateral M1 and S1 using model 1 (p < 0.05 non-
corrected for multiple comparisons). For all other contrasts
of interest and for model 2 no significant differences were
found on maximum t-values.
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Model 2

(yellow) and in both sessions (orange) were superimposed on a single
subject template using xjView (http://people.hnl.bcm.tmc.edu/cuixu/
xjView/). The most informative slices are displayed

Reliability Analyses
Reliability of Activation Maps

Overlap Ratios (R,yeriap) The averages Rgyerap Of the
single subjects are presented in Table 3 for the two models.
For both models the contrasts of the movement conditions
with rest showed good to excellent reliability for activation
in M1, S1, and PMd. Reliability ranged from moderate to
good for SMA and moderate for SPC. In all ROIs except
for the SPC, the Ryeriap calculation revealed slightly higher
values for the active movement condition compared to rest
using model 1 than with model 2. The opposite was
observed for the passive movement condition against rest.
For both single contrasts (i.e. active and passive arm
movements), reliability was mainly good when modeling
the data with model 1, only the SMA and SPC showed
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Table 1 Coordinates of local maxima (MNI) for all ROIs and contrasts of interest during the first and second session using model 1
Model 1
Active arm movement
ROI Contrast with rest Single contrast
Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y z
Ml L -32 -27 60 -33 -21 57 -27 -21 53 -33 =21 59
R 12 -30 50 9 -29 48 20 —26 57 26 -33 65
S1 L -33 -30 59 =30 -32 59 -33 -30 59 -32 =30 62
R 17 -35 50 36 =27 38 20 -39 56 36 27 38
SMA L -8 —6 54 —14 —-12 65 —12 —-11 53 —15 —-11 63
R 12 1 66 12 0 65 15 —11 66 14 0 62
CMA L —6 3 42 -8 1 44 -8 —6 50 -8 1 41
R 17 -30 42 11 -29 44 18 -30 42 15 -29 41
PMd L =27 -21 60 =30 —18 57 -29 -20 56 -29 -20 56
R 21 -17 65 35 -3 45 20 —18 65 39 -3 44
PMv L —44 9 —42 —6 50 —-50 1 6 —48 3 6
R 54 7 48 9 8 54 6 8 44 -3 44
SPC L =21 —41 62 —18 —42 63 —18 -39 63 -20 —41 65
R 15 —-29 41 11 —-29 44 17 —-29 42 15 -29 41
IPC L -51 -30 23 —51 -30 23 —51 -30 23 =51 -29 23
R 60 -26 23 57 -26 30 57 -32 41 63 =27 35
S2 L —48 =30 23 —44 -32 23 —48 -30 23 -50 -29 23
R 62 —26 23 56 -27 26 62 —24 23 44 -29 26
CB L 2 —65 —16 -2 —48 —24 —51 —-26 0 -50 —24
R 20 —54 -20 21 -50 -23 9 —53 -15 21 -53 —21
Passive arm movement
ROI Contrast with rest Single contrast
Session 1 Session 2 Session 1 Session 2
X y z X y 4 X y z X y z
Ml L -32 -26 59 =33 -32 56 -33 -26 57 -33 -27 66
R 2 —21 50 0 —26 50
S1 L -33 =30 59 -32 -33 59 -33 -30 59 —24 —41 57
R 20 -33 47 24 —44 65 23 —41 57
SMA L 0 3 47 -8 —6 56 -12 —6 71 -8 —11 74
R 11 3 68 2 -3 53 11 0 69 6 -5 59
CMA L -8 -23 47 —-12 —26 41 —6 —18 48 -9 —21 44
R 3 3 44 12 7 38 12 27 18 14 9 38
PMd L -35 -27 69 -35 -27 69 -35 -27 69 =35 -27 69
R 3 3 44 0 —24 47 0 -17 53 0 —17 53
PMv L -50 1 6 —44 -8 53 -50 1 6 —44 —12 53
R 57 7 8 53 3 0
SPC L -23 —44 62 —18 —42 63 —23 —42 62 —24 —42 66
R 17 -35 44 14 —27 45 20 —53 60
IPC L —51 -29 21 —51 -32 20 —51 -29 23 -59 -29 26
R 60 -33 23 60 -35 24 54 -27 29 53 -32 24
S2 L —50 -30 20 —44 -27 20 —45 -30 21 —44 —26 21
R 60 -26 24 53 -29 24 56 -27 26 53 -29 24
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Table 1 continued

Passive arm movement

ROI Contrast with rest Single contrast
Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y z
CB L -33 —48 -33 2 —60 —14 0 —69 —6 —14 —62 -9
R 26 -50 -21 21 —48 -21 17 —56 —12 24 -53 -20

Bold denotes activations corrected for multiple comparisons with FWE p < 0.05; non-bold denotes uncorrected activations with a threshold of p > 0.001

M1 primary motor cortex, S/ primary somatosensory cortex, SMA supplementary motor area, CMA cingulate motor areas, PMd dorsal premotor cortex, PMv ventral
premotor cortex, SPC superior parietal cortex, IPC inferior parietal cortex, S2 secondary somatosensory cortex, CB cerebellum

moderate values. For model 2, the Ryyenap values were
higher for both conditions in all ROIs than using model 1.
This was especially the case for the passive movement
condition.

For group activation, all ROIs showed high reliability
using both models (see Table 3). Analog to the single
subjects’ data, group activation maps showed mainly
higher reliability for both single contrasts when controlling
for motor performance.

Intra Class Correlation (ICC,,;y,;,) Average ICC values
for single subject and ICC values obtained for group acti-
vation maps are given in Table 3. For single subjects the
intraclass correlation of t-values between the two sessions
showed high reliability in M1, S1, and PMd and good
reliability in SMA and SPC for all contrasts of interest and
both models. Analog to the calculation of Ryyeriap, model 2
yielded better reliability for the single contrast of passive
movements. For all contrasts and using both models group
results were found to be highly reproducible for all ROIs.

Reliability of Summary Statistics
Intra Class Correlation (ICCpepyeen)

Results for the ICC on average and maximum t-values are
presented in Table 4. For the active movement condition in
both, contrasts with rest and single contrasts, good to
excellent reliability was found. The ICC values were sig-
nificant in all ROIs analyzed with both models. ICC values
were mainly higher for model 1 than for model 2.

The contrasts using passive movements showed low to
good reproducibility. For model 1, the passive condition
compared to rest showed significant values for M1, S1 and
SMA, but not for PMd and SPC for average t-values. For
the single contrast, intraclass correlations were only sig-
nificant in M1 and SMA. However, using model 2, average
t-values for all ROIs, except PMd, showed moderate but
significant ICC values for both contrasts of passive
movements (i.e. single contrast and contrast with rest),
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suggesting that this model improves the reliability of
activations. For maximum t-values, all ROIs showed sig-
nificant intraclass correlations in both models. Only intra-
class correlation of SMA was not significant for both
models and SPC for the first one.

Discussion

This study explores the brain network activated by active
and passive elbow movements performed with the support
and guidance of an MaRIA and tests the reproducibility of
this activation. Brain activation was found in expected
areas of the sensorimotor network for elbow movements
and was reliable across sessions at single subject and group
level. Thus, this device may allow longitudinal assessments
of brain function in healthy subjects and potentially, in
future studies on patients.

This outcome was possible assessing the following
methodological approach. Quantitative data of the move-
ment performance—onset, duration, force and dROM—
provided by the robot were used to analyze the fMRI data.
Two models were tested. With the first (model 1), the
movement onset and duration were incorporated into the
data analysis, allowing precise modeling of the performed
movement. In the second approach (model 2), force and
dROM were additionally implemented in the analysis as
regressors removing variance in movement performance
between trials. In order to provide a detailed estimation of
the reproducibility of brain activation acquired with these
approaches several statistical methods were applied on
individual and group data.

For active movements, both models exhibited brain
activation in a network including mainly the primary sen-
sorimotor cortex (M1 and S1), secondary somatosensory
cortex, insula, superior and inferior parietal lobules and
medial and lateral premotor areas. Additionally, activation
was found in anterior and posterior cerebellum, basal
ganglia, thalamus and brain stem. These findings are lar-
gely consistent with earlier investigations of simple elbow
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Table 2 Coordinates of MNI for all ROIs and contrasts of interest during the first and second session using model 2
Model 2
Active arm movement
ROI Contrast with rest Single contrast
Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y z
Ml L -30 -20 53 =32 -20 54 -30 -20 53 -32 -20 54
R 12 -30 51 11 -29 48 12 -30 51 11 -29 48
S1 L -33 -30 59 =30 -32 60 -33 -30 59 -32 =30 62
R 17 -35 50 33 -29 39 17 -33 50 36 27 38
SMA L -8 —6 56 —14 —-12 63 -8 -8 56 —14 -12 63
R 12 0 66 12 -2 66 12 0 65 12 -2 66
CMA L -8 3 42 -8 3 44 -8 3 42 -8 3 44
R 17 -30 44 11 -29 45 17 -30 44 12 27 45
PMd L -26 -20 59 =32 —18 60 -26 -20 62 -33 —18 59
R 20 —18 65 17 —12 62 20 —18 65 14 -8 63
PMv L —45 9 3 —48 3 6 —-50 1 6 —44 —12 53
R 56 7 11 50 7 6 56 7 9 50 7 6
SPC L -14 -26 48 —18 —42 63 —14 -26 48 —18 —42 63
R 17 -30 44 11 —-29 45 17 -30 44 11 -29 47
IPC L —51 -30 23 —42 -32 21 -50 -32 23 —42 =32 21
R 51 -27 32 56 -27 30 51 =27 32 51 -26 29
S2 L —48 -30 23 —42 -32 23 —48 -30 23 —44 -30 21
R 62 -26 24 44 —24 26 62 —24 23 44 —24 26
CB L 0 —71 -7 2 —63 —14 0 —62 —18 2 —63 —14
R 25 —48 -25 21 -50 -23 25 —48 -25 21 -50 -23
Passive arm movement
ROI Contrast with rest Single contrast
Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y z
Ml L -32 -27 60 =33 -32 56 -33 -29 59 -32 -29 62
R 2 —21 50 0 —26 50 2 -21 50 2 -23 48
S1 L -33 -30 59 -32 -32 59 -33 =30 59 -33 =32 59
R 33 —38 53 24 —42 66 33 -35 56 32 —-38 53
SMA L 0 47 -8 -20 50 -3 -3 56 -8 -20 50
R 11 0 66 2 -3 53 11 0 66 6 -2 60
CMA L -2 47 -3 0 47 -8 -23 48 -8 -23 45
R 3 3 44 12 7 38 2 1 44 11 7 39
PMd L -33 -26 71 -35 -27 69 -33 —26 71 -35 -27 69
R 0 0 47 0 0 47 0 0 47 0 0 47
PMv L —54 7 14 —44 -8 53 -50 1 6 —44 -9 53
R 63 11 5 62 11 5 63 11 5 62 14 3
SPC L -23 -50 71 —18 —42 63 —21 -50 71 —24 —44 68
R 17 -35 44 14 —27 45 17 —33 42 21 —44 68
IPC L —51 -29 21 —51 -29 20 —51 -30 23 -59 —26 21
R 60 -35 23 60 -35 24 60 -29 24 53 -29 23
S2 L —50 -30 20 —42 -29 18 —47 -30 21 —44 -29 20
R 45 -30 21 53 -29 24 56 =27 26 53 -29 24
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Table 2 continued

Passive arm movement

ROI Contrast with rest Single contrast
Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y z
CB L -33 —51 -33 —26 —56 —33 -30 —54 =35 2 —65 —17
R 26 -50 -21 21 —47 -21 24 —50 -20 20 —63 -20

Bold denotes activations corrected for multiple comparisons with FWE p < 0.05; non-bold denotes uncorrected activations with a threshold of p > 0.001

M1 primary motor cortex, S/ primary somatosensory cortex, SMA supplementary motor area, CMA cingulate motor areas, PMd dorsal premotor cortex, PMv ventral
premotor cortex, SPC superior parietal cortex, IPC inferior parietal cortex, S2 secondary somatosensory cortex, CB cerebellum

movements (Alkadhi et al. 2002; Weiller et al. 1996). By
visually inspecting both sessions, the contrast of active
movements versus rest showed slightly higher activation
than the single contrast using both models. However,
activation power increased for the single contrast by
including additional movement parameters using model 2,
yielding activation patterns largely identical to the contrast
with rest.

With respect to reliability, robust activation was elicited
consistently with all applied statistical methods and both
fMRI models. The size of reliability measures (ICC;wmin
and Rgyerapy ON activation maps was in line with the
observed activation patterns, with reliability being higher
for the contrast with rest and for the single contrast using
model 2. To date, only one study tested the reproducibility
of brain activation associated with active elbow move-
ments by observing robust reproducible activation in M1
using paired-t-tests (Alkadhi et al. 2002). To our knowl-
edge, the present work is the first study that systematically
examines test-retest reliability related to elbow move-
ments. Using a variety of motor tasks, some previous
studies reported rather reliable patterns of activation (Al-
kadhi et al. 2002; Kong et al. 2007; Lee et al. 2010; Yoo
et al. 2007). Other studies however, reported large vari-
ability across sessions (Kimberley et al. 2008a; Loubinoux
et al. 2001; McGonigle et al. 2000). The low reproduc-
ibility observed in these investigations probably relies on
multiple factors, such as familiarity with the MRI envi-
ronment and the specific experimental attributes. Dimin-
ished attention could also affect brain activation when
participants are familiar with the procedure (Loubinoux
et al. 2001). Inconsistencies in performance can also induce
differences in brain activation, leading to inter-session
variability. While some confounding variables, such as
familiarity, cannot be completely controlled, differences in
task performance can be monitored by MR-compatible
devices, which can help to interpret changes in brain
activation between sessions. In the present investigation,
we used MaRIA in order to keep the experimental settings
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constant across sessions and monitor the motor perfor-
mance. Thus, robust activation for active arm movements
was assessed successfully. This demonstrates that stan-
dardized and well-controlled movement performance
improves the reproducibility of brain activation.

The brain network activated by passive elbow move-
ments using MaRIA was comparable to that of active
movements and consistent with that reported in a previous
study (Weiller et al. 1996). Similar to the findings observed
with active movements, the contrast of passive movements
with rest showed higher activation than the single contrast
using both models. The activation power increased sig-
nificantly with model 2 through the inclusion of force and
dROM in the analysis, leading to largely identical activa-
tion patterns to those of the contrasts versus rest. These
observations were also in line with the ICC;pnin and
Roverap reliability values for activation maps and mainly
with ICCperween cOmputed on summary statistics, the reli-
ability being higher for contrasts with rest and for single
contrasts using model 2. According to the statistical anal-
yses, the reproducibility of brain activation was robust for
individual and group activation maps but inconsistent
results were found for summary statistics in single ROIs,
especially using model 1. Although no study has tested
reliability of passive arm movements so far, such tasks had
been proposed to elicit brain activation in a more con-
trolled way, as they are independent of the subjects’ motor
abilities and task requirements (Kocak et al. 2009; Weiller
et al. 1996). However, our analyses suggest that, even
during passive movements, small differences in task per-
formance do exist in healthy subjects and can potentially
affect the reproducibility of activation. Remaining abso-
lutely passive during guided movements is probably quite
difficult for healthy subjects. Therefore, we cannot exclude
that even with the mechanical device used in our experi-
ment the participants may have squeezed the device’s
handle differentially or did not follow the movement of the
handle in a totally passive way, leading to higher variance
across trials in some sessions. This may explain the higher
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reliability in the active condition, which explicitly required
force and joint movements, leading to less variance in
performance across trials. Our observations highlight the
need for monitoring task performance, both during active
and passive movements, and the utility of MRI-compatible
robots to address this problem. Furthermore, these findings
emphasize the importance of testing the reliability of brain
activation patterns, even for passive tasks.

Consistent with previous studies, the ICCy;pi, and
Roveriap Vvalues for our group activation maps were highly
reproducible in all contrasts and ROIs and were higher than
for single subjects (Gountouna et al. 2010; Raemaekers
et al. 2007). Across all contrasts of interest and models,
ICChetween Values were lower than for the calculation of
ICCyithin- Lower ICCpeiween Values were also reported in
several previous studies (Caceres et al. 2009; Raemaekers
et al. 2007). A reason for this may have been the low
number of subjects usually included in fMRI studies for the
ICCpetween calculation on summary statistics (Caceres et al.
2009). In addition, the low ICC values obtained for passive
movements in some ROIs may be attributed to a low level
of activation in these areas. For instance, superior parietal
cortex was not activated across all subjects using model 1.
In contrast, activation in this region was found in all sub-
jects across both sessions using model 2. Overall these new
results suggest that activation maps, particularly for group
results, are more reliable than summary statistics and that
reliability can be improved by enhancing the power of the
design, e.g. by increasing the number of trials in the
experiment.

As mentioned above for both movement conditions, the
higher activation power and reproducibility of brain acti-
vation in single contrasts using model 2 may be the con-
sequence of less variance in the performance. Although no
differences in mean force and mean dROM were found
across repeated measurements, small differences in per-
formance of movements across trials may lead to higher
variance in the data and therefore reduced activation power
in some subjects. An alternative explanation can be that
force and dROM, included as regressors in model 2, may
indirectly compensate some motion artifacts potentially
correlated to these parameters. Future studies should
address this possibility. However, the use of model 2 may
be limited when regressors included in the model are
strongly correlated with the task (Birn et al. 1999; Johnstone
et al. 2006). High correlations may reduce brain activation
in some areas. Differences in correlations between sessions
may lead to differences in activation and thus, result in
misinterpretation of the results. According to earlier pub-
lications (Birn et al. 1999; Johnstone et al. 2006), using an
event-related design as was done in the present study can
overcome this problem. In fact, in our experiment, corre-
lations were very small and constant across both sessions
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(force: max. mean r = 0.12; dROM: max. mean r = 0.24).
In addition, our results show that the variability can also be
reduced by explicitly modeling the rest condition. Such a
strategy should also remove variability that cannot be
influenced by including motor parameters into the fMRI
data analysis, as for example attention changes across ses-
sions. As shown by Specht et al. (2003) attention has an
impact on the magnitude of reliability and thus may dif-
ferently influence passive and active task conditions. The
main disadvantage of implementing an additional rest
condition is the important increase of scanning time, which
is problematic in clinical studies.

In the present investigation, an MR-compatible robot was
used to assess arm movement related brain activation while
performing active and passive movements. The network
activated by the interaction with the robot was consistent
with previous studies. The controlled settings reinforced by
the device enabled reproducible assessment of brain acti-
vation across sessions in single subjects and at group level.
Furthermore, quantitative data of the movement perfor-
mance provided by the device add important information to
the analysis. This improved the assessment of brain activa-
tion in healthy participants, especially for passive arm
movements, by removing variance across trials.

Overall, the results of this study indicate that this device
can be used in longitudinal studies to reliably explore brain
activation associated with simple arm movements and
therefore, is a helpful tool to assess brain reorganization
following injury and to monitor rehabilitative interventions
in patients with motor impairments. A further application
may be the exploration of training induced plasticity in
healthy participants to better understand basic mechanisms
within the central motor network.
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