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a b s t r a c t
Diffusion MRI enables the non-invasive investigation of neuroplasticity in the human brain. A recent DTI
study has shown that a short learning task of only 2 h can yield changes in diffusion parameters. In the current study we aimed to discover whether a biophysical model of diffusion MRI, the CHARMED framework,
which models hindered and restricted compartments within the tissue can constitute a more speciﬁc method
than DTI to study structural plasticity. In addition we set to explore the time scale of the MRI learninginduced-changes. Subjects were scanned with both DTI and CHARMED before and after participating in the
same car-racing task. Repetition of a shorter version of the task was done the following week. Results provide
additional support to the former discovery of reduction in mean diffusivity after 2 h training using DTI. In
addition we show that the CHARMED framework provides a more sensitive method than DTI for discovering
microstructural modiﬁcation. An increase in the fraction of the restricted compartment (Fr) was found after
participating in the tasks. Between tasks values of Fr returned to baseline, reﬂecting the dynamics of structural remodeling. By modeling different compartments in the tissue we suggest that interpretation of the biological processes that induced changes in diffusion is more straightforward, and allows improved detection of
the progression of these changes.
© 2013 Elsevier Inc. All rights reserved.

Introduction
Neuroplasticity is the ability of the nervous system to reorganize
and adapt in reaction to internal or external stimuli. Such modiﬁcations occur during development, in the process of rehabilitation
after brain injuries, and as a result of life experiences (i.e. learning
and memory) (Galván, 2010; Johnston, 2009; Maguire et al., 2000).
Plasticity is observed in a variety of levels, ranging from molecular
changes in synapses and cell compartments (neurons or glia), remodeling of neuronal networks, to modiﬁcations at the gross anatomy
level (Bruel-Jungerman et al., 2007a, 2007b; Holtmaat and Svoboda,
2009).
Magnetic resonance imaging (MRI) enables the investigation of
the living brain non-invasively, both in humans and in animal models.
Characterizing structural brain plasticity with MRI has gained a lot of
interest in recent years. The ﬁrst studies in this ﬁeld found differences
in brain volume between experts and non-experts at speciﬁc domains
(Maguire et al., 2000; Münte et al., 2002). The dissimilarities between
these groups are believed to originate from different life experience
and are thought to be evidence of gross anatomy neuroplasticity.
Other studies found that structural changes can also arise following
a few months of learning and training of a newly acquired skill
(Bezzola et al., 2011; Draganski et al., 2004; Scholz et al., 2009).
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In a previous work we explored the ability of diffusion tensor
imaging (DTI), a diffusion MRI framework, to detect microstructural
changes after performing a short spatial navigation task (Sagi et al.,
2012). Subjects were scanned with DTI before and after a learning
task of 2 h, which was based on a computer car racing game (Electronic
Arts©). The main result of this study showed a signiﬁcant mean diffusivity (MD) decrease in the hippocampus and para-hippocampal gyrus,
suggesting a more dynamic timescale of neuroplasticity.
DTI is regarded as a micro-structural probe (Assaf and Pasternak,
2008; Basser, 1995), and as such provides a powerful method to
investigate structural neuroplasticity. Although presenting new and
important insights on tissue microstructure, the measured tensor in
the DTI model is an average of all cellular compartments within
the measured voxel and is therefore less accurate in describing the
underlying tissue and its elemental compartments (Assaf et al., 2004).
Several models have been suggested to allow a more comprehensive
model of diffusion in the tissue than the diffusion tensor (Alexander
et al., 2010; Barazany et al., 2009; Tuch et al., 2002). The composite hindered and restricted model of diffusion (CHARMED) was proposed by
Assaf et al. (2004). While DTI is a mathematical model, CHARMED is a
biophysical model that refers to the different compartments of the
tissue and to the speciﬁc geometry of each compartment, and this is
its greatest strength. The model requires the acquisition of both high
and low b value images in different gradient directions and separates
the signal decay into hindered (extra-cellular water) and restricted
(intracellular water) compartments (Assaf et al., 2004). The CHARMED
framework can provide several parameters, one of them is the volume
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fraction of the restricted compartment (Fr), which was used in the
current study (Assaf and Basser, 2005).
By modeling the brain tissue as a summation of two processes, the
CHARMED framework provides the opportunity to look for the origin
of the MD decrease observed in the previous study by Sagi et al. In the
present study we wished to examine whether CHARMED can constitute a more speciﬁc method than DTI to study structural plasticity.
For that purpose we used the same car-racing task, and scanned a
new cohort of subjects with CHARMED as an additional sequence
to DTI before and immediately after the task. In addition, we set
to explore the time scale of the MRI learning-induced-changes. To
do so, a second training episode took place a week after the ﬁrst
learning experience. Again, subjects were scanned with CHARMED
and DTI before and immediately after the task.
Material and methods
Subjects
The study participants were 23 healthy adult volunteers (9 males
and 14 females, all right-handed). The age range was 21–38 (mean
26.6; S.D. 4.2). The research protocol was approved by the Institutional Review Board of the Tel Aviv Sourasky Medical Center and all
participants signed an informed consent form. None of the subjects
had a history of neurological disease, psychological disorders, drug
or alcohol abuse, or use of neuropsychiatric medication. All had intact
vision.
Learning task
The task was based on a computer car racing game (the Need for
Speed, Electronic Arts©), consisting of 16 laps (trials) of the same
car game track, divided into four sessions (see Sagi et al., 2012). The
objective was to learn the track and achieve better lap times. To
enhance memorization, at the end of each session subjects were
given snapshots of locations in the track and were required to arrange
them in the correct order. In addition, they were asked to sketch an
outline of the track at the end of each session. On average, subjects
were engaged in the task for 90 min.
A second training episode took place 6–8 days after the ﬁrst learning
experience. 14 subjects (mean age 26.9, S.D. 4.4; 6 males and 8 females)
returned the following week and completed a shorter training session
that included 8 trials (divided into two sessions) and lasted for approximately 45 min.
MRI acquisition
Magnetic resonance imaging (MRI) was performed at the Tel Aviv
Sourasky Medical Center with a 3 T (GE, Milwaukee, USA) MRI system.
All subjects underwent a series of scans before and after each learning
episode. At the ﬁrst learning session the scans were taken approximately 2 h apart. The following week scans were taken about 1 h apart as the
learning session was shorter.
The MRI protocol included DTI acquisition after each session. The
ﬁrst series of scans also included conventional anatomic sequences
for radiological screening. In addition, the group of 14 subjects that
returned for a second training session included additional acquisition
of DTI and CHARMED. For this cohort, CHARMED was acquired in all
scans (before and after each learning session). All MRI scans were
acquired with an 8-channel head-coil. We started each series of scans
with conventional anatomical sequences, then the CHARMED protocol
was acquired, and ﬁnally DTI was acquired last. The CHARMED and
DTI acquisition (described below) were adjusted to achieve similar
SNR (in the b0) and similar acquisition time to allow comparison between methods.

Conventional anatomic sequences
T1 weighted images were acquired with a 3D spoiled gradientrecalled echo (SPGR) sequence with the following parameters: up to
160 axial slices (whole brain coverage), TR/TE = 9/3 ms, resolution
1 × 1 × 1 mm3, and scan time 4 min. In addition to the T1 scan, T2
weighted images (TR/TE = 6500/85) and FLAIR images (TR/TE/
TI = 9000/140/2100) were obtained. The entire anatomical data set
was used for radiological screening.
DTI protocol
Double refocused spin-echo diffusion weighted echo-planar imaging
sequences were performed with up to 70 axial slices (to cover the whole
brain) and image resolution of 2.1 × 2.1 × 2.1 mm3, reconstructed to
1.58 × 1.58 × 2.1 mm3 (ﬁeld of view was 202 mm2 and acquisition
matrix dimension was 96 × 96 reconstructed to 128 × 128). Diffusion
parameters were: Δ/δ = 33/26 ms, b value of 1000 s/mm2 was acquired
with 19 gradient directions and an additional image was obtained with
no diffusion weighting (b0 image). The double-refocused sequence was
used in order to minimize eddy currents. The DTI scan was repeated
three times to increase signal-to-noise ratio. The total acquisition time
of the DTI scans was 17 min.
CHARMED protocol
Double refocused spin-echo diffusion weighted echo-planar imaging sequences were performed with up to 40 axial slices (to cover the
whole brain) and resolution of 2.4 × 2.4 × 3.0 mm3 reconstructed to
1.5 × 1.5 × 3.0 mm3 (ﬁeld of view was 192 mm2 and acquisition matrix dimension was 80 × 80 reconstructed to 128 × 128). Diffusion
parameters were: Δ/δ = 39/32 ms; 34 diffusion weighted images in
different gradient directions and increasing b values (208, 2250 and
4000) were acquired. The number of excitations (NEX) was 2. Total
acquisition time was approximately 18 min.
Data analysis
Correction of head motion image artifacts, registration and normalization were performed using the SPM software (UCL, London, UK).
DTI analysis
First, DW images were corrected for motion using a least-squares
algorithm and 6-parameter (rigid-body) transformations. Then, we
performed DTI analysis using the DiVa software implemented in
MATLAB 7.11.0 (Mathworks, Natick, MA), from which maps of fractional anisotropy (FA) and mean diffusivity (MD) were computed.
CHARMED analysis
The high b value images were corrected for motion using the
UNDISTORT method (Ben-Amitay et al., 2012). Then, we performed
CHARMED analysis using an in-house software (Assaf and Basser,
2005), from which maps of the volume fraction of the restricted compartment were computed (Fr).
Image processing
The Fr maps were co-registered to the DTI images (according to
the b0 images), and then normalization procedures were done on
all DTI and CHARMED images together. Optimized spatial normalization was applied utilizing the FA maps to ensure optimal alignment
for voxel-based statistics. The procedure included the following steps:
a. FA template creation: A single-subject b0 image was normalized to
the Montreal Neurological Institute template using a 12-parameter
afﬁne transformation followed by non-linear transformations. The
same transformations were then applied on the subject's FA map.
b. Creation of an average FA map for each subject: Since subjects were
scanned pre and post each learning episode, each had 4 FA maps
(before and after a task). To create an average map, all FA maps
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were skull-stripped and co-registered to the template. An average
map for each subject was then calculated.
c. Normalization: All maps were normalized twice. First, all FA maps
of each subject were normalized to his/her own average FA map
using a 12-parameter afﬁne transformation followed by nonlinear
transformations. The same transformations were then applied to
the MD and Fr maps. Second, all FA maps were normalized to the
template as above, and transformations were then applied to the
MD and Fr maps. Both normalization procedures included smoothing of 2-mm Gaussian kernels of the source image.
After normalization, we performed spatial smoothing with 8-mm
FWHM Gaussian kernels on all images.
Statistical analysis
Voxel-based analysis (VBA) is a whole-brain technique that allows
regionally speciﬁc differences in brain tissue composition to be computed on a voxel-by-voxel basis. We performed statistical VBA analysis of the DTI and CHARMED maps by applying a repeated measures
two-way analysis of variance (ANOVA) with 2 factors: before or
after each learning session, and ﬁrst week as oppose to the second
week.
Statistical analysis was done on anatomical regions that were
previously found by Sagi et al. (2012) in respect to our learning
task. This includes the left hippocampus, bilateral parahippocampal
gyrus and bilateral insular cortex. These regions were found to
change structurally in a learning group, but not in control groups
that did not participate in the task or in which spatial learning was
attenuated (Sagi et al., 2012).
Results
Behavioral results
All subjects improved their performance in the task during the
learning episode, as lap time decreased by 19 ± 2% (mean ± S.E.M.,
p b 0.0001) and their arrangement of the snapshots improved
(p b 0.0001). The average lap time in each trial is shown in Fig. 1.
Changes in mean diffusivity
To compare with the results of the previous study we ﬁrst
wished to reexamine the effect of a 2 h spatial learning task on
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mean diffusivity. We performed a paired t-test on MD images of
23 subjects that were scanned before the learning procedure and
immediately following the task. Statistical analysis was done on anatomical regions that were previously found by Sagi et al. (2012)
in respect to our learning task. This includes the left hippocampus,
bilateral parahippocampal gyrus and bilateral insular cortex. Voxels
were considered signiﬁcant for P b 0.05 (FDR corrected for multiple
comparisons).
In accordance with the results of the previous study, signiﬁcant
clusters of MD reduction were found in all the regions of interest:
in the anterior part of the left hippocampus (1.0 ± 0.3%, P b 0.05,
corrected), in the bilateral posterior sections of the parahippocampal
gyri (1.5 ± 0.3% and 1.2 ± 0.3% in the left and right hemispheres
respectively, P b 0.05, corrected) and in the insular cortex of both
hemispheres (1.5 ± 0.4% and 1.6 ± 0.4% in the left and right hemispheres respectively, P b 0.05, corrected). These results replicate the
ﬁndings of our previous study (Sagi et al., 2012). The MD results are
presented in Fig. 2, and values of MD reduction are shown in Fig. 3.

Time scale of changes
Besides the previously reported MD changes, the current study
includes two additions: the use of the CHARMED protocol together
with DTI, and a second series of scans a week after the ﬁrst learning episode. In order to explore the dynamics of the structural brain changes
we performed a voxel-based 2 (ﬁrst\second week) × 2 (before\after
learning) repeated measures analysis of variances (ANOVA) on the
MD and Fr maps. This analysis was performed on the subset of 14 subjects that were scanned again a week after the ﬁrst learning episode, on
the same regions of interest. There were no signiﬁcant MD effects
(learning and week main effects, or interaction) using this analysis
of only 14 subjects. While the MD changes extracted from DTI were
too small and nonsigniﬁcant, the Fr maps showed a signiﬁcant
main effect of the learning procedure (P b 0.05, FDR corrected) in
the left hippocampus, as the fraction of restricted component
increased by 6.1 ± 2% after the ﬁrst learning procedure, and by
2.7 ± 1% after the second learning procedure (Fig. 4). Between the
two training sessions the Fr decreased by 3.2 ± 1%. A signiﬁcant
main effect of the learning procedure was also observed in
the right parahippocampal gyrus (P b 0.05, FDR corrected), as the
Fr increased by 2.6 ± 1% after the ﬁrst learning procedure, and by
2.2 ± 1% after the second learning procedure (Fig. 5). Between the
two training sessions the Fr barely changed (a decrease of 0.6 ± 1%).
We didn't ﬁnd any clusters of signiﬁcant main effect for the learning
procedure in any of the other regions of interest after correcting for
multiple comparisons.
As expected, there was no signiﬁcant main effect for the ﬁrst
\second week in any of the brain regions, meaning that there were
no homogeneous differences between the scans of the ﬁrst as opposed to the second week that are not related to the learning task.
There was no interaction effect in any of the regions as well.
In addition, we examined whether there is any signiﬁcant change
in regions other than the a-priori deﬁned ROIs and found no signiﬁcant voxels for both MD and Fr maps outside the abovementioned
ROIs when P b 0.05 (corrected for multiple comparisons).

Direct comparison between MD and Fr

Fig. 1. Behavioral data. Performance in the car racing game is demonstrated by the
average lap time of subjects in each trial. It is shown that most of the improvement
was achieved during the early stages of the task, yet subtle decrease in lap time was
observed in later trials as well. Error bars represents the standard error of the mean.

In addition to the previously described analysis, we also wanted to
compare the changes in MD and Fr directly. To do so, we performed a
paired t-test between the relative change in MD to the relative change
in Fr. The change in Fr was signiﬁcantly bigger than the change in MD
in the anterior hippocampus (t = 2.3, P = 0.019) and in the right
PHG (t = 1.88, P = 0.041).
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Fig. 2. Structural remodeling of brain tissue, measured by DTI as a reduction in mean diffusivity after 2 h of training on a spatial learning and memory task. T-test between the mean
diffusivity (MD) maps before and after the learning task. The statistical parametric map is presented superimposed on coronal (upper row) and axial (lower row) slices of a
single-subject T1 map. Voxels are considered signiﬁcant when p b 0.05 (corrected for multiple comparisons). Signiﬁcant clusters of MD decrease were found in the left hippocampus,
insular cortex and parahippocampal gyrus (PHG) (marked in red circles).

Discussion
The current study provides further evidence of MR diffusion imaging
ability to investigate short term neuroplasticity in humans. Changes in
diffusion, that are indicative of structural changes in the tissue, were
found using both DTI and CHARMED models after a short learning
task. In particular, our results propose that the CHARMED framework

is a sensitive method to detect structural plasticity that may provide
better biological inference of these changes than the common DTI.
A previous study by Sagi et al. revealed a new time-scale of structural plasticity that can be measured in-vivo with DTI. A short spatial
learning task of only 2 h yielded a decrease in MD indices, mainly in
the left hippocampus and bilateral parahippocampal gyri. The current
study provides additional support to these results with a new cohort
of subjects that participated in the same task. A reduction of approximately 1.5% in mean diffusivity was found once more following 2 h
of training in the anterior hippocampus, parahippocampal gyrus and
insular cortex, known to be involved in spatial learning and memory.
Changes in diffusion following short learning were also found in the
analysis of Fr maps, calculated from the CHARMED model. An increase
in Fr was shown in the hippocampus and right parahippocampal
gyrus. Moreover, the magnitude of change was more profound, seeing
that Fr was increased by 6% as opposed to the decrement in MD
(1.5%). This suggests that the CHARMED model is more sensitive to
tissue's microstructure than DTI, and thus may depict more accurately
the extent of the underlying changes in diffusion in the different tissue
compartments.
The temporal dynamics of neuroplasticity

Fig. 3. Percentage of mean diffusivity (MD) reduction in clusters of signiﬁcant change
(p b 0.05, corrected). Error bars represent the standard error of the mean.

The sensitivity of CHARMED allowed to explore the progression of
plasticity following two short learning sessions taken about one week
apart. Signiﬁcant changes in Fr in the hippocampus and parahippocampal
gyrus were found both in the ﬁrst 2 hour tryout and to a lesser extent in
the shorter training that was completed after 6–8 days. DTI measurement failed to reveal such modiﬁcations. Furthermore, the observation
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Fig. 4. Structural remodeling of brain tissue, measured by CHARMED as an increase in the volume fraction of restricted compartment (Fr). 2-Way repeated measures analysis of
variance (ANOVA) on the Fr maps before and after the learning task, on the ﬁrst and second week. The statistical parametric map is presented superimposed on sagittal (A),
axial (B) and coronal (C) slices of a single-subject T1 map. Voxels are considered signiﬁcant when p b 0.05 (corrected for multiple comparisons). A signiﬁcant cluster of Fr increase
is shown in the left hippocampus. The percentage Fr change in the hippocampal cluster relative to the ﬁrst scan for each one of the scans is shown in (D).

Fig. 5. Structural remodeling of brain tissue, measured by CHARMED as an increase in the volume fraction of restricted compartment (Fr). 2-Way repeated measures analysis of
variance (ANOVA) on the Fr maps before and after the learning task, on the ﬁrst and second week. The statistical parametric map is presented superimposed on sagittal (A),
axial (B) and coronal (C) slices of a single-subject T1 map. Voxels are considered signiﬁcant when p b 0.05 (corrected for multiple comparisons). A signiﬁcant cluster of Fr increase
is shown in the right parahippocampal gyrus. The percentage Fr change in the parahippocampal cluster relative to the ﬁrst scan for each one of the scans is shown in (D).
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that the remodeling re-occurred a week later and after a shorter training
of only 45 min reﬂects the dynamics of structural reorganization that can
reshape within minutes.
The relative return of Fr values to baseline a week after the ﬁrst
training task indicates that the structural changes that were measured
immediately following the short learning session keep progressing
(and probably inﬂuenced by other factors or tasks). The structural
changes revealed in this study may indicate immediate remodeling of
a network (probably at the glial level, see below) that is highly dynamic.
Although not measured, it is reasonable to assume that events or tasks
that happened following the learning episode weakened the measured
changes, while strengthening other networks. Yet a support to the high
dynamics of this phenomenon stems from the follow-up session that
recreates a similar observation (probably due the formation of a similar
network as in the ﬁrst session) within minutes.
Biological interpretation of diffusion MRI changes
Although better deﬁned in white matter, diffusion MRI is being
used in recent years to investigate gray matter as well. The biological
relevance of diffusion measures in gray matter is less straightforward:
cells of different types and shapes, dendrites and other cellular
processes that are randomly aligned causes diffusion indices to be less
indicative of the underlying micro-structure. Even so, high resolution
imaging of the gray matter indicates that the macroscopic arrangement
of dendrites, axons and other cellular processes in gray matter are
detectable with diffusion MRI (Jespersen et al., 2007). Moreover, a recent study even indicates that glial cell arrangement contributes to
overall measured diffusion anisotropy (Budde et al., 2011). These observations, and others (Blumenfeld-Katzir et al., 2011; Darquié et al., 2001;
Kroenke et al., 2005; Sasson et al., 2010), suggest that diffusion MRI
analysis in gray matter is biologically meaningful.
DTI is sensitive to tissue's microstructure since the diffusion of
water is affected by the geometry, viscosity and permeability of membranes within the tissue (Basser, 1995; Basser and Pierpaoli, 1996;
Beaulieu, 2002). However, the calculated tensor is an average of all
cellular components within the measured voxel, and does not provide
comprehensive information on the different partitions that exist
within the measured voxel. By modeling the hindered and restricted
compartments the CHARMED framework offers a more complete exploration of the neural tissue, and as was shown here provides better
sensitivity to the structural remodeling that develops in the tissue
following new experiences. In addition, this separation to two partitions with different diffusion characteristics offers a more straightforward interpretation of the observed change in diffusion. Fr reﬂects
the cylindrical organization and packing of the tissue as was shown
in the white matter (Assaf and Basser, 2005). In white matter the
assignment of Fr to axonal water was studied thoroughly (Assaf and
Cohen, 2000). In gray matter the interpretation still needs experimental
evidences however it can be assumed that Fr changes in the current
study might be attributed to the remodeling of dendrite and glial processes. This interpretation is supported by two factors: 1. Dendrites
and other neural processes have a cylindrical geometry that is modeled
by Fr in CHARMED; 2. Dendrites and neural processes are known to
change following plasticity. Astrocytes are vital partners in synaptic
function, and exhibit rapid structural changes following synaptic activity (Theodosis et al., 2008). Their thin processes, which are 80% of the
cell membrane (Lavialle et al., 2011), extract and retract in an activity
dependent manner (Lavialle et al., 2011; Theodosis et al., 2008), and
change their synapse coverage (Lushnikova et al., 2009). Evidence
of structural plasticity in astrocyte morphology was previously shown
in a study of rats that were trained in the Morris water maze
(Blumenfeld-Katzir et al., 2011). Rats that learned the location of a platform showed a decrease in MD in several regions such as the dentate
gyrus, as well as an increase in GFAP marker in an immuno-histological
analysis and in the number of astrocyte processes. Rapid structural

modiﬁcations have also been found in dendritic spines. The formation
of dendritic spines after training was shown within an hour (Xu et al.,
2009), inducing an increase in spine density (Hofer et al., 2009), and is
associated with formation of new synapses. It is clear that more research
is required in order to understand the basis of changes in diffusion and its
biological correlates, but as proposed by Draganski and Kherif (2013) the
use of MR imaging based on deﬁned biophysical models can be a feasible
in-vivo alternative to the difﬁculties in interpreting training dependent
changes in MRI measurement in human studies.
Technical considerations
The results of the current study suggest that the CHARMED framework can be a valuable tool to investigate neuroplasticity. However,
several issues should be taken into consideration. First, scanning time
is relatively long, with the need to attain images at high b values in
order to characterize the restricted compartment. In addition, low signal to noise ratio (SNR) in high b value images presents difﬁculties in
motion correction and registration (Ben-Amitay et al., 2012). We used
the approach suggested by Ben-Amitay et al. (2012) to deal with this
issue. Low SNR also leads to problems in the optimization routine within the CHARMED model, causing many local maxima of the function.
In the current study we overcome this problem by reducing the scan
resolution and repeating the measurement (NEX = 2), both increasing
the SNR but lengthening the scan time. In terms of applicability, advancements in gradient and radio-frequency technology will improve
dramatically the use and reliability of this method. Lastly, the analysis
process takes more time than DTI and requires more computational
power. Nonetheless, by separating different tissue compartments and
not averaging all parts of the tissue as in DTI, the CHARMED model
can detect diverse structures within the measured voxel and better depict the modiﬁcations they undergo. This can be implemented in studies
with smaller groups of subjects, and could help to detect regions that
may not pass statistical analysis with conventional DTI measurements.
Another technical issue that should be considered is the timing of
the experiments. In the current study design CHARMED was acquired
ﬁrst followed by DTI. This could potentially cause bias as the biological
effects may differ between the two scans. However, in the previous
study (Sagi et al., 2012) DTI was scanned immediately after the task.
The results of the previous study were compared with those of the current one and did not differ signiﬁcantly indicating that scanning time at
the range of 20 min does not affect the observations. Future studies
should include also randomization of the scanning ordering to remove
this potential bias. In addition, the current study design was focused
on the regional effects of the previous study (Sagi et al., 2012) that
was performed including two control conditions. Future studies should
aim to explore the Fr sensitivity also in the control groups.
Conclusions
We showed here that short term learning-induced structural brain
changes are detectable using diffusion MRI. We suggest that the
CHARMED framework characterizes the tissue microstructure more
signiﬁcantly and more sensitively than DTI and is therefore more suited to detect neuroplasticity in the micro-level. Using this method we
were able to explore the dynamics of short term neuroplasticity and
shed new light on this process. From our observations it appears
that not only is the consolidation of a new skill in terms of structural
plasticity rapid, but also its retrieval a week later.
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