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Abstract

Following initial learning, the memory is stabilized by consolidation mechanisms, and subsequent modification of memory
strength occurs via reconsolidation. Yet, it is not clear whether consolidation and memory modification are the same or
different systems-level processes. Here, we report disrupted memory modification in the presence of normal consolidation of
human motor memories, which relate to differences in lesioned brain structure after stroke. Furthermore, this behavioral
dissociation was associated with macrostructural network architecture revealed by a graph-theoretical approach, and with
white-matter microstructural integrity measured by diffusion-weighted MRI. Altered macrostructural network architecture and
microstructural integrity of white-matter underlying critical nodes of the related network predicted disrupted memory
modification. To the best of our knowledge, this provides the first evidence of mechanistic differences between consolidation,
and subsequent memory modification through reconsolidation, in human procedural learning. These findings enable better
understanding of these memory processes, which may guide interventional strategies to enhance brain function and resulting

behavior.
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Introduction

Once formed and stabilized through consolidation (Glickman
1961; Kandel 2001), memories are dynamic and change over
time. Following their reactivation or retrieval (Alberini 2011;
Nader and Hardt 2009), previously consolidated memories return
to a labile form, which can be substantially modified (enhanced,
maintained, updated, or degraded) (Lee 2008; Monfils et al. 2009).
Accordingly, the memory must undergo reconsolidation follow-
ing its reactivation, or else may be lost (Nader and Hardt 2009;
Alberini 2011). Following memory reactivation, both cellular-
level (Nader et al. 2000; Lee et al. 2004; Alberini 2011) and sys-
tems-level memory reconsolidation (Debiec et al. 2002; Sandrini
et al. 2013; Censor, Dayan et al. 2014, Censor, Horovitz et al.
2014) may enable additional learning with repetitive training

sessions leading to strengthening of memories, crucial for daily
life (Lee 2008). At the systems level, interference with reactivation
using behavioral or noninvasive brain stimulation paradigms
was shown to alter reconsolidation of the memory (Walker
et al. 2003; Censor et al. 2010; de Beukelaar et al. 2014). Thus, in
the absence of interference, memory modification through re-
consolidation may result in strengthening of the memory, ex-
pressed as improved performance measured on the following
day (Walker et al. 2003; Censor et al. 2010; de Beukelaar et al.
2014). Consistently, it has been shown in rodents that memory re-
consolidation mediates memory strengthening by additional
learning (Lee 2008). Thus overall, while encoded memories are
transformed into long-term memory through consolidation, re-
activation of previously consolidated memories can result in
memory strengthening. However, while representing different
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stages of memory formation, it is not clear whether memory con-
solidation and subsequent memory modification through recon-
solidation represent the same or different systems-level
mechanistic processes and if they are sustained by the same or
different structural substrates. Here, we report for the first time
a dissociation between intact consolidation and impaired mem-
ory modification in human procedural learning.

Since procedural learning engages extensive networks of
spatially remote brain regions (Dayan and Cohen 2011), a valu-
able strategy to explore structural substrates of consolidation
and reconsolidation would be to study pathological conditions
in which different nodes within these distributed networks are
lesioned. Thus, the purpose of the study was to identify whether
lesions altering structural brain networks underlie dissociable
behavioral manifestations of consolidation and reconsolidation.
Previous studies in motor learning have suggested that while pre-
frontal executive and attentional resources are more involved in
early learning stages that may be followed by consolidation pro-
cesses, fine-tuning of the motor memory is enabled by core re-
gions of the motor network, which is primarily located in
frontoparietal cortical areas and the subcortical sensorimotor
striatum (Hikosaka et al. 2002; Ungerleider et al. 2002; Dayan
and Cohen 2011), which may support subsequent reconsolida-
tion processes (Censor, Dayan et al. 2014; Censor, Horovitz et al.
2014). To that effect, patients with chronic stroke involving
motor impairments resulting from cortical and subcortical le-
sions affecting the motor network (see Fig. 1, and Supplementary
Table 1), and healthy aged-matched controls, carried out an ex-
perimental learning task requiring acquisition and consolidation

Y Y Y T ]

n=4

n=1

Figure 1. Individual patient MRI data. (A) Sagittal, coronal, and axial views of
individual patients’ T1-weighted MRI scans with segmented brain lesions.
Slices for each view are shown at the center-of-gravity location for the lesion.
(B) Group lesion probability maps displayed in MNI152 space (slices through
MNI coordinate: X =38, Y=-5, Z=15). Lesion aligned to the left hemisphere.
The map shows voxels where at least 1 patient has a lesion (red), and up to 4
(yellow).
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of a sequence of finger movements (Karni et al. 1995; Walker et al.
2003; Censor et al. 2010; de Beukelaar et al. 2014). We proposed
that structural impairments in this motor network might dif-
ferentially impact consolidation and reconsolidation. Patients
and healthy controls were tested on 3 separate days, with per-
formance measured as the number of correct sequences during
each 30-s trial (see Materials and Methods). Trials were identical
on all days. On Day 1, performance was tested immediately after
training. On Day 2, all participants performed test trials to meas-
ure offline consolidation following Day 1 (from Day 1 to Day 2)
and to reactivate the originally trained memory (Walker et al.
2003; Lee 2008; Censor et al. 2010; de Beukelaar et al. 2014). On
Day 3, all participants performed only retest trials to evaluate off-
line modification of memory strength through reconsolidation
following Day 2 reactivation (from Day 2 to Day 3) (Walker et al.
2003; Censor et al. 2010; de Beukelaar et al. 2014). First, the
patients show a behavioral dissociation between intact consoli-
dation and impaired memory modification. Then, the behavioral
outcomes were related to structural network architecture using a
graph-theoretical network analysis approach (Rubinov and
Sporns 2010; Zhang et al. 2010; see Materials and Methods), and
to local white-matter (WM) microstructural integrity using diffu-
sion-weighted MRI (Mori and Zhang 2006; see Materials and
Methods). Impaired memory modification, in the presence of
normal consolidation, is associated with altered brain network
architecture and microstructural integrity of WM underlying
critical nodes of the related network. These results document a
system-level dissociation between memory consolidation and
memory modification through reconsolidation.

Materials and Methods
Subjects

Ten naive chronic stroke patients (age mean 62.6 +9.1 standard
deviation) and 10 naive aged-matched right-handed healthy sub-
jects (age mean 60.4 + 8.1 standard deviation) participated in the
study. All participants gave written informed consent. Work was
done under approval of the Combined Neuroscience Institutional
Review Board of the National Institutes of Health, and deviations
in the number of sessions performed and their precise timing
were reported to the Institutional Review Board. Participation in
the study required reporting at least 6 h of sleep the night before
each experimental session, not being an active musician, and
ability to perform and learn the motor task (Censor et al. 2010).
Patients’ inclusion criteria were stroke involving motor deficits
with onset of >6 months and Folstein Mini-Mental State Examin-
ation (Folstein et al. 1975) scores of >23 out of 30.

Task

Participants performed a sequential finger-tapping task (Walker
et al. 2003; Korman et al. 2007; Censor et al. 2010; de Beukelaar
et al. 2014), used before to characterize reconsolidation of previ-
ously consolidated motor memories in humans in different la-
boratories (Walker et al. 2003; Censor et al. 2010; de Beukelaar
et al. 2014). Each trial lasted for 30 s, in which participants had
to repeatedly tap with their stroke-affected (patients, see Supple-
mentary Table 1) or left (Walker et al. 2003; Korman et al. 2007;
Censor et al. 2010) (healthy controls) hand as quickly and accur-
ately as possible a sequence of finger movements (4-1-3-2-4)
using a 4-key response pad. Feedback was given, with each key
press producing a dot on the screen and with dots forming a
row from left to right as the trial progressed. Each trial was
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followed by a 30-s break until the next trial started. As in previous
studies (Censor et al. 2010), the number of correct sequences per-
formed during each fixed 30-s trial was the primary outcome
measure.

Experimental Procedure

All participants (patients and healthy controls) took part in 3
daily sessions. Trials were identical on all days. On Day 1, partici-
pants performed 9 training trials followed immediately after-
ward by 3 post-training trials. On Day 2, participants performed
3 test trials to measure consolidation from Day 1 to Day 2 and
to reactivate the originally trained memory (Walker et al. 2003;
Censor et al. 2010; de Beukelaar et al. 2014). On Day 3, participants
performed 3 retest trials to evaluate memory modification
through reconsolidation. All sessions were performed before
3 p.m., with participants instructed to continue their usual
daily routine.

Control experiments: To determine the extent of normal con-
solidation after a delay (without reactivation), on Day 1 partici-
pants (the patients and the healthy controls) performed 9
training trials with a novel sequence (4-2-3-1-4, thus they were
not familiarized with this sequence in the main experiment)
(Karni et al. 1995) followed immediately afterward by 3 post-
training trials. On Day 3, participants performed 3 test trials to
evaluate memory consolidation after a delay. Of note, control ex-
periments were performed separately from the main experiment
in order to avoid interference effects (all control experiments
were performed at least a month after the main experiment). Pa-
tients continued to perform the same sequence for multiple days
in order to evaluate performance-ceiling effects (Day 3, 12 add-
itional trials; Day 4, 15 trials; Day 5, 3 final trials). To determine
the specificity of the learning effects to the trained sequence,
patients were additionally tested on Day 3 with 3 trials of an un-
trained sequence (2-3-1-4-2, compared with Day 1 post-training
of the original sequence) (Walker et al. 2003). Of note, these 3 trials
were performed before the additional 12 trials of the original
sequence on Day 3 to avoid anterograde interference effects.

Imaging Data Acquisition

Whole-brain, single-shot echo-planar (EPI) diffusion-weighted
volumes (110 noncollinear directions; b =100 [10 volumes], 300
[10], 500 [10], 800 [30] or 1100 s mm™2 [50]; 60 slices; voxel size
2.5x2.5x 2.5 mm?; TE/TR = 76.4 ms/18.28 s) plus 10 volumes with-
out diffusion weighting (b=0s mm~™2) were acquired for patients
on a 3.0 Tesla GE Excite HDxt scanner using an 8-channel coil (GE
Medical Systems, ). In addition, structural T;-weighted (MPRAGE se-
quence; TE/TR =2.67 ms/6.26 s, flip angle = 12°; voxel size = 0.9375 x
0.9375 x 1 mm?) and T,-weighted (TE/TR = 122.52 ms/8.35 s; voxel
size = 0.4688 x 0.4688 x 1.5 mm?) volumes were acquired.

Behavioral Data Analysis

The performance outcome measure was the number of correct
sequences achieved per each 30-s trial, an endpoint measure
in which memory reconsolidation has proven consistent and
reproducible within and across laboratories (Walker et al. 2003;
Censor et al. 2010; de Beukelaar et al. 2014). For each participant,
performance was averaged over the post-training trials and each
set of test and retest trials. To exclude potential warm-up decre-
ments and fatigue, in all groups the 2 best trials from each day
were taken as endpoint measures for session performance, con-
sistent with previous studies (Celnik et al. 2009). Comparisons

were performed with repeated-measures analysis of variance
(ANOVA, following baseline normalization of each participant’s
performance relative to Day 1 post-training performance) and
paired (within-group) or unpaired (between group) t tests with
the Bonferroni correction for multiple comparisons.

MRI Data Analysis

Preprocessing of the DWIs was performed with algorithms
included in the TORTOISE software package (www.tortoisedti.
org) (Pierpaoli et al. 2010). DWIs were first corrected for motion
and eddy current distortions including proper re-orientation of
the b-matrix to account for the rotational component of the sub-
ject rigid-body motion (Rohde et al. 2004; Leemans and Jones
2009). In addition, BO susceptibility induced EPI distortions were
corrected using an image registration-based approach using
B-Splines (Wu et al. 2008). All corrections were performed in the
native space of the DWI images. For consistency, all images were
reoriented into a common space defined by the mid-sagittal
plane, the anterior, and the posterior commissure (Bazin et al.
2007) also with appropriate rotations to the b-matrix. A nonlinear
diffusion tensor model was then fit to the corrected data. Tensor
volumes for patients with left-hemispheric lesions were then
left-right flipped, with appropriate reflections of the tensors ap-
plied as well. Following tensor estimation, spatial normalization
was performed using a nonparametric, diffeomorphic deform-
able image registration technique implemented in DTI-TK
(www.nitrc.org/projects/dtitk/) that incrementally estimates its
displacement field using a tensor-based registration formulation
(Zhang et al. 2006). It is designed to take advantage of similarity
measures comparing tensors as a whole via explicit optimization
of tensor reorientation and includes appropriate reorientation of
the tensors following deformation.

Lesion segmentation: Lesions in each patient were segmented
using an iterative, partially unsupervised method. First, T,-
weighted volumes were rigid-body aligned with T;-weighted
volumes. These 2 aligned volumes were then used as multi-
channel inputs to the FMRIB Automated Segmentation Tool
(FAST), a part of the FMRIB Software Library (FSL; http:/www.
fmrib.ox.ac.uk/fsl/). FAST was used to derive partial volume esti-
mates (PVEs) at each voxel for gray matter (GM), WM, and cerebral
spinal fluid (CSF) tissue classes. These PVEs were then nonlinear-
ly transformed into MNI152 space using FNIRT, and compared
with a custom reference healthy brain atlas of PVEs through the
computation of a distance map (measured as the Euclidean dis-
tance between stroke patient and healthy brain template GM,
WM, and CSF PVE vectors at each voxel location). The resulting
distance map was thresholded at 0.95 and binarized to create a le-
sion mask in MNI space. An MNI-space ventricular mask was
then used to remove any part of the lesion mask that included
portions of the ventricles. The resulting lesion mask was then
eroded, dilated, and smoothed with a 1-mm-radius spherical ker-
nel and transformed back into the original subject space using
the inverse nonlinear warp field. This subject space lesion
mask was then used as an exclusion mask for the subsequent
nonlinear registration iteration, resulting in a change to the non-
linear registration of the subject PVE to the MNI template. A total
of 10 iterations were performed in this manner. The final lesion
masks were then visually inspected and manually corrected if
needed (Buch et al. 2012).

Structural Network Construction

We used the Johns Hopkins University Probabilistic Fiber Atlas
(http:/cmrm.med.jhmi.edu) (Zhang et al. 2010) in conjunction
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with the segmented individual patient lesions to derive a struc-
tural connectivity matrix and construct a weighted, undirected
structural network graph. ROIs used as seeds and targets in the
construction of the atlas were employed as nodes in the anatom-
ical network. Probabilistic atlas tracts were used to define
connections between each node based on the published tracto-
graphy-based connectivity matrix (Zhang et al. 2010). For each
patient, lesion segmentation masks were nonlinearly trans-
formed into the common atlas space, with all tract values for vox-
els overlapping with the lesion mask in a particular patient set to
zero. As the probability value for each tract falls off at voxels dis-
tant from its center, this meant that lesion overlap with central
regions of each tract was weighted more heavily in terms of the
impact on structural connectivity. The weight for a given network
connection was defined as the ratio of the spared fiber tract
probability sum to the total original tract probability sum.

Since it is highly probable that the net effect of a lesion that
transects an entire fiber tract is greater than an effect caused by
a reduction in tract volume, we used a custom search algorithm
to identify transections by labeling noncontiguous components
of the tract following the zeroing of tract voxels overlapping
with the lesion segmentation. If a transection resulted in mul-
tiple noncontiguous tract sections that were >20% of the overall
tract volume, the connectivity weight for that tract was set to
zero. The 20% threshold was used to ensure that transections
were only counted if they occurred within the main body of the
tract, and not if they only occurred in lower probability terminal
portions near the grey/white matter border, where tractography
is less reliable.

We decided against using a tractography-based approach to
define our structural network as peri-infarct regions usually
contain high amounts of glial cell aggregation that significantly
affect water diffusion anisotropy in a complex manner (Budde
and Frank 2010). Under these circumstances, the relative con-
tribution of WM microstructure properties and gliosis to
between-subject differences in measured anisotropy cannot be
fully dissociated with standard diffusion MRI techniques
(Newton et al. 2006; Kunimatsu et al. 2007). To avoid this con-
found, we implemented lesion segmentation overlaps with a
probabilistic atlas of major WM fiber bundles derived from data
acquired in healthy volunteers and gain insight into the disrup-
tion of structural connectivity within the ipsilesional hemi-
sphere along with the effects on the contralesional hemisphere
(Riley et al. 2011; Buch et al. 2012).

Measures of nodal betweenness centrality, which describe the
degree to which individual brain regions contribute to the short-
est pathway connecting other brain regions, were calculated for
each patient’s weighted structural connectivity matrix. The
nodal betweenness centrality of a given node n is defined as
follows (Buch et al. 2012):

Cp(n) = Z Gij_(m,

i#n+j O.ij

where oj; is the total number of shortest paths from node i to node
j and oj(n) is the number of those shortest paths that pass
through node n.

Tract-Based Spatial Statistics Analysis of Extralesional
Fractional Anisotropy

To explore extralesional structural network characteristics,
we used a complimentary tract-based spatial statistics analysis
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approach that characterizes WM microstructure relationships
associated with memory modification in voxels not contributing
to the lesion segmentation in any patient. FA maps for each
patient were created from the spatially normalized tensor out-
puts from DTITK. A mean FA image was created and then skele-
tonized using an FA threshold of 0.2. Each patient’s aligned FA
image was then projected onto this mean skeleton by searching
perpendicular from the skeleton for maximum FA values. This
step allows for the statistical comparison of FA values from hom-
ologous regions of the FA map. An extralesional group mask was
constructed by summing individual patient lesion masks trans-
formed into the common group tensor space, binarizing, and
then inverting. Thus, only voxels falling outside the lesion mask
boundaries in all patients were included in subsequent analyses.
Between-subject variance in FA of homologous regions was then
related to memory modification scores. The TFCE (threshold free
cluster enhancement) option, a novel method for enhancing clus-
ter-like structures in statistical images, was used for subsequent
statistical tests. Resulting false discovery rate (FDR) (Genovese
et al. 2002)-corrected P-value maps were thresholded at P <0.05.
Average FA values within clusters were then correlated (Pearson’s
correlation) with the memory modification score to determine the
correlation coefficient for the cluster.

Results

We used a behavioral paradigm that engages consolidation and
reconsolidation of procedural motor sequence memories (Walker
et al. 2003; Censor et al. 2010; de Beukelaar et al. 2014). Stroke
patients (Supplementary Table 1) and healthy aged-matched
controls were tested with the motor sequence task on 3 consecu-
tive days, with consolidation measured as offline performance
gains between Day 1 and Day 2, and memory modification
through reconsolidation as performance gains between Days 2
and 3 (Walker et al. 2003; Censor et al. 2010; de Beukelaar et al.
2014) (Fig. 2A, see Materials and Methods, and Supplementary
Tables 2 and 3). Following initial within-session learning (Supple-
mentary Fig. 1), a repeated-measures ANOVA showed a signifi-
cant group by day interaction (F,36=3.53, P<0.05). While
consolidation was comparable in both groups (P =0.25), patients’
memory modification was significantly lower than that of
healthy controls (P <0.02). The patients improved performance
on Day 2, showing efficient initial acquisition and consolidation
(mean performance gains between Day 1 post-training and Day
2 test 25.6 + 8.6% standard error, P < 0.03; Fig. 2B and C). However,
memory modification following reactivation in the patient group,
usually expressed as improvement in memory strength (Walker
et al. 2003; Censor et al. 2010), was impaired (with no significant
performance gains between Days 2 and 3, -8.9+7.7%, P =0.45;
Fig. 2B and C). Within-group consolidation and memory modifi-
cation magnitudes in the patient group were significantly differ-
ent (P<0.03; Fig. 2C). There were no significant differences in
patients’ performance between Day 1 and Day 3 (P =0.13), sug-
gesting that impaired memory modification following reactiva-
tion may have reduced the benefits of initial consolidation
(Walker et al. 2003). Healthy controls showed efficient consolida-
tion (18.3+6.4%, P<0.02; Fig. 2B and C) but, unlike patients,
showed efficient memory modification (10.6 +2.6%, P <0.004;
Fig. 2B and C). Within-group consolidation and memory modifi-
cation magnitudes were not significantly different in healthy
controls (P =0.15), unlike in the patient group (Fig. 2C).

To determine the stability of consolidation following a delay,
the patients and healthy controls practiced in a separate experi-
ment a sequence on Day 1 and were subsequently tested on
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Figure 2. Experimental design and behavioral results. (A) Participants were trained to tap a 5-digit sequence. Intact consolidation of the memory was assessed on Day 2 as
the offline memory performance gains from the end of the Day 1 session. Memory modification was assessed on Day 3 as the offline memory gains from Day 2. (B) Patients’
(n=10) and healthy aged-matched controls’ (n = 10) learning curve across days, when the memory was reactivated on Day 2 and when it was not. (C) Healthy controls
showed intact consolidation and memory modification. Patients showed intact consolidation but impaired memory modification, which was significantly different
from their consolidation and from healthy controls’ memory modification. There were significant differences in performance between Day 1 and Day 3 (Total Gains)
with no reactivation in the patient group, indicating stable consolidation following a delay that was comparable with healthy controls. In the healthy control group,
improvements between Day 1 and Day 3 with Day 2 reactivation were significantly greater than those without Day 2 reactivation. Thus, Day 2 reactivation enabled
efficient reconsolidation that mediated memory strengthening, resulting in offline improvements in performance. Contrary to healthy controls, in the patient group,
improvements between Day 1 and Day 3 with Day 2 reactivation were not significantly different from without Day 2 reactivation. Repeated-measures ANOVA and

t-tests were used. Error bars express standard errors. **P < 0.005; *P < 0.05.

Day 3, in the absence of memory reactivation trials (see Materials
and Methods). A repeated-measures ANOVA showed a significant
group (Patients, Healthy controls) by condition (Reactivation,
No reactivation) by day (Day 1, Day 3) interaction (Fq,6=4.82,
P <0.05). Contrary to the reactivation condition reported above,
in the no reactivation condition a repeated-measures ANOVA

did not show a significant group by day interaction (F; 16=0.013, P
=0.91). There were significant differences in performance between
Day 1 and Day 3 with no reactivation in the patient group (12.9 +
2.6%, P <0.0001) indicating stable consolidation following a delay,
which was comparable (P = 0.45) with healthy controls (12.5 +2.2%,
P <0.005, Fig. 2B and C).
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Interestingly, a repeated-measures ANOVA showed a
significant group (Patients, Healthy controls) by condition (Re-
activation, No reactivation) interaction (Fq,16=78.68, P <0.0001).
In the healthy control group, improvements between Day 1 and
Day 3 with Day 2 reactivation (30.6 + 7.2%, P < 0.005) were signifi-
cantly greater (P<0.05) than those without Day 2 reactivation
(12.5+2.2%, P<0.005, Fig. 2C). Thus, Day 2 reactivation enabled
efficient modification of memory strength, resultingin offline im-
provements in performance. Contrary to healthy controls, in the
patient group, improvements between Day 1 and Day 3 with Day 2
reactivation (10.4 + 6.8%, P =0.13) were not significantly different
(P=0.36) from those without Day 2 reactivation (12.9+2.6%,
P <0.0001).

Of note, when the patients continued with extensive training
(rather than a brief reactivation) after testing on Day 3, perform-
ance levels continued improving relative to Day 1 (61.1 +13.0%,
P <0.0005). Thus, the absence of improvements in memory
could not be explained by a ceiling effect on performance.
When the patients were tested on Day 3 with an untrained se-
quence, performance did not improve relative to Day 1 post-
training (P =0.24, with performance levels even lower than Day
1by 14.0 +6.8%), indicating that between-session consolidation
effects were specific to the trained sequence as shown in previ-
ous studies (Karni et al. 1995; Walker et al. 2003), but pointing to
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some transfer of learning effects since the first trials of the un-
trained sequence were not significantly different from the last
Day 1 trials of the original sequence. In addition, a repeated-mea-
sures ANOVA testing for possible carry-over effects between the
different sequences performed in the Reactivation and No reacti-
vation experiments did not show a significant group (Patients,
Healthy controls) by condition (Day 1 Reactivation, Day 1 No re-
activation) interaction (Fy,16=2.90, P=0.11). As expected due to
motor impairments in the patient group, there was a significant
group effect (F1,16=9.01, P =0.008). There was a marginally signifi-
cant condition effect (F; 16 = 4.36, P =0.053). However, within each
group, the Reactivation and No-Reactivation conditions were not
significantly different (P =0.74 for the Patient group, P =0.07 for
the Healthy control group) and these nonsignificant differences
between the conditions also were not significantly different be-
tween the 2 groups (P =0.13). As for the initial within-session ef-
fects (Supplementary Fig. 1), a repeated-measures ANOVA with
condition (Reactivation, No reactivation) and trial (9) as within-sub-
ject factors, and group (Patients, Healthy controls) as the between-
subject factor showed a significant effect of condition (F; 16=4.94,
P=0.04), however did not show a significant condition by group
interaction (Fy 16 = 1.64, P = 0.22: Within the Healthy control group,
there was no significant condition effect [P =0.10], nor within the
Patient group [P=0.37]). Moreover, there was no significant
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Figure 3. Structural network architecture. (A) WM fiber tract lesion damage. The most severe damage (marked with red and yellow) affected WM pathways involving the
precentral (PrCG), the inferior (IFG), and the middle (MFG) frontal gyri network nodes. Network pathways representing ipsilesional hemisphere short and long association
fibers are located in the top-left quadrant (with the black background). Transcallosal fiber pathways are located in lower-left and upper-right quadrants. Contralesional
hemisphere short and long association fiber pathways between contralesional nodes directly connected to ipsilesional nodes through transcallosal pathways are located
in the lower-right quadrant. Circle diameters denote standard deviation of the mean. (B) Contribution of each nodal brain region in the lesioned and normal networks to
global structural network integration, nodal betweenness centrality. Gray bars denote the normal network. Red circles denote the mean lesioned network (diameter
representing the standard deviation of the mean), with individual patient scores represented by small gray circles.
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condition by trial interaction (F3 e4,58.23 =0.49, P =0.73) nor a signifi-
cant condition by trial by group interaction (Fs 64,58 23 =2.17, P =0.09).

These results document for the first time a behavioral dissoci-
ation between intact consolidation and disrupted memory modi-
fication in procedural learning, raising the hypothesis of possible
mechanistic differences.

Memory modification impairments were then related to
structural network architecture using a graph-theoretical net-
work analysis approach (Rubinov and Sporns 2010; Zhang et al.
2010), and to local WM microstructural integrity using diffu-
sion-weighted MRI (Mori and Zhang 2006). First, structural MRI
was used to segment the stroke lesions (see Materials and Meth-
ods, and Fig. 1) (Zhang et al. 2010). Using this information, we
then implemented a graph-theoretical network analysis to char-
acterize the lesioned network by evaluating the impact of lesion
damage in individual patients on a normal structural brain net-
work derived from a probabilistic atlas of WM fiber tracts previ-
ously published in healthy volunteers (Zhang et al. 2010).
Network architecture differences in individual stroke patients
relative to the normal brain derived from the atlas were quanti-
fied (Buch et al. 2012) (see Materials and Methods). The patients’
most affected WM pathways were those connecting precentral
gyrus, inferior frontal, and middle-frontal gyri nodes (Fig. 34,
and Supplementary Fig. 2). Specifically, these included short as-
sociation fiber pathways connecting the precentral gyrus to the
inferior and middle-frontal gyri, the temporal portion of the su-
perior longitudinal fascicle (SLF) connecting the inferior frontal
gyrus to the inferior middle and superior temporal gyri, and the
frontoparietal portion of the SLF connecting the precentral and
middle-frontal gyrus with the angular and supramarginal gyri
in the posterior parietal cortex (Fig. 3A).

We then measured the contribution of each nodal brain
region to global structural network integration, nodal betweeness
centrality (Rubinov and Sporns 2010) (see Materials and Meth-
ods), which reflects the degree to which a single node in a
network integrates information between all other nodal pairs
(Rubinov and Sporns 2010). Brain regions showing high between-
ness centrality are important for the global integration of
information across the brain. This integration of distributed in-
formation could be a key network mechanism underlying learn-
ing and memory formation (Hermundstad et al. 2011; Buch et al.
2012). We used these data to relate memory modification to struc-
tural network abnormalities. Out of all network nodes (Fig. 3B),
memory modification correlated only with the difference in
nodal betweenness centrality between patients’ and normals’
networks in the contralesional medial-frontal gyrus (MFG, r =
0.83; P < 0.005; Fig. 4). Thus, contralesional MFG, interconnected
with the ventral premotor cortex (PMv), may serve as an import-
ant hub integrating information required for efficient modifica-
tion of memory strength.

We then related memory modification to extralesional WM
microstructural integrity, measured as fractional anisotropy (FA)
(see Materials and Methods). Memory modification correlated
with FA in 3 contralesional hemisphere WM regions (P <0.005):
underlying the vicinity of the precentral gyrus (X=—21,Y=-21,Z=
60; Fig. 5A), the medial-frontal gyrus (MFG, —34, 18, 31; Fig. 5B), and
the anterior intraparietal area (AIP, —46, —45, 39; Fig. 5C). This result
further supports a link between MFG and memory strengthening
via reconsolidation. Consistently, nodal betweenness centrality in
the contralesional MFG correlated with FA in WM underlying the
same region (r = 0.80, P <0.006; Fig. 5D). It is conceivable that micro-
structural integrity of WM underlying the precentral gyrus, as mea-
sured by FA, relates to the role of primary motor cortex processing
in motor memory modification (Censor et al. 2010).

304

Memory modification (%)

0 0004 0008 0012 0016

A Nodal betweenness centrality

Figure 4. Relation of memory modification to structural network architecture. The
difference in nodal betweenness centrality between patients’ and normals’
networks only in the contralesional MFG correlated positively with memory
modification scores. This finding suggests that the contralesional MFG,
interconnected with areas related to motor learning, is an important hub
integrating information for efficient memory modification.

Contrary to memory modification, consolidation did not cor-
relate with the difference in MFG nodal betweenness centrality
between patients’ and normals’ networks (P> 0.05, significantly
different from the correlation between MFG nodal betweenness
centrality and memory modification, P <0.007). Consolidation
but not memory modification correlated negatively with FA in a
single cluster in the rostral contralesional superior longitudinal
fasciculus (Supplementary Fig. 3).

Discussion

All together these findings support mechanistic differences
underlying consolidation, and memory modification through re-
consolidation, in procedural learning. Modification of memory
strength was impaired in the presence of normal consolidation
and was associated with altered structural network architecture
and WM microstructural integrity underlying contralesional re-
gions homologous to the damaged WM pathways. First, with
WM underlying the middle-frontal gyrus interconnected with
the ventral premotor cortex, a crucial node involved in visuo-
motor transformations required for skilled prehension behavior
(Borra et al. 2008). Second, with WM underlying the anterior in-
traparietal area with dense connections to motor regions adja-
cent to the precentral gyrus (Duque et al. 2008) and third, with
WM underlying the primary motor cortex (M1), involved in bilat-
eral hand motor control, memory formation, and memory modi-
fication (Censor et al. 2010).

Thus, the results here show that microstructural integrity of
WM underlying M1, as well as the anterior intraparietal area
and middle-frontal gyrus interconnected with M1 and premotor
cortex, is associated with the degree of memory modification.
These structural correlates suggest that consolidation and recon-
solidation are supported by different substrates, explaining pre-
vious studies in which disruption of M1 processing does not
impair consolidation measured the following day (Robertson
et al. 2005) but did impair memory reconsolidation (Censor
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Figure 5. Memory modification correlated with WM FA in 3 contralesional WM regions, in the vicinity of the (A) precentral gyrus, (B) middle-frontal gyrus (MFG), and
(C) anterior intraparietal area (AIP). Correlation clusters are shown in yellow. MNI coordinates indicate the center-of-mass of each cluster. Scatter plots depict the
correlation for each cluster. Voxel-wise statistical images were thresholded at P<0.05 (FDR corrected, see Methods). (D) Nodal betweenness centrality in the

contralesional MFG correlated with FA in the same region.

et al. 2010). Therefore, together with the results here, this may
suggest that the role of M1 and its connecting fibers is important
after a memory is initially consolidated and requires further fine-
tuning to translate into efficient motor function. This notion is
consistent with the framework according to which as motor
learning progresses, activity is shifted from anterior to more pos-
terior parts of the brain since the core motor network becomes
more involved in automatic fine-tuning of motor function, and
there is less reliance on prefrontal executive and attentional re-
sources (Hikosaka et al. 2002; Dayan and Cohen 2011). The asso-
ciation of memory modification with altered contralesional
structures homologous to the damaged WM pathways may be re-
lated to poststroke structural plasticity mechanisms, which
could be tested by future longitudinal studies.

Comparing the reactivation and no-reactivation conditions,
significant transfer was observed for the training sessions and
marginally significant transfer for the test sessions. It appears
that these effects were driven by transfer in the control group.
These transfer effects, even if not significant between groups,
can affect the interpretation of the present data and may present
a confounding factor that should be taken into account.
Therefore, the no-reactivation condition could correspond to an
extension/transfer of what participants had initially learned,

representing a later learning stage. In addition, the nonsignifi-
cant between-group differences in transfer effects could be at-
tributed to a lack of power. In the context of memory
modification, it is therefore conceivable that the patients’ impair-
ments in modification of the original memory carried over to re-
sult in less-efficient transfer effects compared with healthy
controls. Thus, if the experiment with a new sequence does not
represent new learning but rather extension of the original learn-
ing, this extension could also be less efficient in patients due to
their impaired ability to modify the memory. Of note, the results
showing that performance on an untrained sequence was not
significantly different from the performance reached at the end
of the training session on Day 1, that is, after 9 trials of practice,
provides another indication of potential transfer effects between
sequences.

Interestingly, dissociable mechanisms underlying consolida-
tion and memory modification through reconsolidation have
been suggested at the cellular level as well (Lee et al. 2004;
Dudai 2012). When studying processes that result in the modifi-
cation of memory strength following its reactivation, evidence
from animal studies showing different conditions relevant for
these processes should be taken into account. For example, it
was shown that stronger memories involving more training are
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generally more stable (Eisenberg et al. 2003; Wang et al. 2009).
Therefore, in the context of our results, it is conceivable that pa-
tients did not create a strong enough memory to start with and
that memory would have been better if more practice had been
provided on Day 1 such that a stronger memory trace would
have been formed prior to the sessions held on Days 2 and 3.
Future studies should be specifically designed to address this
open question. Accordingly, engagement of M1 and its cortical
connections may relate to the level of memory stability achieved
rather than to the memory mechanism itself. In the context of
motor learning, the effects of hand dominance should also be
further explored.

The results here suggest that consolidation and reconsolida-
tion following memory reactivation can be looked upon as mech-
anistically different stages of learning. Altogether, these findings
are consistent with an evolutionary framework, according to
which information previously consolidated engages additional
processes for successful improvement of the memory trace. Un-
derstanding of these processes is crucial to develop effective in-
terventions to improve procedural learning and recovery of
damaged skills following human neurological diseases. From a
clinical point of view, our results of differences in stages of
motor learning after stroke relative to age-matched controls
raise the exciting opportunity to explore in the future if different
intervals between reactivating events and different practice or re-
activation sessions could optimize the patients’ memory and
learning stages relative to those in controls.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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