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Fig. 1. Design of the experiment. (a) The experiment consisted of two scanning sessions separated by a 1-h interval during which participants in each group practiced the driving task for
45 min. Each scanning session was identical and involved acquisition diffusion images in 30 directions with a b-value of 1000 s/mm?, and also a functional (T2*-weighted) MRI scan during
simulated driving. During the 45-min training session between the scanning sessions, the learning group practiced the driving task by repeating the same route on each learning trial
(i.e., ap), for a total of four blocks of five trials each. In contrast, the control group completed the same number of trials but practiced a different spatial route on each trial, with the ex-
ception that the route learned by route-learning group was also driven by the control participants at the beginning of the first block and at the beginning of the last block (the figure depicts
only the first trial of each block). (b) The fMRI session included two, 2-min simulated drives and three baseline rest periods. Both drives involved the route repeatedly practiced by the
route-learning group, and participants were instructed to pretend they were driving the route using a mouse to control the virtual vehicle, in the same way they had been trained in a

preliminary practice session.

games requiring navigation through a virtual environment. (A complete
specification of all parameter settings and routes chosen are available on
request from the corresponding author.) We chose to use a computer
mouse as the input device for driving control because it could be used
in the scanner environment as well as in the training session. During
the training session the simulator ran under a 64-bit version of
Windows 8 Pro on an Acer laptop (Aspire V7) with an Intel® Core™
i7 2.4 GHz processor, 8 GB of RAM, and an NVIDA GeForce GT 720M
graphics card. The computer mouse was a Logitec wireless M705 optical
mouse.

Pre-scanning driving practice

All participants practiced the driving task for approximately 15 to
30 min before any MRI scanning took place. They were first instructed
in the use of a computer mouse to control the virtual car, steering it
with the mouse and using the left mouse button to accelerate and the
right mouse button to brake or reverse the direction of movement. All
participants practiced on the same route during this time and this
route would not be seen again during the actual experiment. It was
intended only to give the groups comparable practice in controlling
the car. Participants were told that their goal was to learn to control
the car without leaving the road. They were given feedback in the
form of “damage” points that accumulated when they left the virtual
road, and they were also given feedback about the speed they were

driving and their lap time at the end of each drive. Participants were
first required to complete the full route without leaving the road. After
they met this goal, they were given five more practice trials on the
route and told to try to increase their speed. All participants were able
to complete the criteria within the 30 min allotted for this phase of
the experiment. This practice route was not used again during the ex-
periment, and the pre-training was designed only to give our novice
participants sufficient practice on the visuo-motor components of the
task to make the lap times and driving accuracy meaningful behavioral
measures of learning the more subtle aspects of the task.

MRI sessions

In each MRI scanning session, the paradigm and image acquisitions
were identical, both within and across the groups. Participants were
told that during the first part of the scanning session structural images
of their brain would be taken and that they could relax and watch a
movie if they chose to do so. Following scout images used to select
slice locations, two diffusion scans were collected using the same 30
gradient vector directions but with opposing phase encoding polarity.
Next two gradient echo field mapping sequences were collected, one
with each phase encoding polarity, and then a high-resolution T1-
weighted anatomical scan was acquired. This structural imaging took
approximately 20 min, and was followed by a 4.5 min functional EPI
scan. This scan included two, 2-min blocks in which the participant
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small difference, the number of outliers identified in each participant did
not show main effects of group or time, nor an interaction (Mean = 25.2,
SEM = 10.0).

To allow comparison across sessions, a co-registration strategy similar
to that used for the DWI data was carried out. The mean of each motion
corrected fMRI run was used to calculate a forward (pre- to post-
training) and backward (post- to pre-training) six-parameter affine
transformation matrix with FSL's “flirt” tool. The half-way transformation
matrix of each was then saved to later re-slice the data into a position
half-way between the two means. These means were averaged for each
participant and a non-linear transformation between each participant's
mean EPI image and the MNI averaged 152-participant T2-weighted
template was carried out using FSL's “fnirt” tool with default registration
schedule parameters for intra-modal T2-weighted registration. All partic-
ipants’ data were then averaged to create a study specific EPI template,
and the transformation from the participant's mean to this new template
was saved as the final non-linear warping. (Note that final re-slicing of
the data was all done in a single step that concatenated all the pre-
calculated transformation matrices together and used a final sync inter-
polation to 2-mm isotropic voxels in MNI space.)

For the analysis of intrinsic functional connectivity, each participant's
co-registered, motion-corrected, and spatially-normalized data were
band pass filtered using FSL's “fslmaths” tool, retaining frequencies be-
tween approximately 0.01 Hz (high-pass sigma = 50) and 0.1 Hz (low-
pass sigma = 5). A region of interest was defined by the voxels within
the left hippocampus showing a reliable decrease in mean diffusivity
for the Learning group in the group analysis of the diffusion data, and
the time-series of these 126 voxels were averaged within each partici-
pant. The averaged time-series of all voxels within each region of interest
defined by the automated anatomical labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002) were also calculated for each participant, and all
pairwise correlations were calculated among regions of interest, Fisher-
z-transformed, and submitted to a group (2) x time (2) x Region (72)
mixed ANOVA. Analysis of task-related functional connectivity was iden-
tical, except that the data were not temporally filtered, and only voxels
with the AAL regions that exceeded a threshold of ¢ > 3.0 for the driving
minus baseline activation general linear model (GLM) contrast described
below, were considered. AAL regions with fewer than eight voxels show-
ing a response to the task at this threshold were ignored. These criteria
thus focused the task-based connectivity analysis on regions that were
truly involved in the simulated driving task. For both measures of connec-
tivity, the analysis was carried out only on the two 120 s blocks of simu-
lated driving carried out in the scanner, and excluded both the fixation
baseline intervals and the first 10 s of simulated driving, to remove the in-
fluence of the onset of visual stimulation and motor responses from the
correlation of time series across regions.

In addition, changes in intrinsic and extrinsic FC were examined on a
voxel-wise basis using the filtered time course in the same seed region in
the left hippocampus of each participant for the calculation of partial-
correlation maps using FSL's FEAT and including motion parameters
and DVAR-based outliers as additional confound variables. The partial-
correlation maps for each participant and each timepoint were Fisher-z
transformed. Voxel-wise group analyses of the whole-brain correlation
maps were then conducted in a voxel-wise mixed ANOVA including
group (learning vs. control) and time point (pre vs. post) factors.

Activation in the fMRI data was examined using SPM12. The co-
registered, motion-corrected, and spatially normalized data were
smoothed with a eight-mm full-width at half-maximum Gaussian spa-
tial filter and submitted to a first-level GLM for each participant. Regres-
sors for the pre-training simulated driving intervals, and the post-
training simulated driving intervals were convolved with the default
SPM12 hemodynamic response function, and an additional covariate
specifying motion outliers was included as a finite impulse response
function, as well as a high-pass filter (with a period of 120 s) to remove
linear trends in the data. The first-level models were fit with an
autoregressive (AR(1)) error covariance structure using restricted

maximum likelihood estimation (REML). The contrast of beta values be-
tween simulated driving and rest was calculated, as well as the differ-
ence in beta values between the pre-training and post-training
sessions. These contrasts were entered into a second-level group
(2) x time (2) voxel-wise analysis using a family-wise cluster-size cor-
rection for multiple comparisons based on random field theory (with an
initial cluster-forming criterion of P <.0001).

Results
Diffusion-weighted changes with learning

The principal prediction was that a mean diffusivity (MD) decrease
in the hippocampus (reflecting microstructural changes in the regions)
would be accompanied by an increase in functional connectivity
(reflecting changes in brain function) between hippocampus and
other cortical regions involved in learning. Moreover, both types of
changes were expected to be related to the degree of performance im-
provement on the route-learning task. As an indication of the specificity
of the effect, such route-learning-related hippocampal changes were
not predicted for a control group that had a similar amount of practice
in the driving task, but not on any single route. Below each of the com-
ponent results are described first, followed by a description of the struc-
tural-functional concurrence.

The structural prediction was confirmed by reliably decreased MD in
the left hippocampus of the route-learning group (peak t(13) = 2.48,
P <.02). Although the effect was left-lateralized, as shown in Fig. 2a,
overall diffusivity in both the left and right hippocampi decreased reli-
ably for the participants who repeatedly practiced the same route. In
contrast, participants who had comparable amounts of driving practice
but on a number of different routes showed no change in diffusivity in
either the left hippocampus or the right hippocampus (Fig. 2b).

The region of the left hippocampus showing the reliable decrease in
the voxel-wise analysis constitutes only a fraction of the total volume of
the structure (approximately 14%). The center of mass of the region was
at —28, —29, —7, and the peak decrease was at —34, —28, —10, in
MNI coordinates. This location is somewhat more lateral, posterior,
and superior to the previously reported location of the peak voxels
showing MD decrease in a similar route leaning task (Sagi et al.,
2009). Nevertheless, the left hippocampal cluster shown in Fig. 2a ex-
tended from —42 to —4 mm in the anterior-posterior dimension
adding confidence to the finding of a left hippocampal MD decreases
with route learning. Comparison of the cluster with the Jiilich histolog-
ical atlas (Amunts et al., 2005; Eickhoff et al., 2007) indicated that this
region included portions of the dentate gyrus and the cornu ammonis.
In addition, its relatively posterior location is consistent with the hippo-
campal area found to increase in volume with experience in driving a
London taxi cab (Maguire et al., 2000).

Several other (left-lateralized) white and gray matter regions also
showed mean diffusivity decreases in the spatial learning group, as
assessed with a voxel-wise mixed ANOVA (Fig. 2c). Although not pre-
dicted, neuroplasticity in some of these cortical regions seems plausibly
related to the learning task. For example, the precuneus has been asso-
ciated with egocentric navigation in a number of imaging studies
(Schindler and Bartels, 2013; Chadwick et al., 2015). The role that
other regions might play is less clear, though, and we therefore analyze
below the functional connectivity among these areas showing learning-
related structural change. The control group showed no changes in MD
in the hippocampus or parahippocampal gyrus. Both groups, however,
showed reduced diffusivity in the left corona radiata (P < .05 corrected)
although the changes were in the left external capsule for the control
group and in the extreme capsule for the route-learning group (see Sup-
plementary Fig. 1). If changes in less complex visuo-motor learning can
be detected with this method, similar decreases in MD in the two
groups would also be expected in other areas.
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Fig. 2. Decreased mean diffusivity (MD) in the left hippocampus as a result of spatial-route learning. (a) Area of the left hippocampus showing a reliable decrease in MD between the pre-
training diffusion-weighted image acquisition and the post-training acquisition for the route-learning group but not the control group (P < .05, corrected for all voxels within the brain
using Threshold-Free Cluster Enhancement). (b) Change in diffusivity between the scans in the hippocampus of each hemisphere for the two groups. These data average all voxels in re-
gions of interest for the entire left hippocampus and right hippocampus. In contrast to the control group, the route-learning group shows reliable decreases for both of these measures.
Error bars represent the standard error of the mean. (c) Additional regions of decreased diffusivity following training in the spatial route-learning group. Other cortical areas showing
diffusivity-sensitive neuroplastic changes included the precuneus (6, — 64, 30) the left superior frontal gyrus (— 18, 2, 52), the left insula (—32, 16, 6), the left supramarginal gyrus
(—50, —36, 24), the left superior temporal gyrus (— 60, —20, 2), and the left fusiform gyrus (—30, —60, —12). All coordinates are in MNI space.

fMRI-measured intrinsic functional connectivity

It is important to determine whether the diffusivity changes with
route-learning described above are related to changes in brain function,
specifically, to changes in intrinsic functional connectivity. The band-
pass filtering of the time-series data, retaining only frequencies between
0.01 and 0.1 Hz, should effectively remove any correlation in the data as-
sociated with the rapid activation changes involved in the simulated driv-
ing task, as well as with artifacts from heart rate, and respiration (Lowe
etal,, 1998). This analysis was restricted to connections involving the por-
tion of the left hippocampus showing a reliable decrease in the MD data
for the learning group. The intrinsic connectivity was calculated between
the mean time course of this region and that of each of 73 cortical and
subcortical regions of interest (defined by the Anatomical Automatic La-
beling (AAL) atlas (Tzourio-Mazoyer et al., 2002)). A mixed ANOVA
(group x time x connection) on these data showed no evidence of
three-way interaction, although there was of course a robust main effect
of connection (F(70, 1820) = 21.85, P<.00001)). Of most interest, how-
ever, was an overall group by time interaction (F(1, 26) = 7.00, P<.02).
The learning group clearly showed a larger increase in these low frequen-
cy physiological fluctuations of bold signal between the left hippocampus
and the rest of cortex (see Fig. 3a). A relationship between changes in
these low frequency fluctuations and changes in MD may reflect relative-
ly long-lasting changes in communication among these regions by virtue
of repeated co-activation during the training period. The finding supports
the contention that the diffusivity changes are not simply epiphenomena,
resulting from activity within the hippocampus, but rather, they repre-
sent functionally relevant structural changes.

Although knowledge of the anatomical connectivity linking the af-
fected region of the left hippocampus to the rest of the brain in humans
is sparse, there are a number of regions we expected to co-activate with
the hippocampus during spatial learning and hence show functional or
structural plasticity as a result of the learning. These regions include the
bilateral temporal regions involved in visual motion processing, and the
left and right intraparietal sulci involved in spatial processing. In addi-
tion, given manual motor requirements, one might expect that spatial
procedural learning could involve changes in functional or structural
connectivity with the contralateral motor hand area in the left
precentral gyrus, with the left supplementary motor area, and with
the ipsilateral cerebellum. We therefore conducted separate ANOVAs
for the fMRI-measured intrinsic connectivity between each of these re-
gions and the left hippocampal region of route-learning decrease in MD.

The route-learning group showed reliably greater increases in in-
trinsic functional connectivity between the left hippocampal region of
interest and the right posterior inferior temporal gyrus (interaction
F(1, 26) = 7.27, P < .05, corrected) right anterior inferior temporal
gyrus (interaction F(1, 26) = 7.05, P < .05, corrected), the right
intraparietal sulcus (interaction F(1, 26) = 4.54, P <.05). No Group by
Time interaction was found for any of the left hemisphere homologues
of these regions (all Fs < 1).

In contrast to the strongly right-lateralized changes in intrinsic con-
nectivity for regions involved in the visuo-spatial learning aspects of
the driving task, the changes in regions typically involved in procedural
aspects of motor learning were left-lateralized (all of the participants
were right-handed). In such regions (precentral gyrus, supplementary
motor area), reliable interactions were found only in the left hemisphere
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Fig. 3. Functional connectivity changes with route learning. (a) Increase in intrinsic functional connectivity (low frequency fluctuations among anatomical regions) for each group between
the left hippocampal area showing diffusivity changes in the route-learning group and all other regions. (b) Increase in task-related functional connectivity for each group before and after
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cluded). Following the training, only the route-learning group showed a reliable increase in functional connectivity related to the driving task performed in the scanner. Error bars repre-

sent the standard error of the mean.

(for the precentral gyrus (interaction F(1, 26) = 5.54, P<.05); for the left
supplementary motor area (interaction F(1, 26) = 5.02, P <.05). In the
right hemisphere homologues, neither of the interactions approached
significance (both Fs < 1.0). All three regions of interest in the
cerebellum, however, showed the reliable group x time interaction.
(For the vermis, interaction F(1, 26) = 6.54; for the left cerebellum,
interaction F(1, 26) = 5.38; and for the right cerebellum, interaction
F(1,26) = 4.78, P < .05).

We also performed an exploratory analysis of the intrinsic connec-
tivity among the regions shown in Fig. 2. Although there were no reli-
able group by time interactions when the analysis was restricted to
these regions localized independently by the diffusivity changes in the
learning group, there was a reliable main effect of group for the func-
tional connectivity between the precuneus and the left insula and
(F(1,52) = 4.55, P <.05), with the learning group showing higher in-
trinsic connectivity than controls. There was also a trend toward an in-
crease in connectivity across groups for the pair involving the precuneus
and the left hippocampus (F(1,52), P<.10). As noted above, it is not sur-
prising that both the structural and functional connectivity of the
precuneus might be affected in the present task.

Finally, when the same data were analyzed using the voxel-wise,
seed-based approach, no reliable differences between groups or be-
tween scans were found after correction for multiple comparisons.
There was, of course, highly reliable intrinsic functional connectivity be-
tween the hippocampal seed and a variety of cortical and subcortical
structures within each scanning session. Supplementary Fig. 2 displays
the simple main effect of intrinsic connectivity with the left hippocam-
pal seed region for each of the groups and each of the time points.

fMRI-measured task-based functional connectivity

It was expected that there would be an increase in task-related func-
tional connectivity with route learning, as has been previously reported
in other learning tasks (Biichel et al.,, 1999; Schipul et al., 2012). Unlike
the intrinsic connectivity analysis, this analysis applies no temporal fil-
tering, allowing dynamic changes in the functional co-activation of re-
gions resulting from the driving task to be detected. The task-related
functional connectivity of the two groups was very similar prior to train-
ing, but the route-learning group had significantly higher functional
connectivity following the training session, as summarized in Fig. 3b.
A group by time mixed-model ANOVA with connection treated as a

random variable, showed a reliable interaction between group and
time in overall functional connectivity (F(1, 26) = 246.76; P <.0001).

The group difference in the change in task-based functional connec-
tivity was not specific to connections involving the left hippocampal
MD-defined region. A group x time x connection mixed ANOVA that
was restricted to connections with the left hippocampal MD-defined re-
gion showed no reliable three-way interaction, nor a group x time in-
teraction (Ps > .80). Furthermore, separate planned group x time
mixed ANOVAs were conducted based on the same predictions as
those for intrinsic connectivity between the left hippocampal region
and bilateral temporal, intraparietal, precentral, supplementary motor,
and cerebellar regions. None of these connections (which had shown
a group x time interaction for intrinsic connectivity) showed this inter-
action for the task-related functional connectivity data. Thus, the overall
task-relevant activity became more synchronized in the route-learning
group, indicating an improvement in brain function with training, but
these changes were not specific to connections between the left hippo-
campus and other regions.

Relation between structural changes and behavioral performance changes

The prediction that decreases in diffusivity would be related to in-
creases in performance on the task, was also supported by the data. Dif-
ferences in lap times between each participant's first and last drive
were calculated for the route that was common between the two groups.
(The control participants drove this same track in only the first and last
block of the training session, as described in the Materials and methods
section.) At the conclusion of training, the route-learning group was sig-
nificantly faster (t(26) = 2.39, P<.05; Mean = 111 s, SEM = 4.0 s) than
the visuo-motor learning control group (Mean = 125 s, SEM = 4.5) on
this track, confirming that the route-learning group had learned some-
thing beyond motor control of the virtual car during the training (see
Supplementary Fig. 3a). Of particular interest is the relationship between
the change in diffusivity and change (decrease) in the driving time across
participants. The changes in hippocampal diffusivity were reliably corre-
lated with changes in driving performance for the route-learning group
(r = .55, P <.05). There was no such correlation for the visuo-motor-
learning control group.

Neither of the other measures of learning (decreased damage,
screenshot sorting, route sketching) collected for this group were reli-
ably related to the change in diffusivity.
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fMRI activation

The fMRI assessment of BOLD signal during the simulated driving task
showed activation in a network of driving-related regions, as displayed in
Supplementary Fig. 4. These activation levels were similarly affected by
the training in the two groups. A mixed voxel-wise (2) group x
(2) time ANOVA found no reliable differences between the two groups
in the BOLD activation, at either time point, nor did it indicate any chang-
es in the signal with time either as a main effect or a simple effect within
each group.

Additional behavioral changes with learning

As briefly reported above, lap times reliably decreased only in the
route learning group (P <.001), and this group was reliably faster than
the control group in navigating the same route by the end of practice
(P<.001). The changes in lap times over the course of learning followed
a power curve, which explained 65% of the variance (Supplementary
Fig. 3a). In addition, the measure of damage (occurring during the
car's contact with another object) decreased during the course of learn-
ing, but this effect was not significant.

Participants in the route-learning group also improved their ability
to correctly order of sequence of landmarks encountered along the driv-
ing course. There was a significant linear increase in picture sorting ac-
curacy across the training period (P < .05, Supplementary Fig. 3b).
Furthermore, the ability to draw the layout of the track they were prac-
ticing improved over the course of training, as shown in an example
participant's data in Supplementary Fig. 3c and by the significant de-
crease (P <.05) in the mean Procrustes distance between each succes-
sive drawing and the template image of the actual course driven
(Supplementary Fig. 3d).

The various behavioral measures of learning that showed significant
improvement over the course of training were not correlated with each
other. A stepwise multiple regression including all of these measures
(improvement in lap time, maximum speed, damage scores, screen
shot sorting scores, and Procrustes distance between sketches and the
true route traveled) was conducted to determine if the separable types
of learning independently predicted changes in either diffusivity or
functional connectivity. The improvement in lap time together with
the improvement in screen shot sorting accounted for 54% of the vari-
ance in the decrease in left hippocampal diffusivity (F(2, 11) = 6.45,
P < .02), with the partial correlations for each of these variables
explaining significant portions of the variance (for the change in lap
times, partial R* = .30, P< .05, and for the change in sorting scores, par-
tial R? = .24, P < .05). Similar analyses for the other regions showing a
decrease in diffusivity found no reliable relationships with any of the
learning measures, although the relationships were in the expected di-
rection. Changes in sketch dissimilarity explained 18% of the variance
in parahippocampal diffusivity change (P = .13), and sorting scores ex-
plained 19% of the change in intrinsic functional connectivity (P = .12)
between the left hippocampus and the rest of the cortex, but no other
effects approached significance.

Individual difference measures of spatial ability were equivalent be-
tween the two groups. One highly-relevant measure of individual differ-
ences in cognitive ability, the Santa Barbara Sense of Direction Scale
(Hegarty et al., 2002), predicted the route-learning participants' increase
in speed on driving the course. This prediction held both early in the
training session (for the first block the correlation between the SBSOD
and the increase in speed was .57 (P = 0.05)) and late in the training ses-
sion (for the fourth block this correlation was .53 (P = 0.06)). No similar
relationship was found for the control group, and no similar relationship
was found with mental rotation ability measured by the Vandenberg and
Kuse (1978) test, which assesses the ability to mentally visualize and per-
form imagined transformations on objects in the environment. The re-
sults indicate that only the ability to update one's position in space
influenced the ability to learn the route with repeated practice.

Discussion

The new findings reveal how structural changes in the hippocam-
pus are associated with spatial learning (as assessed with mean dif-
fusivity) and are related to BOLD signal changes in other cortical
and subcortical regions. The major new result is that increases in in-
trinsic connectivity, resulting from the route learning and structural-
ly plastic in nature, occur between areas of gray matter involved in
spatial navigation and the portion of the left hippocampus that
shows the decrease in mean diffusivity. This finding establishes the
critical link between a structural brain change and a functional
brain change during learning.

The findings also show that mean diffusivity changes in the left hip-
pocampus and parahippocampal gyrus are detectable after only 45 min
of training on an implicit route-learning task. These changes may pro-
vide an important marker for gray matter structural change resulting
not only from route learning, but also learning and memory related to
neuroplasticity in general. The findings also show that we may not yet
have reached the lower limit on how much training is necessary to pro-
duce such changes, indicating remarkably rapid short-term structural
neuroplasticity of the hippocampus. The study provides an important,
independent confirmation of the meticulous previous work carried
out in a single laboratory (Blumenfeld-Katzir et al., 2011; Sagi et al.,
2012; Hofstetter et al., 2013; Tavor et al., 2013). Like the previous
work, this study shows that the magnitude of diffusivity changes in hip-
pocampus are significantly related to the behaviorally-measured mag-
nitude of the learning changes.

Task-related functional connectivity involving the synchronization
of BOLD activation among gray matter regions was also sensitive to
the learning effect, as indicated by an overall increase in this measure
of information processing capacity and interregional communication
in the group that was trained on the single route. These learning-
related changes in task-induced functional connectivity were not specif-
ic to areas showing diffusion-weighted changes. We suggest that they
may reflect more cognitive or strategic changes resulting in greater
cortico-cortical co-activation of distant task-relevant regions. In con-
trast, learning-related changes in intrinsic connectivity were found for
connections with the hippocampal region of gray matter structural
change. Thus, the implicit learning of spatial or navigational information
appears to indeed be reflected in structural neuroplasticity, rather than
in more dynamic or cognitive changes in information processing for
navigation (e.g., a conscious change in strategy).

It is now clear that intrinsic (or resting-state) functional connectivity
found in the synchronous time-courses of BOLD signal among regions is
the result of spontaneous and low-frequency volleys of neuronal activ-
ity, as demonstrated by simultaneous measurements of fMRI data and
local field potentials, infra-slow fluctuations, delta-band activity, direct
current potentials and other electrophysiological indices provided by
EEG and ECoG. In addition, fluctuations in measures of regional oxygen
availability, cerebral blood flow, and vasomotion appear important in
coupling the neuronal and BOLD responses (Lu and Stein, 2014). The
large proliferation of studies measuring it is a testament to the wide-
spread acceptance of its importance in understanding the brain. In
terms of metabolic cost, its maintenance likely dwarfs that required by
task-related activity (He and Raichle, 2009). Despite such insights into
its mechanisms, its evolutionarily beneficial effect on survival remains
elusive. It reflects anatomical connectivity but is not constrained by it
(Raichle, 2011).

We suggest that the increase in intrinsic connectivity seen in the
route-learning group is the result of co-activation of the extraordinarily
neuroplastic hippocampal place encoding regions and the network of
spatial processing areas that receive input and output. Although this
synchronization of low frequency BOLD signal fluctuations is referred
to as intrinsic in the literature, it nevertheless changed in the short
term as a function of training, so it is not intrinsic in the sense of being
inherent or hard-wired into the system.
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The specificity of the changes in learning-related functional connec-
tivity was remarkable. Connectivity increased between the posterior
dorsal region of the human dentate gyrus (a region known to be in-
volved in spatial learning) (Moser and Moser, 1998; Brown et al.,
2014), and the right intra-parietal sulcus, right anterior and posterior
temporal areas (cortical regions activated strongly in navigation and
spatial memory tasks). These findings are consistent with both the ana-
tomical connectivity among these regions (Schmahmann and Pandya,
2006), and with the functional activation of these particular cortical
areas in navigation and spatial memory tasks (Gomez et al., 2014).

Conclusions

Diffusion changes were shown to provide an alternative marker of
spatial route-learning that may be more sensitive to short-term spatial
learning than activation or task-evoked functional connectivity changes.
Mean diffusivity changes in the left hippocampus occurred only in the
learning group. The magnitude of the diffusivity changes are related to
behavioral improvement on the task, and the regions that are connected
to the human posterior-dorsal dentate gyrus of the left hippocampus
also show short-term changes in slow (<0.1 Hz), but synchronized, fluc-
tuations in the fMRI-measured BOLD signal. The findings suggest that
short-term quantitative changes in intrinsic connectivity may in fact
be more easily detected than microstructural changes in white matter,
and can clearly be related to microstructural changes in the hippocam-
pus. The combination of the two methods may provide a narrow
enough spatial and temporal window to employ in microgenetic
(Siegler, 2006) longitudinal studies of many types of learning, and
promises to extend our understanding of learning in humans to more
fine-grained levels of analysis.
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Supplementary Figure 1. Diffusion data. (a) Locations of the reduced MD in the putamen and external capsule
for the learning group (blue) and in the internal capsule in the control group (red). (b) Distribution of
premotor, supplementary motor, and somatosensory, and motor hand area endpoints of estimated
tractography fibers seeded from regions in a.



Supplementary Figure 2. Voxel-based analyses of intrinsic functional connectivity with the left hippocampal

area of diffusivity decrease as the seed region. Colored voxels show reliable intrinsic synchronization with left
hippocampus thresholded at P < .001, family-wise error corrected for multiple comparisons. (a) Before
training the learning group (blue) and the control group (red) showed parietal connectivity with the
hippocampal seed region. (b) Following training, this hippocampal-cortical connectivity was no longer
detected at this threshold in either group. At the post-training fMRI scan, the spatial-learning group showed
reliable connectivity between the hippocampus and precuneus, and the sensory-motor control group showed
reliable connectivity between the hippocampus and left precentral motor areas (right most image). In addition
the learning group showed more extensive areas of reliable connectivity with the putamen and caudate.
Despite these robust hippocampal connectivity effects in both groups and at both time points, no reliable
differences were found between scans for either group or between groups for either scan.
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Supplementary Figure 3. Behavioral data. (a) Mean improvement in lap times for the learning group (blue)

and for the control group (red) when driving the exact same route. (b ) Mean improvement in scores on the

sorting task. (c) The true layout of the learned route (top) and an example of one route-learning group

participant’s sketches of their mental map of the course during training (bottom). (d) The average Procrustes

distance between the sketches and the true route decreased over the course of training. Error bars represent

the standard error of the mean.
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Supplementary Figure 4. Functional magnetic resonance imaging results. Group statistic maps showing
reliable differences for the contrast of blood oxygenation level dependent (BOLD) fMRI-measured activation
for the simulated driving blocks vs. the resting fixation blocks (P < .05, corrected for all voxels in the brain
using random field theory). The activation was found in the large scale network previously shown to be
involved in such driving tasks, but showed very little change with learning. (a) Control group activation before
training. (b) Control group activation following driving practice on different routes. (c) Learning group
activation before training. (d) Learning group activation following repeated practice on the same route. There
were no reliable effects of either group or time, nor was there an interaction, for the BOLD activation data.



