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The ability to acquire new information and to modify previously learned
knowledge are critical in an ever-changing world. However, the efficacy of
learning is notably variable among individuals, with extinction learning being
the epitome of such variability. Abundant studies have identified a core network
of brain regions including the amygdala, hippocampus, dorsal anterior cingu-
late cortex (ACC), ventromedial prefrontal cortex (PFC) and, more recently, the
cerebellum, as key players in learning and extinction. Yet, the precise interac-
tions within this network and their relationship to individual learning abilities
and extinction have remained largely unexplored. In the present study, we
examined how functional (FC), effective (EC), and structural (SC) connectivity
patterns in the core learning network allow the prediction of individual differ-
ences in the efficacy of learning, extinction, and renewal. Analysing a large
dataset of over 500 participants across a multitude of paradigms, our results
revealed that FC predicted better acquisition, with a central role of ACC and
hippocampus, whereas SC, involving ACC and amygdala, predicted higher
levels of extinction learning. EC results suggested a predominantly inhibitory
coupling among core learning network nodes, with paradigm-specific EC con-
nectivity patterns predicting learning. Our predictions not only generalised
between fear and cognitive predictive learning paradigms but were also suc-
cessful in predicting learning from task-related FC and simulated data. Toge-
ther, these results describe the multimodal neural determinants of learning,
extinction, and renewal, and may inform individualised interventions for
affective disorders based on neural connectivity patterns.

The ability to learn from experience is a hallmark of every living the formation of new episodic memories, the development of novel
system, from humans down to single-cell organisms. This ability practical skills, or the gradual learning about the putative outcome
differs strongly between individuals: While some are able to acquire  of actions.

new information quickly and display steep learning rates, others are Since our world is constantly changing, it is equally important to
much slower'. These differences concern abilities as widespread as  cease responding to previously memorised information once it is no
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longer valid. This process is called extinction learning and involves the
acquisition of two distinct memory traces. The first represents the initial
association that is largely left intact, while the second is an association
of inhibitory nature that suppresses the activation of the first trace’.
These inhibited associative responses can return under diverse condi-
tions and thus turn into invasive components of psychopathology’. The
societal and clinical relevance of extinction learning and its associated
problems can hardly be overestimated. According to Craske et al., more
than 60 million European Union citizens suffer from anxiety disorders®.
Importantly, extinction learning is itself strongly context-dependent,
since presentation of a conditioned stimulus (CS) outside its extinction
context tends to induce return of the conditioned response (CR), a
phenomenon known as renewal’.

The ability to extinguish previously acquired information and the
propensity for renewal show pronounced individual differences, which
may not only account for a person’s ability to flexibly update knowl-
edge but also their vulnerability or resilience to psychopathology,
specifically regarding anxiety disorders’. It is likely that these differ-
ences reflect a combination of both stable (trait) and variable (state)
measures. For example, the ability to acquire novel information and to
update existing information, as well as the re-occurrence of extin-
guished memory traces, depend on age®’, sex®’, and personality traits
such as trait anxiety and sensation seeking'®", but are also modulated
by acute psychosocial stress and/or state anxiety'>". Understanding
the neural determinants of individual differences in learning, extinc-
tion, and renewal is thus not only a window into the mechanisms of
extinction but may prove useful in our understanding of disorders that
affect this ability and their potential treatments.

The brain structures involved in fear conditioning are relatively
well-known. Animal and human research converge towards the idea
that the amygdala (AMY) stores the associations between the CS and
the unconditioned stimulus (US), whereas the hippocampus (HIP)
encodes context information'*". The dorsal anterior cingulate cortex
(ACC) and ventromedial prefrontal cortex (PFC) have prominent roles
in fear appraisal and safety learning, respectively’. More recently, it
has also been proposed that the cerebellum (CEB) provides predic-
tions of upcoming sensory events during associative tasks".

The mechanisms of extinction learning putatively differ from
those supporting initial learning and may be more complex, since they
require the formation of a second associative trace of an inhibitory
nature. Moreover, despite the apparent ubiquity of learning and
extinction in both fear conditioning and cognitive predictive learning
contexts, it remains an open question whether these processes require
the same or different neural determinants. For instance, whereas HIP
and PFC support context-dependent extinction learning in both
fear'®?° and predictive learning® % paradigms, the involvement and
role of the AMY may be less universal than previously assumed®**:
Suppression of AMY activity by PFC enables extinction following
aversive learning", whereas AMY activity increases during extinction in
both appetitive* and predictive learning® tasks, presumably related to
salience or novelty processing. Thus, although accumulated evidence
points to the involvement of a similar set of brain regions in various
conditioning-based learning paradigms, the macroscale network con-
nectivity patterns that support these different kinds of learning remain
unclear. Furthermore, there is a paucity of studies devoted to inves-
tigating individual differences in learning efficacy from inter-areal
connectivity patterns.

Resting-state fMRI (rs-fMRI) has proved to be a reliable and con-
venient technique to measure intrinsic brain connectivity in large
participant samples. Indeed, several studies have successfully pre-
dicted performance in various (non-)cognitive traits, as well as vul-
nerability or resilience to mental disorders”?’, from brain connectivity
patterns. Still, the extant studies examining brain-behaviour relation-
ships using rs-fMRI have mostly focused on functional connectivity
(FC). While this method appears to reflect inter-regional interactions

between local neural assemblies®, it does not convey information
about the direction of these interactions. By contrast, recent advances
in effective connectivity (EC) now allow the characterization of causal
interactions among brain areas at rest®, which may provide important
complementary information regarding the complex relationship
between brain connectivity and individual differences in learning,
extinction, and renewal. Even though correlation-based FC and EC are
mathematically related, they differ fundamentally in that FC only
accounts for linear, undirected statistical dependencies, whereas EC
measures the directed causal influence that one brain region exerts
over another**>,

In addition to functional and effective interactions, pronounced
individual differences have been found in patterns of structural con-
nectivity (SC) that reflect the integrity and effectivity of axonal infor-
mation transfer. SC can be quantified using tractography, a technique
based on diffusion-weighted imaging (DWI) that generates streamlines
as a proxy for white matter fibre tracts across brain regions®*. FC and
SC are known to be related to some extent®>*¢, but this relationship is
complex. FC-SC correlations have been shown to depend on the spe-
cific network connections being examined”, and the existence of
strong FC in the absence of direct structural connections suggests that
FC between two regions may rely on SC via a common third region’,

The relationship between EC and SC is even less clear, although
recent evidence suggests that constructing structurally-informed
dynamic causal models (DCMs) of EC can outperform structurally-
naive DCMs by drastically improving group-level model evidence®.
Nevertheless, it remains unclear how these two types of connectivity
compare in terms of their ability to predict cognitive variables. In
summary, cognition depends on a complex interplay between FC, EC,
and SC, which has prompted researchers’ calls for an integrative
approach*>*,

In the present study, we set out to investigate not only the neural
connectivity patterns supporting learning and extinction but also
whether these patterns generalise across different types of learning
paradigms. As mentioned above, various forms of learning, such as
fear learning and cognitive predictive learning, appear to rely on
overlapping neural circuitry, as both involve acquiring and updating
associative contingencies. While distinct paradigms may recruit addi-
tional regions based on task-specific demands (e.g., the piriform cortex
in olfactory conditioning), a core learning network appears to be
commonly engaged across different forms of associative learning. By
comparing fear learning and cognitive predictive learning, our analysis
aimed to identify this shared neural architecture and its role in learning
and extinction. We analysed FC, EC and SC patterns within this network
in a large multicenter dataset of over 500 individuals from a colla-
borative project involving different types of learning and extinction
(see Fig. 1C, Supplemental text: Experimental paradigms and Fig. S5).

Results

Because participants were scanned at three different locations using
three different 3T MRI systems from two vendors, we carefully har-
monised and optimised scanning sequences across centres. Specifi-
cally, we tested the stability of our resting-state and diffusion
acquisition protocols by scanning two individuals over the course of
three years on all three scanners using the exact imaging parameters of
the actual studies. FC and SC measures demonstrated high test-retest
reliability, both when using whole-brain region-of-interest (ROI) and
when restricting the analyses to the study-specific ROIs (all Cronbach’s
alpha > .80; Figs. S1-2).

We then acquired rs-fMRI and DWI data from a large group of
participants (rs-fMRI: N =509; DWI: N =463) who took part in either a
fear learning (FL; studies S1, S2, S3, S5, and S6) or a cognitive predictive
learning (PL; study S4) experiment (Fig. 1C; see also Methods and
Supplemental Methods: Experimental paradigms for more details).
The FL studies employed variations of classical fear conditioning, in
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which some visual CS were partially reinforced by an aversive US (CS+;
electrical shocks in S1-S3 and S5, visceral stimulation in S6), whereas
other stimuli were never reinforced (CS-). The PL studies differed in
that participants learned predictive associations between food items
and a putative outcome (“stomach ache”) across different contexts. All
paradigms included acquisition and extinction phases, the latter con-
sisting of unreinforced CS trials in a different context. Renewal was
tested in S2 and S4 by showing the same stimuli in the acquisition
context.

Multimodal connectivity in the core learning network
For the analysis of FC, we computed a composite score (concatenation
of nine different metrics; see Methods, Supplemental Methods and

Table S4) focusing on ipsilateral connections (e.g., left AMY - left HIP),
with the exception of the CEB, given that (neo-)cerebellar regions are
connected with the contralateral cerebral cortex. A mixed-effects
model (participant nested within study) using FC as the outcome
variable and ROI pair as predictor revealed greater FC for HIP-AMY
than any other connection (all zs>18.56, psgpr <.001, ds >1.18, 95%
Cls =[.35, 1.34]), followed by HIP-PFC (all zs >16.33, psgpr <.001, ds >
.38, 95% Cls =[.30, .79]) and AMY-PFC (all zs >4.67, psgpr <.001, ds >
.30, 95% Cls =[.03, 0.40]; see Table S9 for the remaining compar-
isons). This pattern was observed in both hemispheres (Fig. 2A).

The general pattern of SC was similar to what we observed for FC
(Fig. 2B). A corresponding mixed-effects model using streamlines
as the outcome variable revealed a disproportionate number of
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Fig. 1| Number of datasets, regions of interest, and connectivity estimates.

A Number of resting-state fMRI (rs-fMRI) and diffusion-weighted imaging (DWI)
datasets acquired in each group of the consortium [sfb1280.ruhr-uni-bochum.de].
Blue and red columns indicate whether learning was assessed via skin conductance
responses (SCR) or behavioural ratings, respectively. Striped and plain columns
reflect fear conditioning or cognitive predictive learning paradigms, respectively.
B ROIs used in the present study. All subject-specific ROIs were extracted from an
automatic parcellation and segmentation using FreeSurfer (top left). For the cer-
ebellum, the three cerebellar nuclei (fastigial, interposed and dentate nuclei) were
extracted using the SUIT package (Fig. S3; see Methods) and combined into one
cerebellar ROI. For probabilistic tractography, surfaces of the dorsal anterior cin-
gulate and ventromedial prefrontal cortices were used instead of their volumetric
counterparts (Fig. S4). C Experimental paradigms of each group. SL: During
acquisition, a context image was followed by either a CS+ item (partial reinforce-
ment with US skin shock administered after 2.5 seconds, represented as a red
lightning bolt) or a CS- item. During extinction, half of all items retained their
contingencies, for the other half contingencies were reversed [Figure adapted from
Bouyeure A. et al., 2025 (Study S1), published in eLife (https://doi.org/10.7554/eLife.
105126.3), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.

0/). Changes were made.]. S2: During acquisition, a context image was followed by
either a CS+ item (partial reinforcement with US skin shock after 5.9 seconds) or a
CS- item. During extinction, CS- and CS+ US- items were shown [Figure adapted
from Milad M.R. et al. Biological Psychiatry 62, 446-454 (2007). Copyright © 2007,
with permission from Elsevier]. S3: Similar to S2 but without a context image and
with shapes instead of images as CSs. S4: Subjects indicated whether a food item
predicted stomach ache during acquisition. During extinction, outcomes reversed
for half of the food items [Figure adapted from Lissek S. et al. Neurolmage 81,
131-143 (2013). Copyright © 2013, with permission from Elsevier]. S5: Similar to S3
with the exception that CS+ US- items were presented in three different sizes during
extinction. S6: During acquisition, distinct visual CSs were paired with either an
aversive tone or a moderately painful rectal distension serving as US (represented
by the red body symbol). During extinction, CS+ US- and CS- were shown. Figure 1C
was created by the authors using Microsoft PowerPoint. rs-fMRI Resting-state
functional magnetic resonance imaging, DW/ Diffusion-weighted imaging, SCR Skin
conductance response, ACC Dorsal anterior cingulate cortex, AMY Amygdala, CEB
Cerebellar nuclei, HIP Hippocampus, PFC Ventromedial prefrontal cortex, CS
Conditioned stimulus, US Unconditioned stimulus. Source data are provided as a
Source Data file.
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Fig. 2 | Brain connectivity estimates. A Average functional connectivity between
all pairs of ROIs. Functional connectivity was calculated across the entire sample
based on a composite metric (see Methods). Greater FC was observed for the
connections HIP-AMY and HIP-PFC. B Average structural connectivity between all
pairs of ROIs. SC values are based on streamline counts across the entire sample. As
expected, the connection HIP-AMY showed a disproportionately larger number of
streamlines, followed by ACC-PFC and AMY-PFC connections. C Average effective

B. Structural connectivity

Left Hemisphere

HIP A
AMY

1 Right Hemisphere

HIP
AMY

3

CcC ACC

PFC

D. Effective connectivity (Bayesian model
averaging)

Left Hemisphere 0.16 Right Hemisphere
HIP AcC WP — Acc
PFC PFC
AMY AMY e
-0.16

connectivity based on spectral dynamic causal modelling (spDCM) estimates of
directed connectivity among our ROIs (top: excitatory connections; bottom: inhi-
bitory connections). D The winning model for effective connectivity showing the
spDCM estimates of directed connectivity among our regions of interest computed
using Parametric Empirical Bayes and Bayesian Model Averaging. ACC Dorsal
anterior cingulate cortex, AMY Amygdala, CEB Cerebellar nuclei, H/P Hippocampus,
PFC Ventromedial prefrontal cortex. Source data are provided as a Source Data file.

streamlines for the HIP-AMY, ACC-PFC, AMY-PFC, and HIP-PFC
connections (in this order) relative to all others (all zs>4.43,
Prpr <.001, ds>.29, 95% Cls=[.09, 8.11]; see Table S10 for the
remaining comparisons).

The EC analyses showed that the core learning network was
mostly characterised by inhibitory connections, with only a few exci-
tatory connections, most notably the bidirectional HIP-AMY connec-
tion (Fig. 2C; see also Fig. 2D for the group-level results using a
Parametric Empirical Bayes model).

Since the same modelling approach was used for FC and SC, we
could also compare the relative strength of connectivity for each
connection between these two modalities (see Methods). This analysis
showed that relative FC between HIP-PFC and AMY-PFC was greater
than relative SC (£(18957)s > 8.30, prprs < .001, ds > .06, 95% Cls = [.04,
.25]), whereas for HIP-AMY, relative SC was greater than relative FC
(t(18957)s >17.15, prprs <.001, ds>.12, 95% Cls = [.11, .29]). Thus,
despite their overall similarities, relative FC and SC values differed for
some ROI pairs (Fig. S11).
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A. Trialwise estimates of SCR amplitude at the group-level
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Fig. 3 | Learning estimates. A Group-level averages of SCR amplitudes in individual
CS+ (red) and CS- (blue) trials during acquisition (left, n = 298), extinction (middle,
n=278) and renewal (right, n = 61). B lllustration of fixed-effect polynomial
regression on the SCR data of an exemplar participant. After fitting the model, a
unique learning score was computed comparing CS+ and CS- trials. C Average
estimates of learning based on A and B for the entire sample (for n see (A); see
Fig. S21 for the separate studies and Fig. S26 for different combinations of studies).
D Multilevel generalised linear model using a logit link function to model beha-
vioural ratings in predictive learning paradigms (exemplar participant). Individual

parameter estimates were extracted from each participant and the expected rate of
success after all 8 trials was computed. E Individual (blue: negative slopes; red:
positive slopes) and group (black line) learning slopes estimated from the multi-
level logistic regression in (D). CS+ Conditioned stimulus (reinforced), CS- Condi-
tioned stimulus (non-reinforced), SCR Skin conductance responses. Data are
presented as mean values +/- SEM. *** prpr < .001, n.s. = not significant. All post hoc
tests were two-sided and adjusted for multiple comparisons using FDR. Source data
are provided as a Source Data file.

To examine whether the different types of connectivity were
related to each other, we computed Pearson correlations between
FC-EC, FC-SC, and EC-SC on each individual connection (Fig. S12).
Interestingly, FC between several connections was significantly corre-
lated with the respective EC patterns as well as with SC between these
regions. By contrast, we did not observe any correlation between SC
and EC connection strengths even at uncorrected thresholds. Thus,
while individual differences in FC were partially determined by (puta-
tively more hard-wired, i.e. trait-like) differences in streamlines, these
SC differences did not correspond to individual differences in EC.

Learning measures

Learning during acquisition, extinction and renewal was estimated
separately for each study and experiment. For studies that collected
skin conductance response (SCR) data, PsPM was used to estimate
trial-by-trial SCR values, while participant ratings were used in
behavioural-only studies (see Methods).

For the group-level analysis, we included the initial eight trials
(acquisition) and seven trials (extinction and renewal), which corre-
sponded to the number of trials of the subject with the least number of
trials. We observed a significant interaction of SCR data between time
(i.e., trials) and condition (CS+ vs. CS-) for all experimental phases,
indicating steeper increases in amplitude for CS+ vs. CS- during
acquisition (£(4519) = 4.03, prpr < .001, d =.34, 95% Cls = [.19, .49]) and
steeper decreases for extinction (¢(4010) =-3.26, prpr =.001, d=.31,
95% Cls = [.12, .49]) and renewal (¢(866) =-6.28, pepr <.001, d=1.02,
95% Cls =[.70, 1.34]) (see Fig. 3A). Initial CS+ responses during renewal
were significantly elevated relative to late extinction and CS- trials,
confirming the expected renewal effect (Fig. S39).

For the extraction of subject-specific variables of learning,
extinction and renewal, we used all trials available in each participant
in either a subject-wise polynomial regression for SCR data (studies S1,
S2,S3, S5, S6; Fig. 3B) or a generalised linear mixed-effects model using
a logit link function for behavioural ratings (study S4; Fig. 3D). Using
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these individual-level estimates of learning, we observed a much larger
estimate for CS+ than CS- in the acquisition phase, indicating greater
learning for CS+ trials and the opposite pattern for extinction and
renewal. Permutation testing on these learning scores confirmed that
condition differences during all phases were significantly larger than
would be expected by chance (Fig. 3C; acquisition: £(292)=3.34,
Prpr <.001, d=.20, 95% Cls = [.06, .18]; extinction: t(272)=-3.73,
Pror<.001, d=.23, 95% Cls = [.06, .18]; renewal: t(60)=-4.99,
Drpr <.001, d=.64, 95% Cls = [.21, .49]).

Similarly, in the behavioural studies, learning was highly sig-
nificant at the group level during both acquisition (z=19.75,
PrprS <.001, d=.37, CIs = [.61, .75]) and extinction (z=16.11,
PrprS <.001, d=.53, Cls = [.84, 1.07]), with only 2 out of 180 individuals
showing slight negative trends (see Fig. 3E). Not surprisingly, indivi-
dual estimates of learning were again significantly above chance levels
(ts(177/185) > 49.92, prprs <.001, ds >3.66, Cls = [6.47, «]; Fig. S15).
Trial-by-trial changes in renewal were not significant (z=-.74,
Prpr = .46, d=.06, 95% Cls = [-.36, .17]), but the probability of making
at least one renewal response (giving the same response as that given
during  acquisition) was  still significant (t177)=3.46,
Prpr <.001,d=.26, 95% Cls = [1.23, «]). Further analyses showed that
even though acquisition and extinction were correlated (r=.16,
Prpr < .001; Fig. S16), the amount of shared variance was very limited (=
.03), suggesting that different factors may account for individual dif-
ferences in these two phases. The correlation between acquisition/
extinction and renewal was not significant, rs =-.06/-.08, pSgpr > .10
(for correlations of learning estimates between FL and PL studies see
Supplemental results and Fig. S16).

Prediction of individual differences

We next investigated whether and how the three different types of
connectivity (FC, SC, and EC) related to individual differences of
learning using a LASSO regression model (see Methods).

Acquisition

For acquisition, the relevant functional connections were ICEB-rPFC,
IHIP-IPFC, rACC-rPFC, rAMY-rACC, rCEB-IHIP as well as bilateral
HIP-ACC (Fig. 4A-B; using traditional p-values, these connections were
all significantly above chance after correction for multiple compar-
isons, see Fig. S22). The results were similar for other combinations of
individual studies (Fig. S27), and reliable over the course of several
sessions (Fig. S30-S31) and varying scanning lengths (Fig. S33-S34). In
addition to these functional connections that were relevant for learn-
ing across all studies, three connections were only predictive in PL
studies (IACC--IPFC, IAMY-IPFC and ICEB-rHIP). Note that it is possi-
ble for a connection to be identified as significant when data are
pooled across all studies, even if it was not significant in any individual
study (see Fig. S23). Interestingly, when applied to canonical resting-
state networks, our model showed that FC within the extinction net-
work explained the most variance, with predictive performance
increasing as spatial similarity to the extinction network increased
(Fig. S29).

Neither structural nor effective connections significantly pre-
dicted learning for the entire sample. However, we did observe dis-
tinctive predictive connections for FL and PL paradigms when analysed
separately. Regarding EC, disinhibition of the inhibitory connections
IAMY~IPFC, rCEB-~IAMY and bilateral HIP>AMY predicted acquisition
in PL studies. In contrast, a more pronounced excitatory connection
ICEB->rAMY predicted FL. For FLc, there was also an interesting asso-
ciation between acquisition and disinhibition of the inhibitory con-
nection ACC>AMY, as well as increased PFC>AMY inhibition with
greater acquisition. Thus, fear learning benefited from higher AMY
inhibition by PFC and from AMY disinhibition by ACC. With regard to
SC, only the connections ICEB-rPFC and rAMY-rPFC in PL were sig-
nificant predictors.

Even though our results indicate that certain connections are
predictive of acquisition performance, they do not reveal which
regions play a predominant role. To assess the extent to which each of
the five ROIs could act as a “hub” governing individual differences in
acquisition, we reran the LASSO model on one hundred Monte-Carlo
samples. In each iteration, we randomly selected 80% of the partici-
pants and recorded the frequency with which each ROI appeared in a
significant connection. ROIs that appeared more frequently were
considered more reliable and indicative of hub-like properties within
the network. A Poisson mixed-linear model confirmed that, for func-
tional connectivity (FC), all ROIs except the AMY were significantly
different from zero (zs >2.73, psgpr <.05, IRRs >1.17, Cls = [1.04, 1.56];
AMY: z=-147, prpr=.14, IRR=.92, Cls = [.81, 1.03]). Post hoc tests
revealed that ACC and HIP had larger numbers of appearances than the
other ROIs (zs>2.25, psgpr<.05, IRRs>1.13, CIs = [1.02, 1.64]; see
Fig. 4E, left panel). Regarding EC, only the AMY was significantly
greater than 0 (z=5.75, p <.001, IRR=1.26, Cls = [1.16, 1.36]; other ROlSs:
zs < 1.02, psgpr > .10, IRRs <1.04, Cls = [.83, 1.13]), showing a larger
number of counts than the other ROIs (zs > 4.33, psgpr <.001, IRRs >
1.21, Cls = [1.11, 1.53]). Only the PFC was significant in the SC analysis
(z=3.57, prpr <.001, IRR >1.23, Cls = [1.10, 1.38]).

In summary, the acquisition results indicated that FC was pre-
dictive of learning across the entire sample, with a strong focus on
connections involving the ACC and HIP. Paradigm-specific EC- and SC-
learning associations were also apparent, with differing dynamics for
the PFC-AMY connections between PL and FL studies (disinhibition of
AMY~PFC was beneficial for PL, whereas more pronounced inhibition
of PFC>AMY predicted greater fear acquisition).

Extinction

In stark contrast with our results during acquisition, we did not find
any significant FC (or EC) connections that could predict individual
differences in extinction learning across all paradigms. Interestingly,
however, several structural connections consistently predicted
extinction learning, most notably those involving the ACC, specifi-
cally, rHIP-rACC, ICEB-rACC, and bilateral AMY-ACC (Fig. 4A,C).
Using traditional p-values, these connections were all significantly
above chance after correction for multiple comparisons (Fig. S22). In
addition to these effects across both FL and PL experiments, the
structural connections IHIP-IPFC, rAMY-rACC and rHIP-rACC pre-
dicted extinction in FL but not PL studies. The results were similar for
other combinations of individual studies (Fig. S28). However, the
most interesting differences among the groupings were observed for
EC, with a peculiar reversal in the direction of the AMY-HIP con-
nectivity (benefit of more pronounced excitation of IHIP>IAMY for FL
studies, benefit of higher disinhibition of IAMY~>IHIP for PL studies),
as well as areversal in both directionality and valence of the HIP-ACC
connection (less HIP inhibition by ACC being beneficial for PL
extinction, and greater ACC inhibition by HIP being beneficial for FL
extinction). In contrast, more pronounced PFC->ACC inhibitory
connectivity was beneficial for extinction across the entire sample, as
well as for FL separately.

Post hoc tests revealed that, for the SC analysis, the ACC had the
largest number of appearances relative to all other ROIs (zs > 8,
Ppsepr <.001; see Fig. 4E, middle panel). Regarding EC, the AMY, HIP,
CEB and PFC were significantly greater than 0 (zs > 2.34, psgpr <.05,
IRRs >1.10, 95% Cls = [1.02, 1.19]; ACC: z=1.62, pgpg = .11), with the PFC
showing a larger number of counts than any of the other ROIs (zs >
3.66, psppr<.001, IRRs>1.15, 95% Cls = [1.07, 1.23]). There was no
significant ROI in the FC analysis.

In summary, extinction was mostly predicted by higher density of
structural connections involving the ACC (and, to a lesser degree,
AMY). Paradigm-specific learning was again predicted mostly by EC,
specifically, a reversal in directionality and/or valence for the AMY-HIP
and HIP-ACC connections.
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Renewal

Out of the six studies analysed above, S2 (FLr) and S4 (PLr) contained
data about renewal after extinction. When both studies were analysed
together, there were no significant FC or SC connections that could
predict individual differences in renewal. However, the analysis of EC
indicated that the greater the disinhibition of the HIP by AMY and PFC
the greater the renewal effect, whereas renewal benefited from a

higher inhibition of the ACC by the PFC (Fig. 4D; using traditional p-
values, only rPFC>rHIP and rPFC>rACC were significantly above
chance after correction for multiple comparisons, see Fig. S22).
Separate analysis for FLr also revealed the relevance of disinhibition of
the IHIP>IACC connectivity, whereas more pronounced inhibition of
rCEB~>IAMY, rCEB~IHIP, and rPFC->rACC connections, as well as dis-
inhibition of rPFC->rHIP predicted renewal following PLr.
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Fig. 4 | Predicting individual differences from brain connectivity. A Significant
coefficient estimates from the LASSO model for the entire sample: FC only pre-
dicted acquisition, SC only predicted extinction learning, EC only predicted
renewal. B Coefficient estimates were obtained using a ridge regression model for
different groupings in the acquisition phase (see Fig. S23-S25 for lines of best fit for
all connections). Ridge regression was chosen to provide estimates for all con-
nections, as LASSO sets irrelevant coefficients to zero. Significant connections
identified by LASSO are marked with asterisks (Ridge and nonzero LASSO coeffi-
cients were highly correlated, r=.87, p <.001). Only connections that were sig-
nificant in at least one grouping for any connectivity type are displayed. C Same as
(B) but for the extinction phase. D Same as (B) but for the renewal phase. In B-D,
asterisks indicate which connections were nonzero in the LASSO model. E Bars
represent the estimated marginal means for the number of times each ROI
appeared in a significant connection across Monte-Carlo resampling iterations,
where LASSO was run on random subsets of observations. This analysis assessed

the robustness of each ROI as a “hub” within the fear and extinction network.
Doughnut charts below each type of connectivity indicate how many times each
ROI appeared in the original LASSO models (i.e., in B-D), providing a direct com-
parison between resampling-based estimates (bar plots) and the original results
(doughnut charts). Asterisks indicate whether significant ROIs were greater than O
(psepr = [.02 - <.001]). Horizontal bars indicate significant differences between
ROIs. All post hoc tests were one-sided and adjusted for multiple comparisons
using FDR. FC Functional connectivity, SC Structural connectivity, EC Effective
connectivity. All All studies (51,52,53,54,55,S6), FL Fear Learning studies
(S1,52,S3,S5,56), FLc Fear Learning classical paradigm (S2,S3), PL Predictive Learn-
ing studies (S4), FLr Fear Learning renewal study (S2), PLr Predictive learning
renewal study (S4), Both Both renewal studies (S2, S4). ACC Dorsal anterior cin-
gulate cortex, AMY Amygdala, CEB Cerebellar nuclei, HIP Hippocampus, PFC Ven-
tro-medial prefrontal cortex. Source data are provided as a Source Data file.

The Poisson regression indicated that, for EC, only the ACC, HIP
and PFC were significantly different from zero (zs >3.48, psgpr <.001,
IRRs >1.15, 95% Cls = [1.06, 1.78]; other ROIs: zs <1.87, psgpr>.10,
IRRs <1.08, 95% Cls = [.92, 1.16]). Pairwise comparisons revealed that
the PFC had the largest number of appearances relative to all other
ROIs (zs >2.61, psgpr < .05, IRRs > 1.09, 95% Cls = [1.01, 1.85]), followed
by the HIP (zs >7.91, psgpr <.001, IRRs > 1.33, 95% Cls = [1.24, 1.70]; see
Fig. 4E, right panel). No significant ROIs were observed for
either the FC or SC analysis.

In summary, differences in EC were more sensitive than FC or SC
in predicting renewal. Our results also indicated the importance of
disinhibition of the HIP by both the PFC and AMY.

Generalisability of learning predictors

We found that the models showed significant generalisability. When
the LASSO model was trained on one type of paradigm (e.g., FL) and
tested on the other type of paradigm (e.g., PL), we observed a higher
generalisability (i.e., lower mean squared errors) relative to a surrogate
model in which the learning estimates had been shuffled across par-
ticipants while keeping the structure of the remaining data matrix
intact (all psppr <.001; Fig. 5A-C). Selecting non-overlapping groups
for FL and PL led to identical results (Fig. S32).

In addition, we performed a leave-one-group-out (LOGO) cross-
validation analysis (group here referring to the six individual studies),
using a multiple regression analysis on the selected predictors. As
Fig. 5D-F shows, the acquisition predictors were highly generalisable
only when the functional connections were used (EC: r=-.01,
PFDR = 1.00; FC: r=.14, PFDR = .01, SC: r=-.01, PFDR = 1.00), whereas
extinction predictors were only generalisable when the structural
connections were used (EC: r=.03, pgpr =.23; FC: r=-.14, prpr = 1.00,
SC: r=.23, prpr <.001). For renewal, generalisability was found only
when the effective connections were included, although this effect did
not reach significance after correction for multiple comparisons (EC:
r=.12, p=.04; FC: r=-.02, prpr = .63; SC: r=-.02, prpr =1.00).

Follow-up analyses confirmed that for FC, prediction perfor-
mance was indeed significantly greater for acquisition than for either
extinction (z=3.77, prpr <.001) or renewal (z=1.90, p=.03), whereas
SC prediction performance for extinction was significantly greater
than for either acquisition or renewal (zs > 3.2, psgpr <.01). EC pre-
diction performance showed a trend toward higher values during
renewal compared to acquisition; however, renewal did not differ
significantly from either acquisition or extinction after correction for
multiple comparisons (zs <1.55, psgpr >.10). We also compared pre-
diction performance during acquisition, extinction, and renewal
between the three types of connectivity. During acquisition, the FC
prediction performance was greater than the performance of either SC
or EC (zs>2.23, psgpr<.05); during extinction, the SC prediction
performance was greater than either FC or EC (zs > 2.63, psgpr <.01);
and during renewal, the EC prediction performance showed a

numerical difference from both FC and SC, although the effects did not
reach significance after correction for multiple comparisons (zs <1.46,
Ppsepr > .10). Thus, our LOGO results are consistent with our results
from the LASSO models in that, at the whole-sample level, acquisition,
extinction learning, and renewal are best predicted by FC, SC, and EC,
respectively.

To the extent that the functional architecture of the individual’s
brain is intrinsic, we should be able to observe a correspondence in the
FC profile between task-based and resting-state connectivity”. Given
that, in our study, resting-state FC in seven distinct connections were
shown to predict acquisition across the entire group (Fig. 4A-B), we
queried whether task-based FC would show a similar association. For
that purpose, we selected two experiments from S2 for which task-
fMRI data were available (N =137). Task-based FC was computed for
the time periods corresponding to the expected peaks of the BOLD
signal for both CS+ and CS- trials during the acquisition phase. The
difference in FC between CS+ and CS- was then calculated for each of
the relevant ROIs and used as predictors in a subsequent multiple
regression model (see Fig. 5G and Methods).

The model including the LASSO predictors was significant
(F(7,90) =2.39, p=.028, R?=16; Fig. 5H). In addition, three out of six
predictors reached individual significance (rHIP-rACC: b=0.18,
p=.024, 95% CI = [0.02, 0.33]; IHIP-IACC and rCEB-IHIP: bs <-0.14,
ps <.05, 95% Cls = [-0.31, -0.02]; see Fig. 5I). This result indicates that
task-dependent functional connectivity during acquisition, using the
predictors from the resting-state LASSO model, was predictive of
learning performance as well. This result was specific, as none of the
models using pseudo-random functional connections within the core
learning network were significant (all Fs(7,90) < .32, ps >.05, R%s <.09),
and the maximum R? value that could be achieved (0.089) was almost
half of that for the significant model with the LASSO predictors (0.157;
see Fig. SH).

Next, we enquired whether our combination of selected pre-
dictors would show a performance advantage over random connec-
tions between ROIls that were not selected in the original LASSO
models, by using simulated data. If so, this would show an additional
layer of generalisability in the sense that our predictions could
potentially be applicable to new datasets. For that purpose, we artifi-
cially generated 100 independent datasets (including all predictors,
learning measure and covariates), each with 40 observations, based on
purely simulated data drawn from a multivariate normal distribution
that mimics the relationships between variables in our original dataset
(see Methods). The performance of the selected LASSO model was
tested against a pseudo-random model that consisted of an equal
number of predictors to the LASSO model but chosen at random
(excluding the LASSO predictors) within the same type of connectivity.

Figure 5J-L show the results of the simulation analysis (see also
Fig. S35 for the results using bootstrapping). For both acquisition,
extinction, and renewal, we observed significantly larger R* values for
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the LASSO model relative to the pseudo-random model (all ¢s(198) >
6.81, psppr <.001, ds > .96, 95% Cls =[.03, .08]; black bars in Fig. 5J-L).
In addition, when the data were split into an FL and a PL group, better
performance of the LASSO models was again observed for both groups
for acquisition, extinction and renewal (PL: ¢s(198) > 6.80, psgpr <.001,
ds >.96, 95% Cls = [.05, .10]; FL: ¢s(198) > 2.22, psgpr < .05, ds > .31, 95%
Cls = [.002, .08]; coloured error bars in Fig. 5)-L).

In summary, generalisation of our predictions occurred between
FL and PL paradigms, but only for the types of learning that could be
predicted by the particular type of brain connectivity (i.e., transferable
acquisition, extinction and renewal effects only for FC, SC, and EC,
respectively). In addition, our (resting-state-based) model connections
were more successful in predicting learning from task-based FC than
alternative connections. Finally, our model predictions were also more
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Fig. 5 | Generalisability of learning and simulations. A-C Generalisability of
acquisition (A, n =401), extinction (B, n=349), and renewal (C, n=201) was
examined by training a LASSO model on one type of paradigm (e.g., FL) and testing
it on the other type (e.g., PL). Statistical significance was assessed using two-sided
permutation tests with FDR correction for multiple comparisons (see histograms;
red vertical lines indicate the difference between the true and the baseline means).
Mean squared errors (MSEs) of each of the models were used as measure of fit. D-F
Leave-one-group out (LOGO) cross-validation indicated that functional, structural
and effective connectivity predictions were generalisable for acquisition D,
extinction learning E and renewal F, respectively. Prediction performance was
quantified as the Pearson correlation between observed and cross-validated pre-
dicted values. G Strategy for computing task-based functional connectivity for
study S2. CS+ Conditioned stimulus (reinforced), CS- Conditioned stimulus (non-
reinforced), IT/ Inter-trial interval, TR Repetition time. H A multiple linear regression
analysis showed that significant functional connectivity was obtained for our
LASSO model but not for other models using random connections (p-values

uncorrected for multiple comparisons). I Significant connections obtained from
the significant model in F, n=90. Red stripes indicate the estimates for those
connections in the resting-state LASSO model. J-L Simulation analysis indicated
that our model predictions were superior in predicting acquisition (J, n=401),
extinction learning (K, n=349) and renewal (J, n=201) relative to either the same
number of random connections from the model (random), or connectivity between
the 4™ ventricle and lateral ventricles (ventricles). In A-F and I-L, data are presented
as mean values +/- SEM. FC Functional connectivity, SC Structural connectivity, EC
Effective connectivity. FL Fear Learning studies (S1,52,53,55,56), PL Predictive
Learning studies (S4), FLr Fear Learning renewal study (S2), PLr Predictive learning
renewal study (S4). ACC Dorsal anterior cingulate cortex, CEB Cerebellar nuclei, HIP
Hippocampus. * p=.04 (uncorrected), ** pgpr = .01, ** prpr <.001, n.s. Not sig-
nificant. All post hoc tests were two-sided and adjusted for multiple comparisons
using FDR (unless specified otherwise). Source data are provided as a Source
Data file.

successful in predicting learning in simulated datasets than pseudo-
random connections within the core learning network.

Discussion

Here we show that individual abilities of learning, extinction, and
renewal can be explained by distinct types of resting-state connectivity
among a small set of regions within the core learning network. This is
substantiated by the observation of a triple dissociation, with FC, SC,
and EC better predicting acquisition, extinction learning, and renewal,
respectively, highlighting the distinct functional roles of different
types of brain connectivity across learning phases. Our findings reveal
a core role of the ACC as a “hub” within this network. Surrounding this
core, additional areas make specific contributions to learning, extinc-
tion, and renewal.

Contrary to previous assumptions, we demonstrate that hetero-
geneity in learning measures, experimental setups, MRI sequences,
and statistical methods are not a detriment for reliably detecting
across-study effects, provided that careful harmonisation of sequence
parameters and appropriate statistical modelling are employed.
Indeed, the results of our generalisation analyses make it likely that our
findings are applicable to a great variety of learning paradigms. Thus,
we believe that the present study represents a major step forward in
identifying a global neural architecture that determines individual
abilities of learning and extinction, as well as the propensity for
renewal. We will outline this in the following sections, one by one.

Different types of connectivity within the core
learning network

Our results, shown in Fig. 2A-D, demonstrate that the three types of
connectivity — expressed by structural, functional and effective con-
nectivity - are clearly dissociable, suggesting that they reflect different
neurophysiological processes. For example, HIP-AMY connectivity
was noticeably higher than any other connection, which is not sur-
prising given the myriad animal fear learning studies showing a tight
coupling between these two regions (for reviews see*%). Impor-
tantly, however, the relative connectivity strengths were not always
equivalent between FC, SC, and EC - for instance, ACC and PFC showed
stronger structural connections than HIP-PFC, even though FC was
higher for the latter connection. Similarly, cerebellar effective con-
nectivity to HIP, AMY, and PFC showed some of the strongest effects,
even though they shared the least number of streamlines (see Fig. 2B).
This dissociation between the three types of connectivity is the basis
for their putatively different functional implications.

The EC results revealed mostly inhibitory connections, with the
notable exception of the HIP>AMY excitatory connection. Given that
long-range connections are assumed to be predominantly excitatory*?,
our finding that most extrinsic (inter-areal) connections were inhibi-
tory may appear puzzling. However, recent evidence suggests that a

homeostatic brain makes abundant use of inhibitory connectivity,
which allows for an effective control of the stability of memory
patterns****, One mechanism contributing to this inhibitory network is
through feedback-driven regulation.

Neural predictors of acquisition

Fear acquisition involves a conditioned stimulus (CS) that does not
elicit any response on its own and an unconditioned stimulus (US)
which elicits strong responding without the need for prior training.
Our analyses of FC patterns show that pre-existing functional inter-
actions reliably predicted the amount of learning across the highly
diverse fear conditioning and predictive learning paradigms that we
employed. Since FC is strongly state-dependent®, our results point
towards the relevance of pronounced intra-individual differences in
learning. This is substantiated by the observation that acquisition
could not be predicted by arguably more stable and trait-like patterns
of structural connectivity. The gradually increasing learning curve
observed across participants often results in the misleading inter-
pretation that an association is learned slowly and at similar speed.
However, individual learning curves often reveal a step-like rise of
underlying associative strength that occurs with high differences*.
Our results suggest that intra-individual differences captured by FC
contribute to this variance.

Fear conditioning and predictive learning are known to go along
with ACC activation®**. Accordingly, we found that ACC connectivity
to HIP, PFC, and AMY were among the most reliable predictors of
acquisition across the entire sample (see Figs. 4B and 6A). The HIP has
been commonly linked to the formation of new episodic memories*’,
whereas connectivity with the PFC may reflect recruitment of appraisal
processes'®. Furthermore, projections from ACC to AMY appear
essential in mediating fear behaviour*®, and our results suggest that
this effect also applies to PL. Thus, the functional relevance of
HIP-ACC, ACC-PFC, and AMY-ACC connectivity may be related to the
acquisition of novel memories and the evaluation of the motivational
significance of the CS.

The connection to CEB might have a different character. During
fear learning, large parts of the cerebellar cortex are activated by the
prediction error”. Firing patterns of the cerebellar fastigial nucleus
regulate fear-learning via thalamo-prefrontal dynamics, freezing
behaviour through the periaqueductal grey, and anxiety behaviour via
thalamo-amygdala systems*’. Given that during Pavlovian condition-
ing, the CS usually precedes the US with high contiguity, the CEB could
serve as a fine-tuned predictor for the timepoint of the occurrence or
the absence of the US.

In summary, fear-related information from cortico-thalamic
pathways may arrive in the AMY for initial processing (“quick and
dirty” route®’). AMY connection to ACC and onwards to PFC could have
important roles in appraisal and, for FL, suppress excess AMY activity,
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Fig. 6 | Graphical depiction of all models in which significant connections
between nodes were found. A Summary of the acquisition model using the
combined sample, showing the significant functional connectivity connections.
The presence of a connection reflects its selection by LASSO in Fig. 4. For example,
in Fig. 4B, LASSO identified a relevant ACC-HIP FC connection but not an ACC-CEB
FC connection, which is depicted here as a line connecting ACC-HIP but not
ACC-CEB. The size of each node represents its relative importance, as suggested in
Fig. 4E, with dashed outlines indicating non-significant nodes. B Same as (A) but
showing the structural connectivity connections significant in the extinction
model. C Same as (A) but showing the effective connectivity connections significant
in the renewal model. D,E Graphical depiction of the PL (D) and FL (E) model
showing the effective connectivity connections significant in the acquisition model.
F,G Same as (D,E) but for the extinction model. (H-I) Same as (D,E) but for the
renewal model. The panels D-l integrate results from spectral DCM and LASSO. Red
and blue arrows indicate whether the association between learning and

B. Structural connectivity (entire sample)

C. Effective connectivity (renewal sample)

connectivity was positive or negative, respectively (see Fig. 4B-D). Connections
with alternating red and blue arrows indicate that their effects varied by hemi-
sphere. Plus and minus signs indicate excitatory and inhibitory connections,
respectively (see Fig. 2C). Red arrows on inhibitory connections (- signs) indicate
that disinhibition of these connections was beneficial in a given learning phase,
while blue arrows on inhibitory connections (- signs) indicate a benefit of more
pronounced inhibition. For example, in Fig. 6E, the AMY->HIP connection is shown
as a red arrow with a minus sign. According to Fig. 2C, this connection is inhibitory
(blue), which is indicated by a - sign in the current figure, while the LASSO model for
acquisition found a positive coefficient for this connection (red arrow). Thus, this
figure visually conveys which connections are inhibitory (- signs) and whether
learning benefited from reduced inhibition (red arrows) or increased inhibition
(blue arrows). ACC Dorsal anterior cingulate cortex, AMY Amygdala, CEB Cerebellar
nuclei, HIP Hippocampus, PFC Ventro-medial prefrontal cortex, PL Cognitive pre-
dictive learning, FL Fear learning.

while HIP and CEB are implicated in the formation of new memory
traces and indicating time points of prediction error information,
respectively. These types of information may be relayed to the ACC,
which, in turn, conveys this information back to the AMY for final
integration and gating of fear responses.

Neural predictors of extinction learning

During extinction, the CS is no longer followed by the US. This ignites
an expectancy-driven prediction error that does not erase the CS-US
acquisition memory but establishes a second inhibitory trace that
suppresses the occurrence of the conditioned response’. These
learning events were only predicted by SC across the entire sample,
but not by FC or EC. This suggests that the propensity of extinction is
contingent on stable individual traits. Consequently, extinction learn-
ing is related to personality traits, including tolerance of uncertainty®
and trait anxiety®, and is particularly sensitive to rather stable micro-
structural white matter measures and cortical thickness of selected
emotional circuits®>*,

As with acquisition, the ACC played a central role in extinction
learning. Not only did its connectivity with HIP, AMY and CEB predict
the speed of extinction, but also the connections involving the ACC
were by far the most reliable. Indeed, two recent human neuroimaging
meta-analyses reported activation of this region as the most consistent
finding during extinction”**, suggesting the ACC may function as a
“hub” within the core learning network®. In addition to ACC, an intact
HIP-PFC pathway seems crucial for the formation (and recall) of fear
extinction and its contextual modulation in animal® as well as human
neuroimaging studies®. Furthermore, PFC-AMY connectivity pre-
dicted extinction learning, corroborating early human neuroimaging

connectivity findings'®”® as well as results from rodents and non-
human primates®**, The integrity of the PFC-AMY pathway may thus
be critical in allowing the PFC to regulate the formation and main-
tenance of extinction memories by active suppression of AMY
output™. Finally, extinction could be predicted by HIP-AMY SC. Given
their roles in the encoding of contextual representations and expres-
sion of CRs, respectively'*”, a stable HIP-AMY pathway would ensure
that their integration results in a contextually-appropriate response™.
Our results could imply that the extent of this ability is a trait factor.

Regarding EC, analysis of FL indicated that inhibition of ACC by
both PFC and HIP was related to extinction. Also, just as with acquisi-
tion, PFC suppression of AMY activity improved fear extinction in FL
studies. We also found a modulation of AMY activity by HIP input (see
Fig. 6G). Since extinction learning is context-dependent, the excitatory
HIP>AMY pathway would enable the HIP to relay back the crucial
CS-context information necessary for the formation of context-
dependent extinction memories in the AMY.

In sum, our results indicate that structural connections among
PFC-HIP-AMY may form part of a circuit in which the PFC suppresses
excess AMY excitation (for FL only) under the HIP-driven representa-
tion of the appropriate context (for both FL and PL). The ACC may be a
critical “hub” that synchronises these interactions and delivers the
output to AMY for final integration.

Neural predictors of renewal

As outlined above, extinction is not an erasure of the old association,
but rather the formation of a new memory trace of an inhibitory nat-
ure. This can be demonstrated by several phenomena of which renewal
is possibly the most interesting one. Renewal is the recovery of the
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extinguished response, induced by changing the context from that of
the extinction phase back to that of acquisition. By this, it becomes
obvious, how much context-dependent extinction learning is>°.
Across all studies, individual differences in renewal could only be
explained by EC. Even though we cannot discard the possibility that
absent SC (or FC) associations may partially relate to lower statistical
power (only studies S2 and S4 were included), the EC results never-
theless indicate that the inhibitory network (see Fig. 6H-I) conveys
more information about renewal than that afforded by either SC or FC.
Also note that rs-fMRI was recorded shortly before acquisition/
extinction, whereas renewal was tested the day after. If renewal is
related to state variability, and if FC is more susceptible to decay over
time than EC®, this could explain the prevalence of EC-related asso-
ciations with renewal.

The communication between HIP and PFC was particularly
involved in renewal. Indeed, fear renewal increases connectivity
between HIP and PFC*, inactivation of either of these two components
reduces fear renewal®®®, and both PFC and HIP activity during
extinction is positively correlated with renewal in predictive
learning” > Renewal is also strongly context-dependent. A recent
computational study made it likely that hippocampal replay is neces-
sary and sufficient to generate context representations in the PFC*.
Indeed, only participants with stronger hippocampal activation during
extinction in a novel context relative to the acquisition context show
renewal®. Accordingly, our PL studies showed that greater renewal was
associated with HIP disinhibition by the PFC.

Also, the unidirectional AMY->HIP connection was relevant for
renewal. In rodents, AMY projections to ventral HIP modulate affective
states®®®’, such that this pathway may play a major role in the ree-
mergence of fear memories®. Indeed, renewal probably represents a
re-activation of the neuronal ensemble that was constituted during
acquisition®®. Simultaneous recordings from amygdala and hippo-
campal CAlin fear-conditioned mice show synchronised activity that is
related to the fear associated CS and results in freezing®. Thus, syn-
chronised AMY~HIP connections could mediate fear memory retrieval
that is associated with the re-exposure of the contextual cues that were
present during acquisition but absent during extinction. This fits with
the observation that a specific activation of a sparse ensemble of
hippocampal cells elicits the recall of a context-bound memory
engram of fear®.

In summary, our results indicate that renewal is driven by the
interaction of PFC and HIP, possibly by hippocampal replay that gen-
erates representations of the critical context in the PFC. Additionally,
AMY input to HIP possibly mediates the activation of fear-related
memories in context-dependent ways. This could imply that prefrontal
fear memories become contextually bound by hippocampal replay
and can subsequently be activated during renewal by AMY activation
that processes the context that was present during acquisition.

Generalisability and clinical relevance of our findings

Across three different types of generalisability analysis, we were able to
show that our model predictions are not only transferable between FL
and PL studies, but also that the connections identified during resting
states predict learning even when they are applied to task-based FC. A
triple dissociation using across-studies predictions confirmed the
higher predictive power of FC for acquisition, SC for extinction, and EC
for renewal. The simulation results also indicate that our model could
potentially be applied to new data - using our selected connections
resulted in more explanatory variance than using pseudo-random
connections from the same model.

The generalisability of our findings may also have clinical impli-
cations for psychotherapy practice. Anxiety disorders are typically
treated within a particular therapeutic context, so one major challenge
is to ascertain how to reduce fear over and above the therapeutic
setting. To translate basic research to the treatment of fear-related

disorders, it is crucial to understand how fears are both acquired and
inhibited. We believe our study is a step closer toward that aim. Across
a large group of (healthy) participants and different paradigms, we
showed that fear and extinction learning can be reliably predicted by
only a few connections between selected brain regions. The finding
that the propensity for extinction may be more hardwired than
renewal could imply that rather than optimising a person’s extinction
ability, it may be more efficient to target (i.e., prevent) renewal.

Fear learning and extinction are putative core mechanisms in the
psychopathology of, and treatment for, affective disorders. Thus, our
findings may provide a foundation for future research into how indivi-
dual differences in connectivity patterns related to learning and
extinction contribute to differences in the risk for (or resilience against)
affective disorders, and inform potential therapeutic interventions.
Thus, our results complement current research in precision medicine
on the role of different resting-state networks for distinct biotypes of
affective disorders (including depression), which may help guide deci-
sions about specific therapeutic interventions”. Specifically, they indi-
cate that structural connectivity is more directly related to extinction
learning - and thus possibly to exposure therapy - than functional
connectivity, and suggest that the individual strengths of structural
network connections should be considered in clinical populations in
addition to currently applied measures of functional connectivity”.

Finally, our data show that both acquisition and extinction involve
extensive interactions with PFC and ACC. Indeed, research on the
neural bases of cognitive-behavioural therapy (CBT; the most popular
psychotherapy treatment for anxiety-related disorders) has suggested
that therapy success depends on stable inhibitory control of the AMY
by the PFC and ACC™. Thus, modulating the PFC/ACC during extinc-
tion (e.g., by altering schema representations in these regions) could
potentially affect subsequent novel fear learning. This could be
achieved by using non-invasive techniques such as repetitive tran-
scranial magnetic stimulation (rTMS) and/or theta band transcranial
alternating current stimulation (tACS), both of which have been shown
to specifically modulate PFC/ACC function®>’>7,

Limitations of the present study

One important limitation of the present study was the relatively
small number of ROIs in our network. The inclusion of only a subset
of regions was driven not only by theoretical reasons (see Supple-
mental Fig. S36 and Table S1), but also a statistical one. When
computing EC, the number of possible ipsilateral connections is
given by the formula 2 x (n> - n). Thus, the addition of only two ROIs
would have more than doubled the number of predictors in our
models, surpassing the number of participants in some of the
experiments. Future studies could combine our brain connectivity
findings while exploring additional connections which, together,
may enhance predictive power.

All experiments analysed here fell under either the FL or the PL
paradigm. However, FL studies consisted of relatively heterogeneous
experiments (e.g., with different stimuli, trial numbers, and US types),
whereas PL studies were more homogenous. On the other hand, the
heterogeneity of FL studies also allowed us to find common predictors
that generalised across a broad range of experimental conditions,
which would not have been possible when only a single paradigm had
been conducted. In this vein, future work may aim to include an even
greater variety of paradigms, such as eyeblink conditioning, appetitive,
and olfactory learning.

In addition, the lack of symmetry in explaining learning from the
same connection in both hemispheres was surprising, given that the
connectivity estimates were similar between hemispheres. This result
may have partly been due to an inherent feature in LASSO’s variable
selection procedure. Left- and right-hemispheric connections are
often highly correlated; LASSO may thus favour the connection from
one hemisphere which is a slightly better predictor than the
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corresponding connection from the other hemisphere, and penalise
the other, leading to asymmetries in the identified contributing con-
nections. Even though this feature does not directly affect the con-
clusions reached in our study, future work could explore the impact of
different regularisation strategies to better account for the relative
contributions of both hemispheres in predictive modelling.

Finally, it should be mentioned that the generalisability results
showed numerically small (albeit significant) improvements over
baseline (e.g., differences in the order of .03 in Fig. 5A-C), although
it was slightly higher for the LOGO, task-fMRI, and simulation ana-
lyses, where estimates ranged between .07-.23. We cannot discard
the possibility that this modest transference between paradigms
may be the consequence of using a somewhat restricted network as
well as low explained variance overall. Indeed, rs-fMRI usually
explains only modest variance in behavioural data even with large
numbers of ROIs (2%-10%*7*), which likely places a ceiling on the
maximum achievable generalisability across paradigms. Future
studies involving different paradigms may wish to control for task
demands and temporal/contextual characteristics of learning, as
well as employing a broader network to increase the chances of
generalisability

Individual differences in learning and extinction are core deter-
minants of cognitive flexibility and are believed to be crucial for
explaining treatment success of fear-related disorders. Despite its
obvious fundamental relevance and clinical importance, the lack of
consensus regarding the neural mechanisms of underlying individual
abilities in learning and extinction has hindered progress in the
translation of neurobiological models of extinction into clinical
applications. We believe our study takes a step forward in bridging that
gap. Through a careful process of homogenisation, using approaches
to identify subject-specific learning across different paradigms,
applying complementary types of brain connectivity, and conducting
state-of-the-art statistical modelling, we were able to show both shared
and distinct neural mechanisms of learning and extinction across a
multitude of paradigms. These results have profound implications for
understanding why the abilities of learning and extinction, as well as
the propensity to show renewal, are highly variable in both healthy and
clinical populations.

Methods

Participants. The study described here was conducted as part of a
large-scale collaborative research project, SFB1280 “Extinction
Learning” (sfb1280.ruhr-uni-bochum.de). Participants were recrui-
ted for different studies within this project. In addition to task-
based fMRI, participants in these studies also took part in resting-
state and/or diffusion-weighted imaging scanning sessions. Only
participants with neuroimaging data from at least one of these
modalities were included in the present study (see Fig. 1A). The
individual studies contributing to this project were approved by the
Ethics Committee of the Medical Faculty of the University of
Duisburg-Essen (Ethik-Kommission der Medizinischen Fakultédt der
Universitit Duisburg-Essen) and by the Ethics Committee of the
Ruhr University Bochum. All participants gave written informed
consent and were monetarily reimbursed or received course credits
(see Table S2 for demographic information).

For resting-state fMRI, 509 participants in total were included in 6
different studies: S1, N = 28 [age = 24.4 (3.51 SD), 19 women]; S2, N =151
[age = 22.0 (2.20SD), 95 women]; S3, N =44 [age = 23.5 (3.56 SD), 22
women]; S4, N =176 [age = 25.8 (4.19 SD), 89 women]; S5, N =55 [age =
24.1(3.74 SD), 26 women]; S6, N = 55 [age = 26.3 (4.66 SD), 38 women].

For diffusion-weighted imaging, 467 participants in total were
included in 5 studies: S2, N=165 took part in S2 [age = 21.9 (2.17 SD),
103 women]; S3, N =44 [age = 23.5 (3.56 SD), 22 women]; S4, N=174
[age = 25.7 (4.04 SD), 85 women]; S5, N=25 [age = 24.1 (3.55SD), 11
women]; S6 =55 [age = 26.5 (4.85SD), 27 women].

Scanning sequences

All MRI images were acquired using a 3T MRI scanner (S1, S2, S4, S5,
Philips Achieva; S3, Siemens MAGNETOM Vida; S6, Siemens Skyra).
Participants were scanned at three different locations using three dif-
ferent 3T MRI systems from two different vendors, so distinct
sequence and imaging parameters had to be used. To ensure that our
connectivity estimates were stable across sites and time, we scanned
two individuals (travelling heads) over the course of three years on the
three different scanners in which the imaging data for the actual stu-
dies were acquired. Both resting-state and diffusion weighted imaging
scans were acquired using the exact same parameters that were used in
the actual individual studies (see below).

Fifty-six ROIs selected from FreeSurfer’s automatic parcellation/
segmentation (Fig. S1A) were used to compute FC between all pairs of
ROIs, as well as fractional anisotropy (FA) within each ROI. Test-retest
reliability, estimated using Cronbach’s alpha, was very high across all
sessions, for each site, and for each travel head (as>0.84, ps <.001;
Fig. S1B, left). FC estimates expectedly showed greater variation than
FA estimates, but correlations between sites were highly significant in
both cases (rs > .60, peprs < .001; Fig. S1B, middle). In addition, FC and
FA estimates for each ROI remained relatively stable across the dif-
ferent sessions (Fig. S1B, right). Similar results were obtained when
using only the ROIs selected for the main study (Fig. S2).

For the high-resolution T1-weighted (MP-RAGE) structural images
the following parameters were used: TR=8 ms, TE=4 ms, flip angle =
8°, voxel size =1 x 1 x 1 mm?®, FOV =24 x 24 cm (studies S1,52,54,S5);
TR=2.53ms, TE=2ms, flip angle = 7°, voxel size =1 x 1 x 1 mm?,
FOV =19.2 x 25.6 cm (study S3); TR =1.77 ms, TE=3 ms, flip angle = 8°,
voxel size =1 x 1x 1 mm? FOV=19.2 x 25.6 cm (study S6).

Whole-brain T2*-weighted images during rs-fMRI were acquired
using a gradient echo, echo-planar imaging (EPI) sequence with the
following parameters: TR =2.5s, TE =30 ms, flip angle = 90°, voxel size
=3x3x3mm? FOV =24 x 24 cm, 80 x 80 voxels, number of slices =47,
number of volumes = 190 (studies S1,52,S4); TR=1.43s, TE=30 ms,
acceleration factor = 2, flip angle = 69°, voxel size = 3 x 3 x 3 mm?,
FOV =24 x 24 cm, 80 x 80 voxels, number of slices = 48, number of
volumes =190 (study S3); TR=2.5, TE=30 ms, flip angle = 90°, voxel
size =3 x3x 3 mm?, FOV = 28 x 31 cm, 92 x 92 voxels, number of slices =
46, number of volumes =192 (study S6).

Diffusion-weighted images were acquired using the following
parameters: TR=9.5s, TE =88 ms, flip angle = 90°, voxel size=2x2x 2
mm?, FOV =24 x 24 cm, 112 x 112 voxels, number of slices = 60, number
of directions = 60 (b =1000 s/mm?) (studies S1,52,54); TR=5.5s, TE=
114 ms, flip angle = 90°, voxel size = 1.6 x 1.6 x1.6 mm’, FOV=24
x 24 cm, 132 x 128 voxels, number of slices = 60, number of directions =
60 (b =1000 s/mm?) (study S3); TR =10.2 s, TE =87 ms, flip angle = 90°,
voxel size =2 x 2 x 2 mm?, FOV =60 x 60 cm, 120 x 120 voxels, number
of slices = 70, number of directions = 60 (b =1000 s/mm?) (study S6).

Experimental paradigms

S1: The paradigm for this study consisted of four phases over two days:
fear acquisition and fear reversal (day 1), followed by fear extinction
(day 2). Participants viewed images of household appliances (16 CS in
total), some paired with an electric shock (US). CS were presented for
1s, embedded within 2's video contexts that preceded them. The US,
when delivered, lasted 0.75 s and followed the CS presentation. During
fear acquisition, half of the CS were reinforced (CS+ ; 50% probability)
whereas the other half were not (CS-). In fear reversal, contingencies
were switched for half of the CS. US expectancy ratings were collected
on each trial using a 4-point scale (2.5s duration), and trials were
separated by a fixation cross (7-9s).

S2: In this study, participants viewed office scenes where a desk
lamp’s colour indicated CS type: one colour (CS+) was paired with a
shock (US; 62.5% probability), while another (CS-) was not. Each trial
included a fixation cross (6.8-9.5s), a context image (1), and the CS
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presentation (6 s). Fear acquisition involved 16 trials per CS type, fol-
lowed by extinction and renewal phases without reinforcement.

S3: In this study, two geometric shapes served as CS, with one (CS
+) paired with a shock (US; 62.5% probability) during acquisition, while
the other (CS-) remained unpaired. The experiment spanned two days:
habituation (6 trials), acquisition (16 CS—-,16 CS+,10 CS+ US trials), and
extinction (16 trials per CS type) occurred on day 1, while recall (not
analysed) was on day 2. Trials lasted 8 s, with shocks (when present)
delivered at 7.9 s. Inter-trial intervals varied between 14.3 s and 17.9 s.

S4: Participants learned to predict whether specific foods would
cause a stomach ache based on context (restaurant). During acquisi-
tion (80 trials; 8 stimuli x 10 repetitions), each food was shown in one
of two contexts for 3 s, followed by a question screen (max 4 s) and 2 s
feedback. In extinction (80 trials), half of the stimuli were shown in the
same context (AAA), half in a different one (ABA); extinction and dis-
tractor stimuli were included. The renewal phase (24 trials; 3 repeti-
tions per stimulus) was conducted in the original context without
feedback. Inter-trial intervals varied between 5-9s.

S5: In this study, participants viewed three geometric shapes (CS
+G, CS+N, CS-) matched in luminescence and surface area. During
acquisition (day 1), CS+G and CS+N were followed by an electrical
shock (US; 62.5% probability), while CS— was never reinforced (8 trials).
Each trial lasted 20 s: a jittered 0-2.5s black screen, 8 s CS presenta-
tion, and 9.5-12 s inter-trial interval. During extinction (day 2), each CS
was shown 8 times; CS+ N and CS- appeared in original size, while CS
+G was presented across four sizes (100%, 75%, 50%, 25%, each size
shown twice).

S6: This paradigm included two randomised-controlled studies
examining the effects of systemic inflammation on fear learning. On
day 1, participants underwent acquisition training, where three visual
CS were paired with either visceral pain (CS+ US+vis), an aversive tone
(CS+ US+aud), or no US (CS-). A total of 36 CS trials were presented (12
per CS type), with 75% reinforcement for CS+ (9 US+vis, 9 US+aud). CS
were shown 6-10 s before US onset, and US lasted 14 s, with CS and US
co-terminating. On day 2, extinction included the same CS sequence
presented without reinforcement. Inter-stimulus intervals consisted of
a fixation cross (8 s). Participants received either intravenous LPS or
placebo 2 h before acquisition (study 1) or extinction (study 2). Only
responses to CS+ US+vis were analysed.

For more details regarding the description of these studies see the
supplementary section “Experimental paradigms (extended text)”.

Preprocessing of neuroimaging data

For the preprocessing of the resting-state fMRI data, fmriprep (version
20.1.1) was used, which included removal of the first two volumes,
motion correction, slice timing correction and co-registration to the
Tlw image. The BOLD time-series were resampled onto native space
(see also the section “Preprocessing (fmriprep boilerplate) in the
Supplemental Methods”).

For denoising, we extracted the expanded motion regressors
from the fmriprep output (6 standard motion parameters, their
quadratic terms and corresponding temporal derivatives; total of 24
regressors), in addition to the global signals and the mean signals
within WM and CSF masks. In total, 36 regressors were used for
denoising, as recommended by Satterthwaite and colleagues”. Next,
we fitted a GLM using these sources of noise, and extracted the resi-
duals of the resulting demeaned time series, which we then used for
the functional/effective connectivity analysis described below.

FreeSurfer (v7.2) was run within fmriprep, thus, additionally pro-
viding the segmentation and parcellation maps (in native space) which
were needed for the ROI extraction (see below).

For the preprocessing and analysis of diffusion-weighted imaging
data, MRTrix3 (v3.0.4) and FSL (v6.0.6.1) were used. We initially ran the
function dwidenoise from MRTrix3, which implements dMRI noise
level estimation and denoising based on random matrix theory,

followed by mrdegibbs, which additionally removes Gibbs ringing
artifacts.

Topup was then applied in order to estimate and correct
susceptibility-induced distortions, followed by eddy-current correc-
tion, in order to correct eddy currents and movements in the diffusion
data’®. Finally, we ran FSL’s tool eddy quad for quality assessment of
individual datasets.

ROI extraction
Two different parcellation maps from FreeSurfer (Desikan-Killiany and
Destrieux) were used for extracting regions-of-interest (ROIs).

Atotal of ten ROIs were extracted: amygdala (AMY), hippocampus
(HIP), ventromedial prefrontal cortex (PFC), dorsal anterior cingulate
cortex (ACC) and cerebellar nuclei (CEB), for both the left and right
hemispheres. The choice of ROIs was determined by the SFB1280
consortium prior to any data acquisition (see also Fig. S36 and
Table S1, for a literature review implicating these regions in learning
and extinction). Note that for the dorsal anterior cingulate cortex and
ventromedial prefrontal cortex, we chose the acronyms ACC and PFC,
respectively, to be consistent with the other three-letter labels (AMY,
HIP, CEB) and avoid excessive lettering in ROI pair labels in figures and
tables.

AMY and HIP were taken from the automatic volumetric seg-
mentation of the subcortical regions (aseg). We extracted the labels
from the Desikan-Killiany atlas “medial-orbito frontal” and “caudal
anterior cingulate”, which correspond to the PFC and ACC, respec-
tively (see Fig. 1B and Fig. S4).

We decided to include cerebellar nuclei as an ROI and not the
cerebellar cortex, because the cerebellar nuclei are the sole output
structure of the cerebellum (see”” for a recent review). Given that
FreeSurfer’s automatic parcellation does not output the cerebellar
nuclei (only the cerebellum as a whole), additional processing was
required to construct the CEB ROIs. We used a pipeline similar to the
one employed in our previous paper’®, which used the SUIT toolbox
(https://www.diedrichsenlab.org/imaging/suit.htm). After aligning the
Tiw image of each individual to the ACPC, the cerebellum was cropped
from the rest of the brain and normalised using DARTEL for the pur-
pose of matching it to the SUIT atlas (in MNI space). We then applied an
inverse normalisation to reslice the SUIT atlas into the functional space
of each participant. Finally, the cerebellar nuclei (interposed, dentate
and fastigial nuclei) were extracted and merged into one single
ROI (Fig. S3).

All ROIs were resampled into functional (rs-fMRI) and FreeSurfer
space. For both functional and effective connectivity, the ROIs in
functional space were used. For structural connectivity, all ROIs were
kept in FreeSurfer’s native space, in order to take advantage of surface
files (e.g., pial surface) that help improve the accuracy of
tractography” (for examples of reconstructed tracts see Fig. S6). In
addition, the PFC and ACC volumetric ROIs were also converted into
surfaces (Fig. S4). These surface ROIs were only used for computing
streamlines during probabilistic tractography, as tracking from sur-
faces from cortical brain regions has advantages relative to their
volumetric counterparts’.

We also extracted the bilateral thalamus using FreeSurfer’s auto-
matic segmentation. The thalamus of the contralateral hemisphere
with respect to the seed/target CEB was used as a waypoint to more
accurately guide tractography that included CEB ROIs (see Structural
Connectivity section below for more details).

Functional connectivity (FC)

Recently Mohanty et al.*° tested the accuracy of several FC metrics by
evaluating a support vector machine classifier using a neighbourhood
component analysis feature selection. They found that FC was better
characterised by a combination of nine different but complementary
metrics (a composite metric) than any metric alone. The authors
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reasoned that Pearson correlations - the most common measure of FC -
only look for statistical linear time-dependencies, whereas there could
still be underlying statistical dependencies between BOLD signals that
are poorly captured by Pearson correlations (e.g., non-linear
dependencies).

Therefore, for the present study, we followed Mohanty’s recom-
mendation and computed a total of nine functional connectivity
metrics: Pearson correlation, cross-correlation, dynamic time warping,
Euclidean distance, Manhattan distance, Wasserstein distance, mutual
information, coherence and wavelet coherence (see Supplemental
Methods, Table S4, for the mathematical implementation, Fig. S7 for
correlations among these metrics, and Fig. S8-S10 for comparisons
among the different FC metrics within our network).

Note that we also repeated all analyses using Pearson correlations
as the FC metric in all our models. Results were largely consistent, with
very similar connections in the analyses using the composite metric
and Pearson correlations. In addition, the regression estimates from
the two approaches were strongly correlated (r=.60, p<.001;
Fig. S38), indicating that our findings are not critically dependent on
the choice of FC metric. Nevertheless, while the composite metric may
provide a broader coverage of FC, we acknowledge that even this
metric may not fully capture the complexity of FC dynamics, and
future work will be needed to refine these metrics further.

For the FC analysis within the core learning network, a multilevel
model was fit with the learning estimates as the outcome variable and
the connectivity values for the 20 ROI pairs as the predictors of
interest. Age and sex were included as covariates, and participant
nested within study was treated as a random effect. Correction for
multiple comparisons between the different connections was per-
formed using the false discovery rate (FDR) method.

Effective connectivity (EC)

EC was estimated using spectral dynamic causal modelling (spDCM), a
toolbox for SPM12*' (Matlab v2022b). spDCM is a variant of standard
DCM that is especially developed for modelling resting-state data. It is
based on the cross (power) spectral density of the observed BOLD
time-series (see the Supplemental Methods for a comprehensive
mathematical description of spDCM; see also Fig. S10 for the correla-
tion between EC estimates and those from the FC metrics coherence
and cross-correlation).

From the preprocessed and denoised functional images, a single
representative time series was computed for each ROI by performing a
principal component analysis across voxels and retaining the principal
eigenvariate. This procedure has the advantage that it is more robust
to outliers when computing EC.

The DCM model was then specified for each participant. Because
we were interested in ipsilateral connections (with the exception of the
contralateral connections involving the cerebellum), we set a prior
with zero mean and zero variance for those connections that we
wanted to exclude from our models. Estimates of parameter uncer-
tainty were computed by extracting the diagonal of the covariance
matrices for each individual connection (these estimates were used in
the EC LASSO models described below).

After spDCM was computed for each subject individually, a
structure was returned with the values in the matrix containing the
mean value of the Gaussian distribution for the connections of interest
(commonly known as A-matrix). These mean values comprise the
connectivity parameters that indicate the individual-level effective
connectivity from one brain region to another brain region.

Subsequently, we computed a group-level DCM by assembling all
subject-level DCMs and providing them asf input to the group DCM
analysis using the framework of Parametric Empirical Bayes (PEB). PEB
takes into account the estimated covariance between parameters and
subjects in a random effect analysis (see Supplemental Methods for
technical details about PEB). Only extrinsic connections with posterior

probabilities above 95% (which is equivalent to a log Bayes factor of 3)
were considered, which corresponds to “strong evidence” within a
Bayesian framework.

Note that we use the terms “excitatory” and “inhibitory” in the
context of EC to denote influences that increased (positive sign) or
decreased (negative sign) activity in target regions, respectively. Even
though the excitatory/inhibitory labelling in the present study does
not refer to cellular or synaptic mechanisms - as we have not directly
measured neurotransmitter action — we, nevertheless, use these labels
in the text to be consistent with the terminology used in other DCM-
fMRI studies™.

Structural connectivity (SC)

After preprocessing the diffusion data, we proceeded with the trac-
tography analysis using FSL. First, we fitted a diffusion tensor model at
each voxel, which returned the first three eigenvectors and corre-
sponding eigenvalues, as well as a fractional anisotropy (FA) map.

Because all subsequent analyses were done in diffusion space, we
used the FA map to create all necessary transformation matrices from
diffusion (dwi) to anatomical (T1w) and FreeSurfer spaces. The reason
for using the FA image was that it had a more similar contrast to the
anatomical image than non-weighted diffusion (BO) volumes, so it
provided a slightly more accurate registration. All transformation
matrices (diffusion -> FreeSurfer, FreeSurfer -> diffusion, diffusion ->
Tiw, Tlw -> diffusion) were computed using boundary-based
registration (BBR).

Next, we ran an analysis using Bayesian Estimation of Diffusion
Parameters Obtained using Sampling Techniques (BEDPOSTX), which
models crossing fibres within each voxel of the raw diffusion data, and
creates distributions of diffusion parameters at each voxel.

Probabilistic tractography was then estimated using the samples
from the distributions above. Note that tractography was run in dif-
fusion space, but the transformation matrix diffusion -> FreeSurfer was
provided, since all ROIs were in FreeSurfer space and the pial surface
was used as a stopping mask.

For the tracking of fibres from cortical regions (i.e., ACC and PFC)
we used surfaces instead of volumetric ROIs, as it has been suggested
that seeding from surfaces is superior for the cortex’®. However, for
subcortical regions and cerebellar nuclei, we used the volumetric ROIs,
since these regions tend to contain a high degree of anisotropy.

As a means to guide tractography, we included the pial mask as a
stopping mask, which effectively prevented tracts from crossing the
grey-white matter interface (which would be biologically implausible).
Furthermore, for any seed regions, we further restricted tractography
to exclude streamlines that did not stop by the target region. In other
words, tracts were terminated and included in the total streamline
count if and only if they reached the target region from the seed
region. Finally, we also constrained tracts to bypass any regions con-
taining non-white matter voxels (e.g., CSF, skull).

One limitation with the approach described above is that it can
only be meaningfully used for ipsilateral connections, as including the
grey-white matter interface will inevitably discard any streamlines that
attempt to cross hemispheres. This is particularly problematic for
connections involving the cerebellum, since anatomical connections
of the cerebellar hemispheres involve to a large extent the con-
tralateral cerebral hemisphere with cerebellar output crossing at the
level of the brainstem®. In order to provide a similar degree of trac-
tography accuracy for the cerebellar connections, we restricted the
movement of the tracts to/from the cerebellar nuclei by (1) defining
two stop masks - the pial surface ipsilateral to the cerebellar seed, and
the cerebellar hemisphere, and (2) using the thalamus as a first way-
point, such that only tracts that initially run via the thalamus en route
to the target ROI were considered valid streamlines. The rationale for
point (2) is that the output of the cerebellar nuclei is connected with
various cortical areas via the thalamus®’.
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Learning measures

SCR measures. For analysis of the SCR data we used the Matlab
toolbox Psychophysiological Modelling (PsPM, version 6.0.6)%% Simi-
lar to analysis of fMRI data, PsPM creates an explicit mathematical
“forward” model of the data-generating process with unknown para-
meters. This model is then inverted to yield the most likely parameter
values, given the data. In the present case, we estimated the ampli-
tudes of centrally generated CS- and US-related sudomotor responses
on each trial, which serve as a learning index.

The raw data for each subject were initially trimmed to the task
duration and, subsequently, filtered using an adaptive filtering algo-
rithm with varying numbers of time points, such that an optimal
number could be determined that maximally reduced gradient arte-
facts. Subsequently, residual artifacts in the filtered data were detected
using an automated quality assessment procedure®. Finally, each
dataset was visually checked for residual artifacts that may have been
missed by the automated artifact detection tool, which were marked
by one of three researchers with extensive training in preprocessing
SCR data. Any detected artefact periods were logged and later ignored
during data analysis. Participants with an excessive amount of artifacts
were excluded from further statistical analysis, which was agreed by
the three researchers, who were blinded to the results of the actual
analysis. Note that most of these exclusions were the result of failed
recordings due to technical difficulties with the equipment or sudden
abortion of the scanning session. In total, 56 acquisition and 79
extinction datasets were excluded due to flat or coarse SCR data (see
Fig. S13 for examples of typical excluded datasets).

After preprocessing, data for all but one study (S6) were analysed
with a standard non-linear model®* using a canonical skin conductance
response function® (see also Supplemental Methods for a mathema-
tical description of this model). This approach is appropriate for the
CS-US duration used in these studies (around 7s). For all phases
(acquisition, extinction and renewal), we modelled the following
events: Context (fixed latency), CS onset (fixed latency), CS interval
(flexible latency, sudomotor burst dispersion fixed at 0.3s) and US
(fixed latency).

In order to avoid bias, PsPM assumes the same event sequence for
alltrials, so in the case of non-reinforced trials (no US), we modelled US
omissions by adding an event of the same duration as the actual US in
the place where the shock would have occurred during reinforced
trials.

To exclude the possibility that the estimated response to the CS
could have been confounded by the response to the US (due to the
overlap of the elicited SCR), we applied two additional steps. First, we
gradually decreased the modelled time interval between CS onset and
US onset, to the point that there would be no differences between
CS + US+and CS + US-. Second, we ensured post hoc that the estimated
sudomotor impulse did not overlap in time with the onset of the US.
Both these procedures ensured that the response to the CS during
reinforced trials was unlikely to have been contaminated by the
response to the US. In consequence, there was no evidence for a dif-
ference between CS+US+ and CS +US- (¢(575)=-.52, p=.61, d=.04,
95% Cls = [-.16, .09]), suggesting that our method was not biased by
the US presence.

For the acquisition phase of S6, in which the US duration was very
long (14 seconds), we used a different approach. Crucially, the stan-
dard non-linear model requires assumptions on the number and dis-
tribution of anticipatory responses during the CS—UStime window,
and these have not been thoroughly tested and validated in long-
window paradigms. Hence, we opted for a method that dispenses with
these assumptions and has been successfully used to estimate spon-
taneous fluctuations which can occur any time®. Specifically, we
modelled one response per two seconds and estimated its amplitude
and onset, across the entire acquisition. We then assigned the esti-
mated sudomotor response to the experimental events that occurred

at the same time. Next, we summed the estimated amplitude of all

responses occurring during each CS, and divided them by the CS

duration, thus providing a score of the anticipatory sudomotor activ-
ity per CS.

Once the modelling was completed for all studies, the results for
each trial were manually inspected to ensure that a proper model fit was
attained. Finally, for each subject, we extracted the amplitude for each
trial and for each phase of the experiment. These data were subse-
quently analysed using R (version 4.2.2; https://www.r-project.org/).

Using each study’s parameter estimates, we then selected the
conditions of interest that we wished to model (see Table S3). Some
studies (e.g., S5) contained fewer than four non-reinforced CSs in their
experimental design, which did not allow for an accurate assessment
of learning across time. Therefore, we combined reinforced trials
(CS+US +) and non-reinforced trials (CS +US-) in our modelling. As
noted above, we ensured the amplitude differences between CS + US+
and CS +US- were indistinguishable and were not significant in each
single study. Further tests confirmed that the response amplitudes for
CS +US+ were not contaminated by subsequent US responses (see
Fig. S14).

For generating a single participant-specific learning score that
could characterise individual learning performance, we employed the
following sequential steps (see Fig. 3B for a visual example):

1) A theory-free polynomial regression of the 2nd order was
conducted on the amplitude scores extracted from PsPM as the
dependent variable; trial number, CS type and their interaction
were used as predictors of interest.

2) After the model fit, the model predictions were extracted for each
participant.

3) The difference in the predictions between each trial and the
previous trial was calculated for each CS type separately and
summed into a single score.

Thus, each participant’s learning was characterised by two scores
(one for CS+ and one for CS-). The difference between the CS scores
(CS+ minus CS-) gave us an indication of the learning rate relative to
the baseline.

Behavioural responses

The behavioural data in S4 consisted of binary decisions (whether a
food item gave stomach ache) as the dependent variable (see above for
the description of the paradigm used in S4) and trial number as a
predictor of interest.

Because we were interested in individual rates of learning, we ran
a multi-level logistic regression analysis using a random intercept for
each participant and a random slope for trial number (see Fig. S37 for
the correlation between our modelled responses and the original
averaged scores reported by Lissek et al.* "), The extracted coeffi-
cients included, for each participant, an intercept, representing the
average learning, as well as a slope for trial number, representing the
learning rate.

However, the slopes derived from logistic regression models
cannot be interpreted on their own, since we require at least two
parameters (i.e., Bo and Bime) to determine the shape of the logistic
curve. Specifically, Bo indicates the general ability of the subject,
whereas fme indicates the subject’s ability to learn over time without
considering the overall skill.

Therefore, we computed the probability of success for each par-
ticipant and trial, and subsequently calculated the expected number of
correct trials after 8 attempts (since there were always 8 unique trial
types in each experiment) based on these probabilities. Scores closer
to 8 would mean that participants learned successfully, whereas scores
closer to 4 would mean that participants were at chance levels. These
scores were thus used as a proxy for how well each individual learned
through time (see Fig. S15 for a distribution of these scores).
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This procedure was used for the analysis of acquisition, extinction
and renewal.

Predicting individual differences. The main goal of the present study
was to predict the efficacy of learning and extinction by multimodal
brain connectivity patterns. This purpose required three learning
parameters per participant (one for acquisition, one for extinction and
one for renewal) in each and every study included in the present
research.

Different studies utilised different experimental paradigms, dif-
ferent numbers of trials/conditions, and different dependent variables.
To reduce this inhomogeneity, we used a modelling strategy such that
the different types of models we implemented for the SCR and beha-
vioural studies resulted in similar learning parameters (i.e., a single
score per subject that reflected learning across time during acquisition,
extinction and renewal).

Furthermore, we standardised the learning estimates on a study-
by-experiment level, such that each study/experiment had an average
estimate of O and variance of 1. This step was important because it
brought all study-experiment combinations into a common unit of
measurement, while preserving the relative distances between indivi-
duals within that study-experiment combination.

An additional advantage of this procedure is that it effectively
helps to reduce differences across studies due to unwanted site effects
(e.g., scanner, sample size, etc.). To explore how much non-trivial
variation was present after standardisation, we ran a simple nested
multilevel model using participant, study and experiment as separate
random effects and the standardised learning variable as the depen-
dent variable. The variance estimates of the random effects “study”
and “experiment” were zero (Table S5), indicating a degenerate model
(i.e., the between-study and between-experiment variability is insuffi-
cient to justify their inclusion as random effects, over and above the
participant random effect). Because all models above were fitted using
maximum likelihood, we could compare models with and without the
random effects of study and/or experiment. The results of these model
comparisons indicated equivalent AICs to using participant as the sole
random factor (Table S6). In addition, a ComBat-corrected model
showed no improvement in fit relative to the original model (com-
parable AIC), indicating negligible site effects (Table S7).

LASSO regression models were then built using learning score as
the dependent variable, and either FC, EC, or SC values as predictors of
interest (i.e., in three separate models). Age and sex were used as
covariates in all models. For models based on FC and SC, we included
20 connectivity predictors corresponding to the 20 possible undir-
ected connections among the 10 ROIs (with 5 ROIs in each hemisphere
and only within-hemisphere connections). For the EC models, there
were a total of 40 connectivity predictors (A>B and B~>A are treated as
separate connections). Importantly, all models were independently
estimated within a regularisation framework, which penalises model
complexity and shrinks uninformative predictors towards zero®. This
procedure effectively accounts for differences in the number of pre-
dictors and reduces the risk of overfitting.

Regularised regression methods such as LASSO can be difficult to
interpret in the presence of multicollinearity since they will discard
almost arbitrarily one of the collinear predictors. Thus, before each
LASSO model, we ran a multiple regression analysis in order to assess
several multicollinearity diagnostics, which included the variance
inflation factor (VIF), tolerance, eigenvalues, condition indices and
variance proportions. None of the models showed a sufficiently high
degree of multicollinearity that would warrant further investigation®
(see Fig. S17).

Each model was built using either all studies or a subset (see
Table S8). To ensure robust and generalisable results, we used a three-
step nested cross-validation procedure. First, LASSO was run with a
k-fold cross-validation procedure, separately for acquisition,

extinction, and renewal. The cross-validation function initially ran-
domly split the data into 10 equal folds. The model was subsequently
trained on nine folds and tested on the one held-out (test) fold. This
process was repeated for all 10 folds, ensuring that each fold served as
the test set once. We then extracted the average mean squared error
(MSE) across these 10 different splits as a measure of how well the
model generated from the training data can predict the test data.
Please note that in this procedure, the feature selection (i.e., identifi-
cation of predictive connections) was exclusively done in the training
set (90% of the data) and then these features were used to predict data
in the test set.

The procedure above uses a particular set of folds, meaning that
the effects could be specific to those folds. Thus, in the second step, we
included an outer loop of cross-validation to ensure the stability of our
LASSO results. Specifically, we applied the 10-fold cross-validation
procedure described in step one above one hundred times, each time
randomly partitioning the data into the 10 folds.

Finally, for each of the 1000 folds (10 x 100 outer-loop iterations),
we supplied the cross-validation function with a decreasing sequence
of values based on the following formulas:

NS, R
max ’

n
/lpath = {Ak

Ay = exp [log(}lmax)+ 257 (108(Anax€) — 108(Ana) |, k=0,1, ..., K — 1}

Here, x € R"*7 is the design matrix, y € R" the response vector, n is the
number of samples, and p the number of predictors. The lambda path
contains K values equally spaced on a log scale from A, t0 A, - €
with €=10"*. This custom manual sequence of A values (i.e., A,,,)
maximised the chances of finding the optimal regularisation para-
meter A within each fold, controlled the regularisation range and
provided numerical stability.

In summary, for each of the 10 folds in each of the 100 cross-
validations, we tested 1000 models with 1000 different regularization
parameters A, given by A,,,, computed above. The repeated cross-
validation iterations identified features that were consistently selected
across different splits of the data, ensuring that the connections pre-
sented in Fig. 4 reflect the most stable and reliable patterns identified
by the LASSO model. Finally, to extract significant connections, we
counted the number of times each of the connections was chosen in
1000 LASSO models (with the respective optimal regularization
parameter 1) and then we applied a binomial test to identify connec-
tions with a significant number of contributions (see stars in Fig. $22).

The calculation of significance in regularised regression is con-
troversial and an area of much debate, as p-values and confidence
intervals in LASSO models are biased due to the regularisation process,
which is conducted to reduce variance in the parameter estimates®’.
Alternative methods to compute p-values have been suggested, but
none have been found robust. In the present study, we defined the
nonzero coefficients from LASSO, obtained via the cross-validation
procedure described above, as the “significant” variables under the
penalised optimisation framework L1. Nevertheless, we also provide
standard p-values for each of the relevant connections from the LASSO
models as a comparison. LASSO was run on one hundred random
samples of observations, counting the nonzero connections and test-
ing each connection using binomial tests while correcting for multiple
comparisons (see Fig. S22).

Overall model performance was assessed for each experimental
phase separately (acquisition, extinction and renewal). First, the data
were split in half, such that one half was used as the training set and the
other half as the testing set. Surrogate datasets were constructed by
shuffling the learning-connectivity correspondences of the testing sets
across subjects. The mean-squared errors (MSEs) were computed for
the original and surrogate models, and the difference was taken as a
measure of performance. Permutation tests were performed by
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comparing the original difference against the null distribution, which
was constructed by randomly multiplying the MSE differences by
either —1 or 1 ten thousand times (see Tables S11-S13).

For EC models, we also used the previously computed estimates
of variability for each connection (see above) as weights during model
fit, so as to mimic the group-level PEB that also uses this information.

Finally, in order to ensure our results were not due to the spe-
cific statistical LASSO method we used, we re-ran all of our models
using standard multiple regression, ridge regression and elastic net.
The LASSO coefficients were well within the range of the coefficients
provided by these alternate methods, and there were very robust
positive correlations among the coefficients from the different
methods (Fig. S18).

Generalisability analysis
After fitting our LASSO models, we examined the generalisability of
these models by running four different types of analyses.

First, we grouped studies into two larger groups: a fear learning
(FL; S1,52,53,55,S6) and a predictive learning (PL; S4) group. We
applied Monte-Carlo cross-validation to extract mean-squared errors
(MSEs) of different combinations of the testing set participants.
Next, we trained a LASSO model on all data from one paradigm (e.g.,
fear learning; using the same lambda path to compute the optimal
lambda, as in the main LASSO model described above) and applied it
to randomly selected 50% of data from the other paradigm (e.g.,
predictive learning). This was repeated 100 times, and each time we
selected a different random subsample of 50% of the test data. The
training data were always the same across the 100 repetitions. As a
result of the 100 repetitions, we obtained a distribution of MSE
values (blue error bars in Fig. 5A-C).

Subsequently, we created surrogate datasets by randomly shuf-
fling the relationship between learning and connectivity estimates in
the test (unseen) data. Again, we selected 50% of these surrogate test
and computed how well the model (based on the actual data in the
training set) could predict these test data, resulting in a surrogate MSE
value. This was repeated 100 times with different shuffles of the test
data (black error bars in Fig. 5A-C).

Then, the difference between the original and surrogate MSEs was
used as a performance measure. Statistical significance was then
assessed using non-parametric permutation tests. Specifically, the null
distribution was constructed by randomly multiplying each of the 100
MSE differences by either -1 or 1 with equal probability and again
averaging these differences. Next, we recalculated the mean difference
across 10,000 permutations, representing the expected variation if the
observed differences were due to chance. Finally, we compared the
observed mean difference to this null distribution and calculated a
two-tailed p-value, which reflects the proportion of permuted means
that were as extreme as or more extreme than the observed difference.

In the second generalisability analysis, we employed a leave-one-
group-out (LOGO) cross-validation by splitting the data such that each
training set comprised of all studies except one (e.g., S2-S6, but not
S1), and the left-out study (e.g., S1) was used as the test data. Every
study was used as the test dataset once. A multiple regression was fit
on the training data and the model tested on the testing data. The
Pearson correlation coefficient for the averaged predicted and
observed values served as an index of generalisation. Note that, in this
analysis, we aimed to test if the set of connections identified in the
previous LASSO models (shown in Fig. 4) generalised across the
dataset, and thus it would not have been appropriate to perform fea-
ture selection here.

In the third generalisability analysis, we enquired whether our
model predictions could be useful to ascertain task-based FC, as the
model for the acquisition phase revealed significant functional con-
nections with respect to the entire sample. For that purpose, we
selected one fear conditioning study for which task fMRI data were

available (S2, two experiments, 152 participants) and computed FC
during both CS+ and CS- trials using all FC metrics described above
and for all combinations of the relevant ROIs.

A multiple linear regression model was constructed using the
significant connections from the overall LASSO model, and the model
p-value was contrasted with one from a model that contained ran-
domly selected connections. As the vast majority of FC studies com-
puted Pearson correlation coefficients as a proxy for connectivity, our
FC predictors were also based on Pearson correlations.

Finally, to extrapolate our findings to potential new data, we also
ran two types of analyses: simulations and bootstrapping. For the
simulations, we drew samples from a multivariate normal distribu-
tion since the outcome variable of learning was normally distributed
(Fig. S19). The covariance matrices for each group (PL and FL) were
computed for all numerical predictors and covariates, to account for
correlations among these variables. To accommodate potential var-
iations around the sample mean and covariance (as we would not
expect the sample mean and covariance matrix of subsequent stu-
dies to equal exactly the empirical estimates), we allowed some
degree of sampling error around our estimates by unscaling the
variables. For the bootstrapping, we performed the same analysis as
above but using bootstrap samples once with replacement and once
without replacement.

Two multiple regression models were computed (one for FL and
another for PL studies), using learning as the outcome variable, the
connectivity pairs from the selected LASSO models as predictors and
sex and age as covariates. One hundred independent datasets were
generated, each contained 40 observations (we tested various other
sample sizes [90, 300, 1000], but the results were identical; see
Fig. S20). For each dataset, r-squared from a multiple regression was
computed for the actual LASSO predictors, as well as for pseudo-
random predictors that were not present in the actual LASSO model
but consisted of regions from the core learning network.

Importantly, we selected the exact same number of pseudo-
random connections as the LASSO model within each specific type of
connectivity (e.g., if the LASSO model for effective connectivity con-
tained 3 connections, the random model for the effective connectivity
would also contain 3 connections not present in the LASSO model).

We also computed connectivity within the lateral and fourth
ventricle, as we did not expect these regions to predict learning, and,
thus, functioned as an additional baseline.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Public sharing of the raw data is not permitted because participant
consent and ethics approvals do not allow unrestricted public data
sharing, and the datasets are subject to institutional and legal data-
sharing agreements across the contributing institutions. Raw data are
available from the corresponding author upon reasonable request and
subject to approval by the contributing institutions and a data-sharing
agreement where required. Access will be granted to qualified
researchers for non-commercial scientific research purposes; deci-
sions are typically made within 4-6 weeks. Source data are provided
with this paper.

Code availability
The code for data preprocessing and analysis is available at https://
github.com/caadgomes/extinction-learning-study.
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