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Abstract

Cognitive functions, such as learning and memory processes, depend on effective communication between brain
regions which is facilitated by white matter tracts (WMT). We investigated the microstructural properties and the con-
tribution of WMT to extinction learning and memory in a predictive learning task. Forty-two healthy participants
completed an extinction learning paradigm without a fear component. We examined differences in microstruc-

tural properties using diffusion tensor imaging to identify underlying neural connectivity and structural correlates

of extinction learning and their potential implications for the renewal effect. Participants with good acquisition
performance exhibited higher fractional anisotropy (FA) in WMT including the bilateral inferior longitudinal fasciculus
(ILF) and the right temporal part of the cingulum (CNG). This indicates enhanced connectivity and communication
between brain regions relevant to learning and memory resulting in better learning performance. Our results suggest
that successful acquisition and extinction performance were linked to enhanced structural connectivity. Lower radial
diffusivity (RD) in the right ILF and right temporal part of the CNG was observed for participants with good acquisition
learning performance. This observation suggests that learning difficulties associated with increased RD may poten-
tially be due to less myelinated axons in relevant WMT. Also, participants with good acquisition performance were
more likely to show a renewal effect. The results point towards a potential role of structural integrity in extinction-
relevant WMT for acquisition and extinction.
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Introduction
Learning and memory rely on the communication
between brain areas that are functionally involved
during these processes [1, 2]. Efficient communica-
tion between different brain regions is essential for the
brain’s ability to encode new information and recall
memories [3]. Therefore, cognitive functions such as
learning and memory processes require information
transmission via white matter tracts (WMT) in the brain
[4-7]. WMT are myelinated neuronal fibers that enable
the transmission of electrical signals and the integra-
tion of information across different brain regions which
is essential for the structural basis of human behavior
[7, 8]. The microstructural organization of WMT deter-
mines the integrity and connectivity of these tracts and
therefore can influence learning and memory [5, 9-11].
Studies have shown that specific WMT play a cru-
cial role during extinction learning [12-14], which is a
form of learning that refers to the process by which a
conditioned response gradually diminishes when it is
no longer reinforced [15-17]. During extinction learn-
ing and the recall of extinction memory, complex neural
circuits and connections between specific brain areas,
such as the prefrontal cortex (PFC) and hippocampus
(HC), are functionally involved [17-21]. It is assumed
that during extinction, previously learned associations
are not erased, but rather new associations are formed
as well as novel pathways and connections are built [22,
23]. As a result of neuroplasticity, the modification of
neural connections leads to changes in brain structure
and microstructural properties of WMT [24, 25].
Several white matter pathways are associated with
learning and memory processes such as the uncinate
fasciculus (UNC), inferior longitudinal fasciculus (ILF),
temporal and superior part of cingulum (CNG), infe-
rior fronto-occipital fasciculus (IFOF), and fornix (FX)
[12, 26-28]. Alterations of these connections can result
in impairments of cognitive functions and may be there-
fore of great interest for extinction learning and renewal
[29-31]. For example, the UNC, which connects parts
of the temporal lobe and PFC, was shown to be involved
during extinction and conditioning paradigms [32, 33].
The ILF connects the occipital and temporal lobes and
plays a crucial role in visual processing and object recog-
nition [34]. Its integrity and connectivity are essential for
transferring and integrating visual information, contribut-
ing to perception, and understanding of the visual world
[34]. The CNG is involved in a wide range of cognitive
functions, including attention, emotion regulation, deci-
sion-making, and memory [35]. The cingulate gyrus has
connections with structures of the limbic system, such as
the hippocampus and amygdala, as well as with the pre-
frontal cortex [35]. The IFOF is a large WMT that reaches
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from the occipital lobe to the PFC and is associated with
semantic language processing and goal-oriented behavior
[36]. The FX is part of the limbic system and the major
tract of the HC. Disruptions of the FX can cause memory
loss and other impairments of cognitive functions [37].

In this study, we investigated the microstructural prop-
erties of WMT involved in extinction learning and mem-
ory recall by means of DTI. Diffusion-weighted imaging
(DWI) data were acquired from healthy participants,
which performed an extinction learning paradigm with-
out a fear component. We aimed to gain insights into
the contributions of white matter pathways to extinction
learning and memory during a predictive learning task
based on associative learning. We assume that differences
in microstructural properties may reveal structural cor-
relates of learning and extinction memory recall, such as
better structural connectivity, i.e., connectivity with more
directed diffusion, for participants with enhanced learn-
ing performance [38]. By studying the microstructural
properties and connectivity of relevant brain regions,
we can broaden our understanding of the neural basis of
extinction and its potential relevance to psychiatric dis-
orders and the renewal effect.

Methods

This study applies methods identical to or resembling
those used in our previous publications [11, 18, 39-41].
Therefore, some descriptions of these methods here have
been adapted from those sources.

Participants

We acquired DWI imaging data from 45 healthy, right-
handed (Edinburgh Handedness Inventory) volunteers,
excluded 3 participants from further analysis due to
insufficient data quality, and conducted the analysis with
42 participants (25 females) with an age range of 20-35
years (mean 26.14 +/- 3.34 years). The DWI data were
collected as part of an fMRI study where we recruited
volunteers to be a part of a study with two treatment
groups. Participants were randomly assigned to the treat-
ment groups and received either 20 mg hydrocortisone
(n=23, 13 females) or placebo (n=19, 12 females) before
the start of the experiment. DWI data were collected
directly after the participants finished the predictive
learning task, approximately 2 h after intake of hydro-
cortisone/placebo. We expected no significant cortisol-
induced short-term microstructural changes [42—44], but
we controlled for possible confounding effects with the
assigned treatment group as a covariate of interest.

Predictive learning task
Participants performed a predictive learning task that
was designed to investigate extinction learning and
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Acquisition Extinction Recall
Context 1 Context 2 Context 1 Context 2 Context 1 Context 2
AAA Extinction A+ B+ A- B- A? B?
Retrieval C+ D- C+ D- C? D?
New learning I- J- K+ L+
Q- R+
ABA Extinction E+ F+ F- E- E? F?
Retrieval G+ H- H- G+ G? H?
New learning M- N- P+ O+
S- T+

] 20mg hydrocortisone / placebo

Fig. 1 Schematic overview of the predictive learning task. Participants learned, extinguished, and recalled stimulus-outcome associations

during three different task phases. Before the acquisition, we administered either 20 mg hydrocortisone or placebo. Appetitive food stimuli were
presented and participants had to predict whether the food served in one out of two restaurants (context 1, context 2) will cause stomach ache

or not. The characters reflect the food stimulus and +/- indicates the related consequence (+: no stomach ache, -: stomach ache). During acquisition
and extinction phases, participants received feedback after their response if their answer was correct. Extinction stimuli changed their consequence
during the extinction phase while retrieval stimuli did not. AAA: Stimuli during the extinction phase were presented in the same restaurant
(context). ABA: Stimuli during the extinction phase were presented in a different restaurant (context). New learning stimuli were introduced

to balance the design. In the recall phase, participants had to predict again the consequence of the presented food stimulus but received

no feedback. The letters indicate the different food stimuli that we presented during each trial. This task design and schematic overview is similar

to our previous studies which is reported in more detail in Lissek et al. [39, 40]; Lissek, Klass, and Tegenthoff [41]

recall which has already been used and described in
previous studies, therefore some text passages in this
paragraph were recycled from those sources [17, 18,
39, 40, 45, 46]. During three subsequent task phases,
participants learned, extinguished, and recalled stim-
ulus-outcome associations. In the first learning phase
(acquisition), participants learned to associate a food
item that was presented in one of two contexts (con-
text 1 or 2, see Fig. 1) with a particular consequence
(food causes stomach ache or not). During the extinc-
tion learning phase, some of the previously learned
stimulus-outcome associations were extinguished
(extinction stimuli — consequence change). Half of the
extinction stimuli were presented again in context 1, as
during acquisition (acquisition in context 1 (A), extinc-
tion in context 1 (A), recall in context 1 (A) {) Extinc-
tion AAA - condition without context change), and the
other half in a different context 2 (acquisition in con-
text 1 (A), extinction in context 2 (B), recall in context 1
(A) ¢ Extinction ABA - condition with context change)
in randomized order. In addition, new learning stim-
uli were introduced, replacing those presented during
acquisition which were not presented again (new learn-
ing). Furthermore, for other stimuli, the consequence
did not change (retrieval stimuli). These two types of
stimuli served as a control for learning success.

In the test phase (recall), extinction and retrieval stim-
uli were presented again in their acquisition contexts. In

this study, we focus on acquisition and extinction stim-
uli during extinction learning and recall. In the recall
phase, we tested the memory performance and especially
context-dependent extinction memory. If participants
responded during the condition ABA using the associa-
tions learned during acquisition, they showed context-
dependent renewal. With the exception that during the
recall phase participants received no feedback at all, tri-
als were identical to those during acquisition. For a sche-
matic overview of the task design see Fig. 1. For a more
detailed description of the predictive learning task [39,
40] and its trial structure see [41].

Behavioral data analysis

Due to the reuse of the predictive learning task, that was
already applied in its current or modified version in our
previous studies, we used parts of the methodology for
behavioral data analysis which are described in more
detail in Lissek et al. [18, 40]; Lissek, Klass, and Tegent-
hoff [41]. For behavioral data analysis, we used the statis-
tical software Matlab (V.2022b, The Math Works, USA).
For every single participant, we calculated the mean
percent error rates of learning and memory recall per-
formance for the different learning phases and experi-
mental conditions. Errors in acquisition and extinction
learning were defined as responses stating the incorrect
association between the context-cue-compound and the
consequence. During recall, we tested the correctness of
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response for retrieval stimuli (in both, context change
and no context change) as well as the extinction memory.
For extinction stimuli, we were interested in the context-
dependent recall of extinction memory (i.e., the renewal
effect) and the recall of AAA extinction memory in the
experimental condition without context change. In case
of renewal, associations learned during acquisition in
context A should reappear in the recall phase, which is
again performed in context A, while extinction was per-
formed in context B (ABA condition). In contrast, the
AAA condition constitutes a control condition for con-
text-dependent extinction learning, since here all learning
phases are performed in an identical context. We calcu-
lated the mean percentage of renewal responses from
participants if they had at least 20% renewal responses
during the recall of ABA extinction memory. 0 —20%
renewal responses are stated as no renewal. If extinction
learning is successful, responses during the recall phase
should reflect the associations learned during extinction.
We calculated the mean and standard deviation of each
participant’s learning errors in each learning phase and
experimental condition. To further analyze the renewal
performance and reveal possible coherences with the
acquisition performance, we assigned each participant to
one of three groups based on their learning performance
(low error (LE): 0% — 12,5% errors, medium error (ME):
12,5 —25% errors, high error (HE): 25 —50%). We calcu-
lated the median and interquartile range (IQR) to analyze
the learning error rates on a group level.

Imaging data

Brain imaging data were obtained using a Philips Achieva
3.0 T X-Series MR scanner (Philips, The Netherlands)
and a 32-channel SENSE head coil. This data acquisition
and analysis protocol was similar to our previous study
(for details see Schlaffke et al. 2017 [11]). In brief, DWI
was performed using 60 diffusion-weighted gradient ori-
entations (b=1000 s/mm?) with 6 interleaved non-dif-
fusion weighted images resulting in 60 parallel acquired
slices. For all gradient orientations, two volumes were
acquired and averaged for a better SNR resulting in a total
acquisition time of approximately 10 min. The following
acquisition parameters were used: FOV =224 x224x120
mm?, 2x2x2 mm?® voxel size, resulting in 60 slices,
TR 8151 ms, TE 88 ms. We acquired a high resolution
(1x1x1 mm?® voxel size) T1-weighted image as a refer-
ence for EPI-distortion correction using the following
parameters: TR=28.3 ms, TE=3.8 ms Flip angle 90, FOV
256X 256 %220 mm’.
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DTI data processing and tractography

The DWI data were analyzed with the Explore DTI
toolbox(Leemans et al. 2009) for Matlab (V.2022b, The
Math Works, USA). For pre-processing, we corrected
for subject motion and eddy current induced geomet-
ric distortions, as well as for EPI distortions (Leemans
et al. 2009). After tensor estimation (Leemans et al.
2009), we performed a whole-brain fiber tractography
[47, 48]: we used a seed resolution grid of 2 x 2x2 mm?®
and the following tracking stop criteria: 0.2 minimum
fractional anisotropy (FA), 30° angle threshold, and
2 mm step size (Schlaffke et al. 2017 [11]). To select
the white matter pathways of interest (bilateral): ILF,
superior and temporal part of the CNG, IFOF, UNC,
and FX, we used a region of interest (ROI) approach as
described in Catani & Schotten [49]. We applied AND
and NOT ROIs manually to extract the WMT of inter-
est for every single subject. Next, we calculated \,_,
the mean FA, radial diffusivity (RD) and the mean dif-
fusivity (MD) of the selected tracts. To investigate the
relation between the structural organization of the
WMT and learning and memory performance (percent
error rate), we used Spearman rank correlations.

Results

Behavioral data

Participants had a median (IQR) of 16.41% (10.94)
learning errors during the acquisition phase. In the
extinction learning phase, participants showed a
median of 18.75% (12.5) learning errors for ABA extinc-
tion stimuli and 18.75% (12.5) learning errors for AAA
extinction stimuli. During the recall phase, we observed
0% (60) ABA renewal responses and 0% (20) recall
errors for AAA extinction stimuli. There was no main
effect of treatment (one-way ANOVA, p>0.1) on
behavioral performance during all task phases (acquisi-
tion, extinction, renewal).

First, we tested for the main effects of acquisition and
Extinction ABA condition errors and interaction effects
(acquisition*Extinction ABA) on renewal responses.
There was a main effect of acquisition errors on renewal
responses (two-way ANOVA F(2)=3.16, p=0.05),
but no main (two-way ANOVA, F(2)=2.58, p=0.09)
or interaction effect (two-way ANOVA, F(4)=0.38,
p=0.8) of Extinction ABA errors. As a planned com-
parison, we calculated a correlation between the
mean percent acquisition errors and the mean percent
renewal responses (Spearman correlation: r=-0.09,
p=0.5), showing that acquisition learning errors do
not correlate with the mean percentage of renewal
responses.
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To investigate if the significant main effect of acquisi-
tion errors on renewal responses varied for groups with
different learning performances, we compared the total
number of participants who showed renewal responses
across three subgroups. We subdivided the participants
into three subgroups based on their learning perfor-
mance (low, medium, high) in acquisition (LE: n=13,
ME: n=19, HE: n=10). Next, we calculated the par-
ticipants with renewal responses within the subgroups.
In the HE group were fewer participants who showed
renewal (HE renewal: n=1 of 10, 10%) compared to

Fig.2 An example from one participant depicting the reconstruction
of the WMT of interest. For every participant, we extracted the left
and right (A) ILF (B) the temporal part of CNG, C the superior part

of CNG, D IFOF, E UNC, and F FX
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low (LE renewal: n=5 of 12, 41.6%) and medium error
groups (ME renewal: n=9 of 19, 47.37%). HE vs. ME:
X2=12.8, p<0.01; HE vs. LE: X>=2.75, p=0.09; ME vs.
LE: X?=5.51, p=0.01.

Microstructural properties of WMT and learning
performance

See Fig. 2 for an overview of our WMT of interest and
Supplement 1. of the respective microstructural proper-
ties (mean and SD: A1, A2, A3, FA, RD, MD). Based on our
hypothesis and the behavioural results, which have dem-
onstrated a possible coherence between participants with
high acquisition errors and lower renewal, we tested for
main and interaction effects of acquisition learning errors
and renewal performance on mean FA, RD, and MD of
WMT of interest (two-way ANOVA).

FA: There was a main effect of acquisition learning
errors on mean FA of the left ILF (F(1)=5.12, p=0.02),
right ILF (F(1)=4.09, p=0.05), and right temporal CNG
(F(1)=6.53, p=0.01)). We observed no interaction
effect of acquisition learning errors*renewal responses
(p>0.05), and all other WMT had no main or interac-
tion effects (p >0.05) on mean FA. Also, no main effect of
treatment on the mean FA of WMT was observed (one-
way ANOVA, p>0.05). RD: We observed a main effect
of acquisition learning errors on mean RD of the left ILF
(F (1)=4, p=0.05), right ILF (E(1)=3.77, p=0.05), and
right temporal CNG (F(1)=5.96, p=0.01). There was no
interaction effect of acquisition learning errors*renewal
responses (p>0.05), and all other WMT had no main
or interaction effects (p>0.05) on mean RD. Also, no
main effect of treatment on the mean RD of WMT was
observed (one-way ANOVA, p>0.05). MD: There was a
main effect of acquisition learning errors on right tem-
poral CNG (F(1)=4.28, p=0.04), and no main effect of
treatment on the mean MD of WMT was observed (one-
way ANOVA, p>0.05).

We hypothesized, that enhanced structural connectiv-
ity reflected by differences in microstructural properties
of WMT of interest would correlate with learning per-
formance during the predictive learning task. To fur-
ther investigate the correlation between microstructural
properties of the WMT of interest, and the learning and
memory performance, we correlated behavioral perfor-
mance (acquisition errors and the renewal rate) with the
microstructural properties (FA, RD, MD) of the WMT of
interest (Spearman correlation). Results showed negative
correlations between acquisition errors and FA, as well
as positive correlations with RD, for various WMT. For
an overview of the significant correlations with mean FA
and mean RD (see Fig. 3). In addition, a planned contrast
(Spearman correlation) revealed a positive correlation
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Fig. 3 A Negative correlation of acquisition errors and mean FA of right temporal CNG (r=-0.5, p <0.001). right ILF (r=-0.38, p=0.01), and left ILF (r
=-0.3, p=0.05). B Positive correlation of acquisition errors and mean RD of right temporal CNG (r=0.36, p=0.01), and right ILF (r=0.37,p=0.01)

between the mean MD of right temporal CNG and acqui-
sition learning errors (r=0.3, p=0.03).

Discussion

We analyzed microstructural properties of WMT that
are assumed to be functionally involved in learning and
memory formation in an extinction learning paradigm.
We found negative correlations between errors made
during acquisition learning and the mean FA of specific
WMT, including the right and left ILF and the temporal
part of the CNG. The FA is used as a measure of connec-
tivity in the brain by examining the orientation and mag-
nitude of water movement in the tissue and so providing

information about the microstructural organization
and integrity of white matter tracts [50]. Higher FA val-
ues suggest better connectivity (connectivity with more
directed diffusion) and in addition, facilitate communi-
cation between brain areas important for learning and
memory [26, 50].

In our study, we revealed a negative correlation
between acquisition learning errors and mean FA of
bilateral ILF and right temporal CNG. Participants who
performed well during acquisition learning (indicated
by low error rates) had higher FA values in these WMT.
This suggests that participants who performed well in
acquisition had enhanced structural connectivity in
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the WMT involved in learning and memory processes
(such as the bilateral ILF and the right temporal part
of the CNQG). The involvement of ILF and the temporal
part of the CNG is in line with previous research [34],
as ILF connects the occipital and temporal lobes and is
important for object recognition and visual informa-
tion processing. The CNG is thought to be involved
in attention and decision-making and especially the
temporal part of the CNG is associated with the hip-
pocampal memory network and therefore relevant for
memory retrieval [35]. Our results complement these
findings by highlighting the role of the temporal part
of the CNG, which connects the temporal lobe and the
hippocampal area with other brain regions, thus poten-
tially improving learning performance, which may
result in lower error rates.

For the right ILF and the right temporal part of the
CNG, we additionally found a positive correlation
between RD and acquisition errors. Differences in RD
are associated with alterations in the microstructure of
WMT. An increase in RD suggests changes in the micro-
structure of white matter tracts, such as less myelinated
axons, which can lead to cognitive impairments [51, 52].
In our study, participants who did not perform well dur-
ing acquisition (high frequency of acquisition errors)
showed lower mean FA and higher RD in the right ILF
and right temporal part of the CNG, indicating changes
or less myelinated axons in WMT of interest accom-
panied by cognitive deficits such as difficulties during
acquisition reflected by higher error rates. In addition,
acquisition error rates positively correlated with the MD
of the right temporal CNG. We assume that this find-
ing is due to the decrease of the tensor diameter (RD)
and does not reflect that differences in MD of this WMT
result in cognitive impairments such as higher learning
errors.

There were differences in the recall of extinction mem-
ory (renewal performance) between participants with
low, medium, and high acquisition errors. Participants in
the low and medium error groups showed more renewal
responses compared to the high error group. We assume
that participants with a good acquisition performance
were more likely to recall stimulus-outcome associa-
tions from the initial learning phase (acquisition) because
these associations were consolidated to a larger degree.
In line with our hypothesis, our findings suggest that
improved renewal performance in our extinction learn-
ing task depends on acquisition performance which cor-
relates with structural connectivity in WMT of interest,
as described.
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We investigated the microstructural properties of
WMT involved in learning and memory during an
extinction learning paradigm. We found that FA, a
measure of connectivity and microstructural integrity,
was associated with acquisition learning errors. Par-
ticipants with better acquisition performance (lower
error rates) had higher FA values in specific white mat-
ter tracts, including the bilateral ILF and the tempo-
ral part of the CNG, indicating improved connectivity
and communication between brain areas relevant for
learning and memory. This suggests that good acqui-
sition and extinction memory performance are linked
to structural connectivity in white matter tracts, such
as the ILF and the temporal part of the CNG, which
are associated with the hippocampal memory network,
visual processing, and decision-making. Addition-
ally, our investigation of RD revealed that participants
with poor acquisition performance had lower FA and
higher RD in the right ILF and right temporal part of
the CNG. This suggests possible less myelinated axons
and microstructural differences in these white mat-
ter tracts, which may contribute to learning difficul-
ties associated with increased RD. The experimental
design of this study cannot account for intra-individual
learning-related changes in the microstructural prop-
erties of WMT. A modified experimental design with
a DWI data acquisition before and after the learning
task could be applied to address this question. Given
the relatively small sample size, potentially restrict-
ing the generalizability of the findings, a subsequent
study employing a larger sample size could be pur-
sued. Although no influence of the pharmacological
intervention on microstructural characteristics of the
WMT were expected and not found during the analy-
ses, in a subsequent study, the intervention might be
excluded.

Conclusion

Our findings emphasize the importance of white
matter microstructural properties in learning and
memory processes. Specifically, the positive associa-
tion between acquisition learning performance and
high FA in WMT that are relevant for object recogni-
tion and memory recall. It is suggested that structural
connectivity plays also a role in renewal performance
within this predictive learning task. Our results are in
line with studies that highlight the importance of the
acquisition phase in the recall of extinction memory
and renewal [39]. Also, the results of the present study
suggest that poor acquisition learning performance is
associated with less myelinated axons as indicated by
a high RD in right ILF and right temporal CNG. The
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HE group, which had poor acquisition performance,
exhibited the lowest amount of renewal responses
compared to participants with medium and low acqui-
sition errors. This indicates that associations that are
poorly learned during acquisition are presumably
unstable and may therefore lead to superior extinction
associations during recall, and less renewal. In order
to obtain a more comprehensive understanding of the
communication between the brain regions of interest
and the neural mechanisms involved in the learning
and recall of extinction memory, it would be beneficial
to investigate also task-related functional connectivity
between these brain areas.
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