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COGNITIVE NEUROSCIENCE

Plasticity of human resilience mechanisms

Giovanni Leone1’2'3, Hannah Casanave', Charlotte Postel’, Florence Fraisse', Thomas Vallée',
Vincentde La Sayette’, Jacques Dayan1’4, Denis Peschanski’,

Francis Eustache', Pierre Gagnepain'*

The hippocampus’s vulnerability to trauma-induced stress can lead to pathophysiological disturbances that pre-
cipitate the development of posttraumatic stress disorder (PTSD). The mechanisms of resilience that foster remis-
sion and mitigate the adverse effects of stress remain unknown. We analyzed the evolution of hippocampal
morphology between 2016/2017 and 2018/2019, as well as the memory control mechanisms crucial for trauma
resilience. Participants were individuals exposed to the 2015 Paris terrorist attacks (N = 100), including chronic
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(N = 34) and remitted (N = 19) PTSD, and nonexposed (N = 72). We found that normalization of inhibitory control
processes, which regulate the resurgence of intrusive memories in the hippocampus, not only predicted PTSD
remission but also preceded a reduction in traumatic memories. Improvement in control mechanisms was associ-
ated with the interruption of stress-induced atrophy in a hippocampal region that includes the dentate gyrus.
Human resilience to trauma is characterized by the plasticity of memory control circuits, which interacts with hip-

pocampal neuroplasticity.

INTRODUCTION

Resilience is a fundamental aspect of human nature, reflecting the
dynamic, plastic, and adaptive response of the brain to mitigate the
damaging effects of stress. Maintenance or development of resil-
ience mechanisms precedes recovery from trauma exposure (1-4).
Resilience is not merely the opposite of vulnerability or a static trait
but a dynamic process. However, neurobiological theories of post-
traumatic stress disorder (PTSD) have primarily focused on stress
vulnerability, leaving the neural mechanisms underlying resilience
largely unexplored (5, 6).

Within this vulnerability framework, hippocampal alterations in
both structure (7-10) and function (11, 12) play a key role in the
formation of traumatic memories. These changes, along with inter-
actions involving the amygdala and medial prefrontal cortex, can
impair mechanisms of memory consolidation, extinction, and con-
textual processing (13-18). This can promote the encoding of frag-
mented, sensory, and emotional aspects of the traumatic event,
often devoid of spatiotemporal context (19, 20). Such vulnerability
of the memory system to stress (21) contributes to intrusive reexpe-
riencing of trauma, a core feature of PTSD (22).

Hippocampal preexisting vulnerabilities (23-26) are implicated
in PTSD development, while larger hippocampal volumes may act as
a protective neural reserve (2) against stress (27). Posttraumatic lon-
gitudinal studies have so far revealed that the morphological altera-
tion of the hippocampus (28, 29) or its subfields (30, 31) is stable
with time, consistent with a predisposing factor. These findings chal-
lenge the long-standing theory that stress-induced hippocampal
alterations explain the persistence of chronic PTSD (32). However,
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this may reflect a lack of sensitivity of human brain morphological
studies, especially with low-resolution magnetic resonance imag-
ing (MRI), to the detrimental effects of stress on the hippocampal
neuroarchitecture observed in animal models of PTSD (33). At the
functional level, modulating hippocampal activity during memory
processing is crucial for recovery and limiting the persistence of trau-
matic memory (17, 34-37).

In a previous study, we proposed that prefrontal inhibition of hip-
pocampal activity during intrusive memory reexperiencing is critical
for understanding resilience to trauma (38). This inhibition, linked to
memory suppression, typically reduces memory vividness and intru-
siveness (39-43). We examined individuals exposed and nonexposed
to the 2015 Paris attacks, using the think/no-think (TNT) task while
recording brain activity via functional MRI (fMRI). A year after
the attacks, resilient individuals demonstrated preserved prefrontal
down-regulation of intrusive memories in brain regions involved in
trauma persistence, such as the hippocampus and precuneus. In con-
trast, those with PTSD exhibited compromised brain dynamics, fail-
ing to distinguish between intrusive and nonintrusive conditions.

In a follow-up study, we combined computational modeling with
dynamic causal modeling of brain activity (44). We showed that indi-
viduals’ beliefs about future intrusive experiences influence memory
control processes. Specifically, control resources are shaped by prior
experiences with suppression cues and the associated memories of
particular items that predict future intrusions and trigger proactive
avoidance strategies. Reactive control (RC), on the other hand, is en-
gaged when intrusive memories bypass these proactive defenses, trig-
gering a prediction error (PE) and additional inhibitory responses. In
individuals with PTSD, the right middle frontal gyrus (rMFG) failed
to properly down-regulate the hippocampus during reactive control.
Instead, it showed excessive predictive control, mirroring maladaptive
anticipatory strategies. In contrast, resilient individuals demonstrated
an optimal balance between predictive control and reactive purging of
intrusions during memory suppression (44).

These findings suggest that the effectiveness of memory control
mechanisms is central to trauma resilience. However, because of the
cross-sectional nature of our previous study, we could not establish
a direct link between inhibitory control imbalance and resilience or
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PTSD recovery. PTSD persistence is closely linked to the distress
caused by intrusive memories (45), implying that inhibitory control
mechanisms are essential for resilience, not only for reducing mem-
ory vividness but also for mitigating stress’s chronic effects on the
brain associated with intrusive thinking. Prior research has shown a
close connection between memory control and emotional regula-
tion (41, 46-48). Memory suppression training has been shown to
improve mental health during stressful life events (49). However,
whether recovery from trauma is related to the plasticity of memory
control mechanisms and whether such adaptation can protect the
hippocampus from chronic stress remain unclear.

To investigate these questions, we conducted a longitudinal study
(Fig. 1), collecting markers of hippocampal integrity and memory
control mechanisms using the same TNT task and computational
model as in our prior studies [see Materials and Methods and
(38, 44, 50)]. Participants were individuals exposed to the 2015 Paris
terrorist attacks. We collected fMRI, high-resolution (0.39 mm by
0.39 mm by 2 mm) MRI data focusing on the hippocampus, as well
as an assessment of symptoms severity using a PTSD checklist ver-
sion DSM-5 (PCL-5) (51), at two time points: 8 to 18 months after
the event (time 1) and 30 to 42 months after (time 2). The sample
included 72 nonexposed participants and 100 exposed participants.
Clinical interviews based on DSM-5 criteria revealed that 34 ex-
posed participants had chronic PTSD, 19 had remitted PTSD, 43
were asymptomatic at both time points, and 4 developed late-onset
PTSD. These late-onset PTSD participants were excluded from further
analyses, due to the small sample size. A clinical follow-up 5 years
after the attacks (time 3) was also performed by a trained psy-
chologist through a phone assessment of symptoms severity with

I 1
80 Nonexposed 114 Exposed

46% Resilient 54% Partial or full PTSD

/ﬁ\

the PCL-5. Critically, this third phase of the study allowed us to
assess whether changes in memory control and hippocampal markers
of PTSD may precede and predict future evolution of symptoms.

We replicated the time 1 analysis (44, 50) for the time 2 data. We
measured the volumes of hippocampal subfields using semiauto-
matic segmentation protocol of the high-resolution MRI images
[see Materials and Methods and (50) for more details]. We focused
this longitudinal analysis on two subfields whose alterations were
mainly associated with PTSD, namely, the cornu ammonis 1 (CA1)
and a mixture region composed of the dentate gyrus (DG), CA2,
and CA3 subfields, given the unreliable separation between these
subfields (50, 52, 53). We also examined fMRI activity during the
memory suppression task (54), analyzing how top-down suppres-
sion of hippocampal activity changed over time and with clinical
status. Participants learned a series of association pairs between
words and pictures representing objects, which were counterbal-
anced between time points. Following this phase, participants then
tried to stop the memory of the object from entering awareness (no-
think) during the TNT phase, which also includes trials for which
they had to recall the associated object (think). If the object comes
to mind anyway during suppression attempts, then they are asked to
push it out of mind and to report after the end of the trial that the
reminder elicited an intrusion of its paired object (Fig. 2).

Building on our previous study at time 1, we used the same com-
putational model of subjective intrusions to estimate the underlying
beliefs about the probability of reexperiencing an intrusion and the
related PE. We then evaluated the influence of these computational
indexes on the top-down coupling from the middle frontal gyrus
(MFG) to the hippocampus using a dynamic causal modeling

I
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43% Stable resilient 19% Remitted PTSD 34% Chronic PTSD
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Hippocampal subfield volumes
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Longitudinal changes T
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Fig. 1. Longitudinal design. Indexes of memory control and hippocampal integrity were collected at two time points after the 2015 Paris terrorist attack: 8 to 18 months
(time 1) and 30 to 42 months (time 2). Participants with a similar degree of exposure were diagnosed in both time points as non-PTSD (PTSD"), chronic PTSD (PTSD™), or
remitted PTSD (i.e., recovered from an initial PTSD at time 1). The intensity of PTSD symptoms was also measured in a third time point collected 5 years after the attacks.
We analyzed longitudinal changes between time 1 and time 2 in the markers of interest: (i) the top-down regulation of hippocampal activity during intrusion control
originating from the right DLPFC and (ii) the volumes of hippocampal subfields, including the CA1 and a mixture region composed of the close by DG, CA2, and CA3
subfields. We also investigated how those changes preceded the future evolution of symptoms using a third time point.

Leone et al., Sci. Adv. 11, eadq8336 (2025) 8 January 2025

20f18

GZ0Z ‘60 Afenuer Uo ansuso) ap a1SeAIUN Te BI080Us 105 MMM//SANY WO ) PaPeo luMod



SCIENCE ADVANCES | RESEARCH ARTICLE

A Memory suppression task

Learning phase

The think/no-think task

Intrusion rating

Intrusion rating

Work Favor Home 4 Intrusive memory @
H~ &9 A
c - . s 4
g 3 0, ,/ ’
! @ oy
s # Reminder cue /’ °°*/
= ’ ’
Time-specific association list Work Favor Home
Yes/no recall @ Recognition Feedback 5 5
3s 7 7 7
8 | ' i /
9 i | Recall Intrusion
S Work — 74 i vﬁﬁ a
8 ! T—o o—l
@ Think No-think
; Recall a complete picture of thePrevent the object from coming to consciousness
@ object and blank your mind
B . .
Model-based dynamic causal modeling
Hierarchical Gaussian filter model of Dynamic causal modeling
behavioral intrusion l
' Z=(A+ JuB)z+ Cu
>
b _
«» p Intrinsic A
> connectivity
O -« B Modulatory
f c c;n‘n‘ectlwty c§>
rving
o)) Y omE |2
g 2
£ Yeomputation . 2
ko] X0 . » Neural dynamics <
3 79X _Neuralstates (U ) 5
s | | | at neural’ computation, > neural
Ll W,
NT state Trials
Yioehavior = Response model (X, compula(lcn’eresponse)+ ebehav\ov Yimi = Hemodynamic model (Xneuva\’ehemo)+ E1mn —
1 T . .o * e Intrusion
ols_oe o eoo @e o0 o0 Nonintrusion
Trials
Cc

Modulatory famillies

DCM model space and parameter extraction

Target familly

Fronto-hippocampal
Predictive/reactive control

s
0,0 O

Top-down Bottom-up
—> Reactive control

—> Predictive control

O

by
O

No computations

Bayesian model averaging (BMA)

]

Control system
<y

Fig. 2. Memory suppression task and model-based dynamic causal modeling (DCM). (A) Participants learned pairs of words and pictures of an object in a series of
test-feedback cycles until they reached 90% of correct response. A new study list was proposed at each time point. Lists were counterbalanced between time points and
conditions. Then, participants performed the TNT task in the MRI. For think items, participants recalled a detailed image of the associated object. For No-think items,
participants had to prevent the picture from entering awareness and to remove it from consciousness if it came to mind. After each trial, participants reported the extent
to which the associated image entered their awareness (intrusion). (B) Binary intrusion ratings were fed into a HGF (776) including two levels in which the dynamic updat-
ing of beliefs is weighted by uncertainty. The parameter w regulates the speed of beliefs adjustment. Beliefs are assumed to arise from the precision-weighted combina-
tion of the memories about previous trials and specific word-object pairs. Beliefs and positive PEs were then used as parametric modulators of the top-down coupling
between control and memory systems (B matrix). (C) DCM space expressing different hypotheses about computational influence on the modulation of the coupling be-
tween control regions [anterior and posterior middle frontal gyrus (aMFG and pMFG, respectively)] and memory target regions, including the rostral hippocampus (rHIP),
caudal hippocampus (cHIP), and precuneus (PCu). Null models were also estimated but are not shown here. The computational model and the winning DCM family de-
scribing a top-down influence of computational indexes were identified at time 1 in (44). Here, we implemented Bayesian model averaging (BMA) in the family of models
that won at time 1 and focused on fronto-hippocampal coupling previously associated with a control effect in PTSD.
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(DCM) analysis, differentiating between predictive (i.e., intrusion
belief) and reactive (PE) forms of memory control [see (44), Materi-
als and Method, and Fig. 2 for more details on the computational
model and DCM space].

We began by testing the hypothesis that remission from PTSD is
accompanied by a plastic rebalancing of memory control mecha-
nisms. According to this hypothesis, the imbalance observed at time
1 between predictive and reactive control should disappear at time 2
in individuals who have achieved remission (i.e., a Time*Control
interaction). This improvement in control mechanisms should be
specific to the remitted group and absent in other groups (ie., a
Time*Control*Group interaction). We also explored the temporal
dynamics of the relationship between memory control and clinical
improvement, hypothesizing that enhanced inhibitory control over
unwanted memories between time 1 and time 2 would predict symp-
tom reduction at time 3, reflecting a predictive marker of resilience.
Next, we tested the hypothesis that prolonged PTSD at both time
points would further impair hippocampal structure (time effect). This
effect should be absent in individuals in remission, who may instead
show plastic changes, such as increased hippocampal volumes, as well
as in the other groups (i.e., a Time*Group interaction). Last, we ex-
amined whether improvements in memory control mechanisms were
associated with a reduction in hippocampal atrophy, aligning with
resilience models that propose that these mechanisms are engaged to
mitigate the negative effects of stress on the brain.

RESULTS

Intrusion report during memory suppression

In healthy individuals, intrusion frequency decreases with repeated
suppression of unwanted memory retrieval, reflecting a negative in-
trusion slope (39, 41, 55). Linear mixed effect (LME) analysis, in-
cluding group and time as fixed effects, revealed that the slope of
intrusion control was significantly negative in nonexposed [T = —9.69,
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o ©
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P<0.0001, 95% confidence interval (CI) = [—1.06 to 0.70], df = 156.96],
PTSD™ (T'=-5.51,P < 0.0001, 95% CI = [—0.89 to 0.42], df = 156.96),
remitted PTSD (T = —2.88, P = 0.004, 95% CI = [-0.88 to 0.16],
df = 156.88), and PTSD™ (T = —6.28, P < 0.0001, 95% CI = [—1.10 to
0.57], df = 151.63) groups. The slope of intrusion control did
not differ between time points for each of these groups (all
P values > 0.15), and no Group*Time interactions were observed
(all P values > 0.17).

Remission of PTSD is associated with the adaptive plasticity
of memory control processes

Analysis of intrusion behavioral reports indicated that individuals
exposed to trauma, even after developing PTSD, can still exert con-
trol over neutral intrusive memories during the memory suppres-
sion task. In a previous study, we found that the preservation of
such capacities relies on the aberrant and excessive engagement of
predictive control in individuals with PTSD, while reactive control
is altered, provoking a substantial imbalance between both forms of
control (44). Such control imbalance was absent in resilient and
nonexposed participants, who showed a similar and balanced level
of inhibitory coupling between both forms of control. Here, we
used a single LME model, fitting all groups and time points at once,
to study the longitudinal changes on top-down coupling parame-
ters associated with predictive and reactive control (see Materials
and Methods).

Control*Time interaction

We first tested whether memory control imbalance disappeared in
participants who remitted from PTSD at time 2. A Control*Time
interaction in the remitted group revealed the association between
remission of PTSD and the recovery between time points of a bal-
anced control process [T = 2.31, P false discovery rate (P-fdr) = 0.045,
90% CI = [0.19 to 1.14], df = 157.2; Fig. 3]. Further planned com-
parisons performed within this interaction showed that, although
remitted PTSD showed a significant imbalance at time 1 (control

Remitted PTSD Chronic PTSD

Fig. 3. Remission from PTSD is associated with the plastic restoration of the balance between predictive and reactive memory control. Small blue and red circles
represent the modulation of the top-down coupling from the MFG to the hippocampus during predictive control and reactive control, respectively, at time 1 and time
2, for each individual (as predicted by the LME, i.e,, fitted conditional response). Larger dots and bold lines represent the fixed effects of control and time at the group
level. Remitted PTSD was characterized by a gain balance between predictive control and reactive control at time 2, while no significant evolution was observed in the

other groups.
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effect: T=2.301, P-fdr = 0.023, 90% CI = [0.16 to 0.96], df = 152.32),
the recovery of control mechanisms in this group was driven by an
improvement of reactive control (time effect: T'=1.812, P-fdr = 0.044,
90% CI = [0.03 to 0.68]) and reduction of predictive control (time
effect: T = —1.72, P-fdr = 0.044, 90% CI = [-0.61 to —0.011]).
Moreover, RC was now characterized by a negative coupling pa-
rameter at time 2 in this group (T = —2.57, P-fdr = 0.024, 90%
CI = [-0.52 to —0.11]). Chronic PTSD underwent no signifi-
cant evolution with time, as shown by the absence of significant
Control*Time interaction in this group (T = 0.59, P-fdr = 0.28,
90% CI = [—0.12 to 0.35], df = 159.8). Further planned compari-
sons revealed that chronic PTSD was characterized by a signifi-
cant difference between predictive control and reactive control at
time 1 (T'=3.019, P-fdr = 0.001, 90% CI = [0.25 to 0.84], df = 152.4)
and at Time 2 (T = 3.08, P-fdr = 0.001, 90% CI = [0.19 to 0.64],
df = 159.06). Moreover, we confirmed that the balance between
both forms of control previously observed (44) was stable in time in
both resilient (Control*Time interaction: T = —1.03, P-fdr = 0.28,
90% CI = [—0.51 to 0.12], df = 158.7) and nonexposed participants
(Control*Time interaction: T'=0.791, P-fdr = 0.28,90% CI = [-0.12 to
0.35], df = 158.3).

Group*Control*Time interaction

To further confirm the normalization of inhibitory control process-
es at time 2 in individuals who are remitted from PTSD, we com-
pared the Control*Time interaction that we previously observed in
this group to the interaction pattern in the other groups (character-
ized by a temporal stability of control processes). This analysis re-
vealed that the decrease of memory control imbalance through
time in the remitted group was significantly different from the tem-
poral profile of the other groups (Control*Group*Time interac-
tion: T = 2.11, P = 0.018, 90% CI = [0.14 to 1.16], df = 157.8). At
time 2, the difference between reactive control and predictive con-
trol processes in remitted PTSD was no longer different from the
pattern observed in nonexposed (Control*Group interaction at
time 2: T = —0.63, P-fdr = 0.26, 90% CI = [—-0.48 to 0.21],
df = 159.1) or resilient (Control*Group interaction at time 2:
T = —1.14, P-fdr = 0.14, 90% CI = [—0.66 to 0.07], df = 159.1) but
became significantly different compared with the persistent imbal-
ance observed in chronic PTSD (Group*Control interaction at
time 2: T = —2.28, P-fdr = 0.036, 90% CI = [-0.90 to —0.14],
df =159.1).

Imbalance analysis

To confirm the reduction of the imbalance between predictive
control and reactive control with the remission of PTSD, we com-
puted the index of imbalance between these two forms of control
(44). In this framework, predictive control and reactive control are
conceptualized as two independent yet downward forces, jointly
mitigating hippocampal activity and serving the same down-
regulation function of memory processes (see Materials and Meth-
ods). The imbalance is reflected in the direction of the resultant
vector combining these two orthogonal forces, with an imbalance
in favor of either predictive control (from 0° to 180°, moving anti-
clockwise) or reactive control (from 0° to —180°, moving clock-
wise). Parametric two-way analysis of variance (ANOVA) for
circular data confirmed the presence of a significant interaction
(P =0.007), between time and group (i.e., remitted versus chronic
PTSD). This interaction was characterized by an absence of imbal-
ance difference between both groups at time 1, while, at time 2,
we observed that the imbalance decreased significantly in favor of

Leone et al., Sci. Adv. 11, eadq8336 (2025) 8 January 2025

reactive control for individuals in remission compared with chron-
ic PTSD (F,51 = 5.67, P =0.021).

Overall, these results suggest that the remission from PTSD 3 years
after the trauma is associated with the plastic recovery of the top-
down control mechanisms between the rMFG and the hippocam-
pus, supporting the efficient suppression of intrusive memories.
Like trauma-exposed participants without PTSD and nonexposed
individuals, individuals in remission at time 2 are now able to
optimally balance predictive control and reactive control during
the memory suppression task. Conversely, exposed individuals with
chronic PTSD continue to excessively use beliefs to control hippo-
campal activity during the task and fail to regulate unwanted intru-
sions with reactive mechanisms.

Adaptive plasticity of memory control forecasts reduction of
traumatic memories

However, these results are not informative of the temporal depen-
dencies between the recovery of memory control mechanisms and
the reduction of the two cardinal features of traumatic memory,
avoidance and traumatic reexperiencing, which we previously linked
to control imbalance (44). On the one hand, the reduction of the
maladaptive stress response associated with the general reduction in
trauma severity could lead to the recovery of control mechanisms by
improving prefrontal control functioning (56), highlighting a benefit
of PTSD remission. On the other hand, plasticity of control mecha-
nisms could precede a reduction of the traumatic memory, suggesting
a causal relationship. Understanding the temporal dynamics of con-
trol mechanisms and symptoms’ evolutions is fundamental to un-
veiling the nature of their relationship.

Capitalizing on interindividual variations in the modulation of
control imbalance across time points in the group of participants
suffering from chronic PTSD, we therefore tested the hypothesis
that the apparition of remediated control mechanisms at time 2
might usher in a positive clinical evolution at time 3 (Fig. 4). To
examine this question, we fit an LME model with the severity of
PTSD symptoms at time 2 and time 3 as dependent variables and
the longitudinal changes between time 1 and time 2 in the top-
down imbalance of the reactive/predictive coupling parameters as
independent variables (i.e., within-subject effect orthogonalized
with respect to mean imbalance in coupling; see Materials and
Methods) (57). Cross-sectional effects associated with interindi-
vidual variations in mean coupling parameters were also included
in the model to separate between-subject effects from within-
subject effects. Crucially, we found in individuals with chronic
PTSD at time 2 a positive significant relationship between the tem-
poral evolution of control imbalance and future changes in intrusive
reexperiencing (f = 1.08, T = 2.42, P-fdr = 0.033, 90% CI = [0.28
to 1.88], df = 11.51]; Fig. 4). Regarding avoidance, a marginal rela-
tionship was observed (p = 0.39, T = 1.59, P-fdr = 0.069, 90%
CI = [-0.047 to 0.82], df = 11.93]; Fig. 4). This positive relation
indicates that the improvement of imbalance toward reactive con-
trol mechanisms between time 1 and time 2 precedes a reduction of
intrusion severity between time 2 and time 3, while its degradation
precedes a worsening of their severity. Critically, however, addi-
tional analyses revealed that this positive relationship was not
observed for clusters of symptoms that cut across diagnostics
boundaries (see the Supplementary Text). Together, these results
demonstrate the major role of the memory control mechanisms to
the persistence of traumatic memory in PTSD and highlight how
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Fig. 4. Control plasticity forecasts traumatic memory evolution. The left panel shows the LME predictors and response for the forecasting analysis. On middle and right
panels, the x axes show the evolution of the control index reflecting the balance between predictive control and reactive control at time 2 relative to time 1, expressed in
degrees (see Materials and Methods). Across time points, the balance index can either evolve toward a gain in reactive control (left part of the plots, negative shift from
T1) or toward a gain in predictive control (right part of the plots, positive shift from T1). We display the difference in imbalance between T1 and T2 for visualization pur-
poses. On the y axes, symptoms’ severity, predicted by the LME model (i.e., conditional response). Gray lines represent individual data points for each chronic PTSD par-
ticipant, while the blue line represents the fixed effect at the population level. Improvement of reactive control forecasted the future reductions in intrusive reexperiencing
(left) or avoidance (right) symptoms severity, while increase in predictive control had the opposite effect.

the neurocognitive plasticity of these mechanisms may prelude the
remission of PTSD.

Chronic PTSD is associated with atrophy of CA2-3/DG

We then analyzed the effects of groups, time and subfield, on hip-
pocampal volumes using LME. Age, sex, and total intracranial vol-
ume (TIV) were added as covariates to reduce unexplained variance.
In the previous study conducted at time 1 in the same participants,
we found smaller volumes for both CAl and CA2-3/DG in indi-
viduals with PTSD compared to those in nonexposed and resilient
individuals (50).

Time effect

A significant reduction of hippocampal volume with time was ob-
served in chronic PTSD (time effect: T = 2.034, P = 0.021, 90%
CI = [6.3 to 60.6], df = 275.33; Fig. 5). This main effect of time,
however, did not survive correction for multiple comparisons across
groups (P-fdr = 0.086). Considering the subfields separately, we ob-
served in this group a significant reduction with time of the volume
of CA2-3/DG (time effect: T = 2.34, P-fdr = 0.041, 90% CI = [7.5 to
43.8], df = 127.41). Although this effect was absent for CA1 (time
effect: T = 0.66, P-fdr = 0.36, 90% CI = [—11.8 to 27.4], df = 127.95),
no Time*Subfield interaction was observed in chronic PTSD
(T=1.13,P=0.13,90% CI = [—8.2 to 43.9], df = 232.28). Remitted
individuals, however, did not undergo any significant volume change
with time in the CA2-3/DG (time effect: T = —1.039, P-fdr = 0.21,
90% CI = [—38.8 to 8.9], df = 120.49) or CA1 (time effect: T = 0.37,
P-fdr = 0.36, 90% CI = [—20.1 to 31.5], df = 122.36). Moreover, the
volume of CA2-3/DG or CAl did not change with time in resilient
or nonexposed individuals (all P-fdr values > 0.15). However, the
effect of time did not differ between CA2-3/DG and CAl, for any of
the groups considered (all P-fdr values > 0.31).

Time*Group interaction

We then tested whether the longitudinal reduction of the volume
of CA2-3/DG that we observed in chronic PTSD was significantly
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different to the longitudinal patterns of other groups, for which no
further changes in time were observed. This test showed the pres-
ence of a significant Time*Group interaction (T = 2.79, P = 0.003,
90% CI = [14.2 to 55.6], df = 115.49), revealing that the progression
of CA2-3/DG alteration is specific to chronic PTSD. However, al-
though such an interaction was absent for CA1 (T = 0.72, P = 0.23,
95% CI = [-12.6 to 32.2], df = 117.77), no Time*Group*Subfield
interaction was observed when Chronic PTSD was compared to
other groups (T = 1.36, P = 0.087, 95% CI = [-5.3 to 55.5],
df =232.12).

These findings suggest that the chronification of stress in persis-
tent PTSD can have a detrimental effect on the integrity of the CA2-
3/DG. This finding is in line with evidence from animal studies
showing that chronic stress impairs hippocampal morphology (58)
and neurogenesis in the dentate gyrus (59, 60), eventually leading to
its atrophy. Yet, it remains unknown whether the observed patho-
physiological process is specific to processes depending solely on
this region given that no interaction with CA1 was observed.

We then analyzed the effects of longitudinal changes of CA2-3/
DG volumes on the future evolution of symptoms between time 2
and time 3, as previously done with control mechanisms. We found
no predictive effects of volume change on symptoms’ severity (all
P values > 0.26).

Memory control plasticity is linked to hippocampal
morphological changes

Our findings show that adaptive plasticity in control mechanisms is
linked with the remission of PTSD and further forecast a reduction
in the persistence of the trauma. Moreover, an interruption of stress-
induced alterations within the CA2-3/DG is observed in individual
remitting from PTSD, while the chronification of this disorder is
associated with atrophic changes in the volume of CA2-3/DG. We
next sought to examine whether the evolution across time of the im-
balance in memory control mechanisms was related to the changes
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Fig. 5. Chronic PTSD is associated with atrophy of CA2-3/DG. Evolution of hippocampal subfields’ volumes of CA1 (A) and CA2-3/DG (B) with time in nonexposed,
resilient, remitted, and chronic PTSD groups (the y axes reflect the fitted conditional response of the LME model). Small dots and pale lines indicate individual data points.
Larger dots and bold lines reflect the fixed effect of time at the group level. No morphological changes were observed in CA1 in any of the four groups. Chronic PTSD
was associated with the atrophic reduction of CA2-3/DG volumes at time 2 compared to those at time 1, while no significant variations were observed in the other
three groups.
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observed in the volumes of the CA2-3/DG. To examine this ques-
tion, we fit an LME model with the volume of the CA2-3/DG at time
1 and time 2 as a dependent variables and the longitudinal changes
between time 1 and time 2 in the top-down imbalance of the reac-
tive/predictive coupling parameters as an independent variables
(together with the between-subject effect in mean imbalance). This
analysis focuses on the relationship between slope of changes that
occur in control mechanisms (improvement or degradation) and
the temporal evolution of the hippocampus that occurs within indi-
viduals. In individuals that were initially diagnosed with PTSD at
time 1, results revealed a negative relationship between the tempo-
ral evolution of control imbalance and volume of the CA2-3/DG
(B = -8.09, T = —1.73, P = 0.05, 90% CI = [-16.2 to 0.00],
df = 19.79). This negative relation indicates that, when individuals
tend to improve memory control balance toward reactive mode,
plastic increases in CA2-3/DG volumes tend to occur in parallel. On
the other hand, when the memory control balance shifts toward pre-
dictive mode, CA2-3/DG volumes tend to decrease with time. In
exposed participants, results revealed a similar negative relationship
between the temporal evolution of control imbalance and volume of
the CA2-3/DG (p=-9.3, T=-2.37,P=0.012,90% CI = [-16.9 to
—2.8], df = 30.22; Fig. 6). However, this relationship disappeared

when nonexposed individuals were analyzed instead (p = —0.22,
Exposed
2600
~
—
—

\\\

—
>§

T = —0.03, P = 0.49, 90% CI = [—12.1 to 11.7], df = 6.55; Fig. 6),
suggesting that the relationship between the plasticity of control
and hippocampal mechanisms characterizes an important adaptive
property of these circuits in response to trauma.

DISCUSSION

The primary objective of this longitudinal study was to investigate
whether inhibitory control processes, dependent on the prefrontal
cortex and potentially implicated in intrusive reexperiencing fol-
lowing trauma, improve over time and contribute to recovery from
PTSD. Using a simple Bayesian computational model of intrusive
reexperiencing during a memory suppression task, which captures
the combined effects of predictive control and reactive control on
fronto-hippocampal down-regulation, we found that a 2-year re-
mission from PTSD is associated with a plastic rebalancing of mem-
ory control mechanisms. In contrast, no such changes were observed
in individuals with chronic PTSD or those who were already re-
silient at the first time point. In individuals with PTSD, the excessive
influence of predictions about future memory control demands
(linked to intrusions) on fronto-hippocampal coupling during mem-
ory suppression diminished after remission. This reduction was
paralleled by an improvement in the reactive purging of ongoing

~
=
=9
- c
m O
E 2 i
9 8 = —_—
e = — e
oM = —_— -
< —
] — = —_
—
yago L =————_ |
L L L L L L 1 L L L L L L 1
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300

T2 <—OT1 O—)Tz

Reactive control Predictive control
Imbalance index ()

Fig. 6. Relationship between control plasticity and morphological changes in the hippocampus. On the x axes, the evolution of the control index, reflecting the
balance between predictive control and reactive control at time 2 relative to that at time 1, expressed in degrees (see Materials and Methods). Across time points, the
balance index can either evolve toward a gain in reactive control (left part of the plots) or toward a gain in predictive control (right part of the plots). On the y axes, CA2-3/
DG volumes, predicted by the LME model (i.e., conditional response). Gray lines represent individual data points for each exposed (left) or nonexposed (right) participant,
while the blue line represents the fixed effect at the population level. Improvement of reactive control in exposed individuals predicted parallel CA2-3/DG volumetric
plastic changes, while no significant relationship was observed in nonexposed individuals.
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intrusions, which became more effective. Tracking symptom changes
over three time points (i.e., intrusive reexperiencing and avoidance)
revealed that improvements in inhibitory control over unwanted
memories between the first and second time points predicted posi-
tive outcomes at the third, highlighting a potential predictive marker
of resilience. The study’s second aim was to test whether chronic
stress in individuals with PTSD further compromises the integrity
of hippocampal structures, using high-resolution MRI scans of
hippocampal subfields. While no changes in hippocampal subfield
volume were observed in individuals who had remitted from PTSD
or those without PTSD at the first time point, results indicated atro-
phy in the CA2-3/DG region in individuals with chronic PTSD. Last,
in the trauma-exposed group and those diagnosed with PTSD at the
first time point, our findings showed that the intraindividual slopes
characterizing the temporal evolution of control mechanisms and
hippocampal integrity were interrelated.

Current models of PTSD link the persistence of traumatic memory
to preexisting vulnerabilities together with stress-induced altera-
tions in fear and memory circuits (61). Complementary hypotheses
suggest that PTSD is also characterized by deficits in inhibitory con-
trol circuits, which regulate activity in memory-processing areas
and limit access to unwanted memories (38, 44). Our findings indi-
cate that plastic resilience processes rooted in the memory control
brain network can foster clinical improvement by protecting against
the chronic deterioration of the hippocampus, aligning with models
that suggest resilience mechanisms adaptively mitigate the negative
effects of stress on the brain (1-4). These results bridge the gap be-
tween two distinct neurobiological frameworks in the literature that
characterize variations in response to trauma, highlighting a funda-
mental mechanism of human brain resilience against trauma.

Many animal studies have documented the detrimental effects of
chronic stress on the hippocampus, altering synaptic plasticity, den-
dritic morphology, neurogenesis, and neurodegeneration (62-67).
However, these effects are not consistently replicated in human
studies (30, 31, 66). Here, although the observed pattern is compat-
ible with the idea that smaller hippocampal volumes reflect a preex-
isting vulnerability to PTSD (24, 27), we further observed the
presence of atrophic changes in the CA2-3/DG region in individuals
suffering from chronic PSTD. The novelty of our findings might be
explained by the fact that other relevant studies used shorter clinical
follow-ups and/or lower-resolution MRI sequences (24, 28, 30, 31).
Furthermore, it is often challenging to include groups of individuals
matched for the nature, onset, and duration of traumatic exposure,
as was achieved here. These variations may limit the characteriza-
tion of hippocampal alterations in PTSD. In line with our findings,
animal studies show that chronic stress provokes a loss of dendritic
complexity in the CA3, reducing synaptic connections (58, 68).
Adult neurogenesis in the DG is also highly sensitive to stress
(67, 69-71) and its interruption might exacerbate the progression of
hippocampal atrophy. However, we did not observe the presence of
a significant interaction between time and subfield in chronic PTSD,
suggesting that the observed patterns of atrophic changes may not
solely depend on pathophysiological processes specific to the DG
(e.g., neurogenesis).

This study does not provide insight into the origin of resilience
mechanisms or the precise temporal sequence of events, due to the
sparsity of longitudinal measurements. Nevertheless, it offers valu-
able information on the role of inhibitory control mechanisms in
the memory domain and their plasticity in recovery and adaptation
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processes. Several elements suggest that the plasticity of memory
inhibition processes may not only accompany and anticipate trauma
remission but also limit stress-induced damage to the hippocampus,
rather than the reverse. We observed positive changes in control
processes associated with remission but not in hippocampal vol-
umes, which showed no change in the remitted group but atrophic
changes in chronic PTSD. These improvements in control processes
predicted the reduction of intrusive reexperiencing, a core symptom
of PTSD, and were associated with the interruption of hippocampal
atrophy. Together, these findings suggest that the restoration of con-
trol mechanisms initiates remission, which may benefit the hippo-
campus and support the recovery process in a virtuous cycle.

Although it remains largely unknown whether this relationship
depends on the restored capacity of the inhibitory control system to
limit or modulate the traumatic reexperiencing itself, several argu-
ments might suggest a potential connection. First, memory suppres-
sion not only silences unwanted memories or reduces their vividness
but also regulates the negative emotions associated with those mem-
ories (46). Suppressing intrusive memories disrupts the emotional
content of the suppressed traces (41), and stopping unwanted re-
trieval is associated with the parallel extinction of the related emo-
tional responses (72). Frontal networks involved in memory and
emotional control overlap (46, 48), and prefrontal control during
emotional actions predicts resilience against PTSD (73). Intrusive
memories in PTSD are often accompanied by intense and uncon-
trollable negative emotions, such as fear and sadness, profound dis-
tress, and the sensation that the traumatic event is happening again
(74-76). The persistent reexperiencing of the traumatic experience
characterizing chronic PTSD is accompanied by elevated systemic
levels of oxidative stress and inflammation, due to sustained activa-
tion of the hypothalamic-pituitary-adrenal axis (77, 78). This mal-
adaptive stress response can provoke a constant state of alert,
hyperarousal, and altered fear response (79), further exacerbating
intrusive memories in a maladaptive loop (80, 81). By limiting the
access of the consciousness and attention to intrusive memories
(55), the memory control system may break this negative cycle, re-
ducing hippocampal damage caused by intrusion-related stress and
their associated negative emotions.

Second, the rehabilitation of inhibitory control mechanisms
could limit hippocampal hyperexcitability potentially associated
with intrusive reexperiencing. Chronic stress increases glutamatergic
signaling from amygdalar projections to the hippocampus (82, 83),
selectively damaging GABAergic interneurons (84, 85) and dis-
rupting the excitation/inhibition balance, resulting in hippocampal
chronic hyperexcitability. This imbalance is central to many psychi-
atric disorders (86, 87) including PTSD (88). Although the relationship
between intrusive memories and hippocampal hyperexcitability is
still poorly understood (4, 89-91), down-regulation of intrusive
memories in the hippocampus could help reduce such hyperexcit-
ability via indirect prefrontal connection that activate GABAergic
interneurons (92, 93), thereby mitigating the structural damage
caused by hyperexcitability. In line with this perspective, stimulat-
ing the activity of hippocampal GABAergic transmission can lead
to morphological and functional synaptic changes, as well as the
formation of new inhibitory synapses (94). Furthermore, enhanc-
ing inhibition of stress-responsive DG neurons increases resilience
to stress (95).

Third, such protecting effect of intrusion control on the DG may
help restore neurogenesis-related and hippocampal functions, such
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as pattern separation and contextual processing, further fostering
resilience and adaptation to stress in a virtuous loop, as suggested
for a long time by animal researchers (67, 69-71). However, the lack
of interaction between CA1 and CA2-3/DG and the absence of clear
separation between CA2-3/DG in the current images leave uncer-
tainty about whether the observed effects depend exclusively on
DG-related physiological mechanisms, such as neurogenesis. For
example, the restoration of GABAergic function in the hippocampus
could relieve prefrontal function. Although we cannot disentangle
the causal relationships between these phenomena, our findings
suggest that recovery of memory control is linked to a cascade of
morphological changes in the hippocampus, creating a virtuous
loop that promotes resilience and recovery.

Limitations

This study has several limitations. Our computational model ac-
counts for a limited range of cognitive mechanisms, while the
control of intrusive memories in daily life involves a much more
complex set of cognitive functions and processes (96). The model’s
formation of beliefs driving intrusion control reflects the memory
of past trials and items, which likely depends on episodic memory.
However, beyond this episodic guidance, adaptive top-down control
is also influenced by other contextual or semantic information not
modeled here (97). Overgeneralization of fear to new contexts may
trigger intrusive reexperiencing (13), raising question about how
contextually derived predictions may influence control. Maladap-
tive conceptual representations about context, such as the belief that
the world is inherently dangerous, also constitute aberrant hyper-
priors reinforcing avoidant behavior, contributing to the mainte-
nance of intrusions (98). Furthermore, bottom-up sensory priors
influence predictive processing (99), and traumatic experiences may
bias perceptual and interoceptive hypotheses, triggering intrusive
reexperiencing (100). Our experimental design and computational
models do not account for these possibilities, leaving it unclear how
such beliefs influence inhibitory control. Another limitation is that
our model only captures intrusive memories at the behavioral level,
not the neural dynamics underlying belief and PE updating, so it
should not be viewed as a model of predictive coding. Despite these
limitations, our results reveal that the plasticity of intrusion control
mechanisms, dependent on memory-based predictive processing, is
central to understanding resilience after trauma.

Another concern of this study is the limited sample size. In stud-
ies with smaller samples, the ability to detect a true effect of a certain
magnitude is reduced. Due to the small size of the remitted group,
we cannot rule out the possibility of smaller effects that we were un-
able to detect regarding hippocampal subfield plasticity following
PTSD remission. Small samples also tend to produce parameter es-
timates and confidence intervals that are broad and imprecise.
Therefore, the extent of changes associated with PTSD chronifica-
tion or remission remains uncertain in this study, and replication
with larger samples is necessary to provide more accurate estimates.
This limitation is important for understanding the scope of potential
clinical applications stemming from our findings. Additionally, the
small sample size may hinder the identification of transdiagnostic
mechanisms related to PTSD comorbidities, although we accounted
for the influence of comorbidities, such as depression, as the cause of
the observed pattern (see the Supplementary Text). PTSD is a hetero-
geneous disorder involving various neurocircuits, and small samples
may limit the characterization of these circuits. Future studies with
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larger samples may provide more detailed insights into the general-
ization of the neurobiological substrate of intrusive thoughts. Our
results should be interpreted in light of this limitation. However, note
that the small size of the remitted group does not affect the reliability
of our significant findings.

Concluding remarks

Consistent with the current understanding of resilience (1-4), the
plasticity of inhibitory control mechanisms involved in memory
suppression reflects a positive and dynamic adaptation after expo-
sure to trauma, helping individuals overcome the stressful experi-
ence (49, 101). This demonstrates that, although resilience depends
on preexisting factors, such as prefrontal regulatory mechanisms
(73), adaptive mechanisms can also be plastic and acquired. How-
ever, linking dynamic adaptation to inhibitory control mechanisms
and frontal activity has not always succeeded when using motor in-
hibition tasks (4). While there are significant overlaps between
neurocircuits involved in memory and motor control (102), the dis-
crepancy suggests that dynamic resilience processes might be more
effectively captured through fronto-hippocampal inhibitory coupling
mechanisms and neurocognitive functions more closely related to
PTSD symptoms, rather than motor inhibition tasks.

It remains unclear whether the remission of inhibitory control
mechanisms identified in this study can disrupt the traumatic mem-
ory itself and complement existing trauma-focused exposure thera-
pies. On one hand, if the traumatic memory is consolidated outside
of the hippocampus and its reactivation is too strong, then attempts
to suppress its retrieval may prove ineffective. Inadequate suppres-
sion attempts can also exacerbate emotional responses or the recur-
rence of intrusive memories (41, 47, 55). On the other hand, the
independence of traumatic memory traces and intrusive reexperi-
encing from the hippocampus remains an open question (4, 89-91),
and the fronto-hippocampal pathway identified in this study may
have contributed to the reduction of trauma. Limiting memory in-
trusiveness to a moderate level of activation and stimulating the in-
hibitory control system during trauma-focused treatments could
facilitate the destabilization and forgetting of traumatic memories
during reconsolidation (103, 104). Similarly, practicing memory re-
trieval suppression may enhance extinction learning (72). Alterna-
tively, activating prefrontal-inhibitory pathways during treatment
could stimulate inhibitory plasticity, which would further promote
the silencing of memory traces (105, 106).

Despite these uncertainties, our findings indicate that the plasticity
of inhibitory control circuits plays a crucial role in the positive adapta-
tion to trauma and is more closely tied to hippocampal neuroplasti-
city under stress than previously recognized. These findings pave the
way for new control-based treatments aimed at fostering resilience.

MATERIALS AND METHODS

Participants

Eighty nonexposed and 114 exposed subjects participated in this
study (38). Exposed participants were recruited through the trans-
disciplinary and longitudinal research “Program 13-Novembre”
(www.memoirel3novembre.fr/), a nationwide funded program sup-
ported by victims’ associations. Nonexposed participants were not
present in Paris on 13 November 2015 and were recruited from a
local panel of volunteers. A clinical interview with a medical doctor
was conducted to ensure that participants had no reported history
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of neurological, medical, visual, memory, or psychiatric disorders.
Exclusion criteria also included history of alcohol or substance abuse
(other than nicotine), mental or physical conditions that preclude
MRI scanning (e.g., claustrophobia or metal implants), and medical
treatment that may affect the central nervous system or cognitive
functions. All the participants were between the ages of 18 and 60 years
old, right-handed, and French speaking and had a body mass index
inferior to 35 kg/m”.

At both time points, exposed participants were diagnosed using
the structured clinical interview of the DSM-5 (SCID) (107) con-
ducted by a trained psychologist and supervised by a psychiatrist. To
ensure that the SCID covers all relevant aspects of the PTSD it aims
to diagnose, the interview was highly standardized, following a
structured format that guided the clinicians through specific ques-
tions and criteria. This standardization ensured consistency in ad-
ministration across participants. To further increase consistency in
interpretations and the reliability of the diagnosis of PTSD, frequent
meetings were organized between the psychologists and the psy-
chiatrist in charge of supervising the whole process to discuss cases
and harmonize decisions. Responses and quotations were then en-
tered in an electronic Case Report Form that was processed by a
data manager through a database management system to ensure
that data were adequately managed, organized, and standardized.

All exposed participants met DSM-5 criterion A, indicating that
they experienced a traumatic event. Exposed participants were diag-
nosed with PTSD in its full form if all the additional diagnostic
criteria defined by the DSM-5 were met: presence of intrusion (cri-
terion B), avoidance (criterion C), negative alterations in mood or
cognition (criterion D), arousal and reactivity symptoms (criterion
E), with persistence of the symptoms superior to 1 month (criterion
F) that caused significant distress and functional impairment (crite-
rion G) and that are not due to medication, substance use, or other
illness. Participants were diagnosed with PTSD in its partial form if
they had significant and persistent reexperiencing symptoms (crite-
rion B, G, E and H) (38, 108). Trauma-exposed participants with
full and partial PTSD profiles were grouped together for the pur-
pose of statistical analyses in one unique clinical group referred to as
the PTSD™ group (38, 44). In addition, other life events were also
scanned during the interview with the clinician. In the rare cases for
which a traumatic event was present in a nonexposed individual
(N = 11), the clinician administered the SCID to evaluate the pres-
ence or absence of PTSD symptoms. Following this procedure, only
one nonexposed participant showed PTSD and was subsequently
excluded from the study.

To further validate the SCID diagnosis, we additionally performed
concurrent, convergent, predictive, and discriminant validity analyses
of the PTSD™ diagnosis. We used the various psychopathological
scales at our disposal and performed a logistic regression analysis be-
tween the scores of those scales and the binary diagnosis (PTSD pres-
ent versus absent). For concurrent validity, we used the PTSD checklist
version DSM-5 (PCL-5) scale. For convergent analysis, we used the
scales reflecting psychological distress or well-known comorbidities,
including the Beck Depression Inventory scale, the State-Trait Anxi-
ety Inventory, and the Ruminative Responses Scale. For predictive
validity, we used the World Health Organization Well-Being Index
and the Insomnia Severity Index. Last, to ensure that PTSD diagnosis
was not confused with substance use abuse (discriminant analysis), we
used the Alcohol Use Disorders Identification Test and Benzodiazepine
Cognitive Attachment Scale. These analyses reveal that the diagnosis
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of PTSD has significant concurrent and convergent validities for all
dimensions tested and both time points. The diagnosis was also not
related to substance use and has good discriminant validity. Results of
these analyses as well as psychometric properties of the SCID are pre-
sented in the Supplementary Text.

At time 1, from the 114 included exposed participants, 52 indi-
viduals were resilient and were not diagnosed with PTSD (ie,,
PTSD"). Forty-six and 39 PTSD"™ participants had exploitable fMRI
and hippocampal subfields data, respectively. Sixty-two individuals
were diagnosed with PTSD in its partial or complete form (PTSD").
Fifty-five and 53 PTSD™ participants had exploitable fMRI and hip-
pocampal subfields data, respectively. Seven exposed participants were
excluded for non-respect of inclusion criteria. From the 80 nonex-
posed participants included, 72 and 56 had exploitable fMRI and
hippocampal subfields data, respectively. Participants were excluded
from the fMRI analyses due to the absence of intrusion rating owing
to technical or behavioral issues, artifacts in the MRI images, or in-
ability to pursue the experiment. Exclusions from the hippocampal
subfields analyses were made for the following reasons: no acquisi-
tion of high-resolution images, MRI artifacts, or motion artifacts
(anatomical landmarks used for segmentation not visible).

All the participants included at time 1 were asked to join the sec-
ond phase of the study (time 2). Seventy-two of the 80 nonexposed
participants and 100 of the 114 exposed participants joined the sec-
ond phase. Exposed participants were once again diagnosed for
PTSD in its partial or full form using DSM-5 (SCID) (107). Of the
100 included exposed participants at time 2, 43 individuals were
classified as “stable PTSD™” and were not diagnosed as PTSD across
both time points (i.e., PTSD™). Forty-two and 38 of those individu-
als had exploitable fMRI and hippocampal subfields data at time 2,
respectively. Nineteen individuals were diagnosed with PTSD in its
partial or complete form at time 1 (PTSD™) but did not present any
symptom at time 2 and were categorized as “remitted PTSD.” Eigh-
teen and 18 remitted PTSD participants had exploitable fMRI and
hippocampal subfields data, respectively. Thirty-four individuals
were diagnosed with PTSD in its partial or complete form across
both time points and were categorized as “chronic PTSD? Thirty-
four and 30 individuals with chronic PTSD had exploitable fMRI
and hippocampal subfields data, respectively. Four non-PTSD par-
ticipants at time 1 reached criteria for full or partial PTSD at time 2
and were discarded from further analyses. Details of the partici-
pants’ demographic information are reported in Table 1.

We also asked participants if they were engaged for more than a
week in any of the following treatments: (i) psychodynamic ap-
proach, (ii) cognitive behavioral therapy, (iii) eye movement desen-
sitization and reprocessing, (iv) meditation, (v) simple interview,
and (vi) psychotropic treatment. Seventy-seven percent of stable
PTSD™ (ie., resilient) were engaged in one of those treatments,
while 100 and 95% of remitted and chronic PTSD were. Critically,
the proportion of individuals following treatments was not signifi-
cantly different between remitted and chronic PTSD (x> = 1.1615,
P =0.28). The perceived efficacy of received treatment did not differ
between those two groups (T5; = — 0.12, P = 0.9). This suggests that
PTSD remission cannot be solely accounted for by whether they re-
ceived treatment or not.

All the participants of the two phases of the study were asked to
join a clinical follow-up in 2020, 5 years after the terrorist attacks
(time 3). This third phase included a telephonic assessment of symp-
toms severity through PCL-5 (51). At time 3, we were able to collect
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Table 1. Participants’ information.

N total N hippocampus N fMRI Age Sex (M) Total PCL
Time 1 Nonexposed 80 56 72 33.89+11.32 37 491 + 6.66
T|me2 e Nonexposed 72 57 67 3555 o 133 33 5704 533 e
Stable PTSD™ 43 38 42 38, 37 28
Remitted PTSD 19 18 18 39.95 + 8.69 10 17.05 +13.48
Chronic PTSD 34 30 34 38.64+7.71 13 34.21+12.86

clinical data for 58 nonexposed, 38 stable PTSD™, 17 remitted, and
29 chronic PTSD participants.

All the participants completed the first phase of the study be-
tween 13 June 2016 and 7 June 2017, the second phase of the study
between July 2018 and June 2019, and the third phase of the study
between 28 April 2020 and 8 May 2020. Participants were finan-
cially compensated for their participation in the study. The study
was approved by the regional research ethics committee (“Comité
de Protection des Personnes Nord-Ouest III,” sponsor ID: C16-13,
RCB ID: 2016-A00661-50, clinicaltrials.gov, registration number
NCT02810197). All the participants gave written informed consent
before participation, in agreement with French ethical guidelines.
Participants were asked not to consume psychostimulants, drugs, or
alcohol prior to or during the experimental period.

Material

All the participants performed the TNT task (54) at the two phases
of the longitudinal study. The stimuli were three sets of four series of
lists of 72 association pairs of names and pictures representing ob-
jects, composed of neutral abstract French words (109) and objects
selected from the Bank of Standardized Stimuli (BOSS), respectively
(110). For each set, four lists of 18 pairs were assigned to four condi-
tions [think, no-think, baseline, and unprimed for the final priming
test task after the TNT phase; (38)]. Eight fillers were also created for
practice. The sets were counterbalanced across longitudinal ses-
sions, and the lists of pairs within each set were presented in coun-
terbalanced order across the conditions. The lists of words were
matched on average naming latency, number of letters, and lexical
frequency (109). The lists of objects were matched relative to the
naming latency, familiarity and visual complexity levels, viewpoint,
name and object agreement, and manipulability, as measured in the
BOSS validation study (110). Stimuli were presented using the Psy-
chophysics Toolbox implemented in MATLAB (The MathWorks).
We used neutral material completely disconnected from the trau-
matic experience that enables us to investigate general memory
control mechanisms and incidentally avoid ethical issues for the
trauma-exposed group.

Procedure

Before MRI acquisition, participants learned 54 French neutral word-
object pairs that were presented 5 s each. After the presentation of all
pairs, the word cue for a given pair was presented on the screen for up
to 4 s, and participants were asked whether they could recall and fully
visualize the paired object. If so, three objects then appeared on the

Leone et al., Sci. Adv. 11, eadq8336 (2025) 8 January 2025

screen (one correct and two foils), and participants had up to 4 s to
select which object was associated with the word cue. After each rec-
ognition test, the object correctly associated with the word appeared
2500 ms on the screen, and participants were asked to use this feed-
back to increase their knowledge of the pair. Pairs were learned
through this test-feedback cycle procedure until either the learning
criterion (at least 90% of correct responses) was reached or a maxi-
mum of six presentations was achieved. Once participants had
reached the learning criterion, their memory was assessed for one last
time using a final criterion test on all of the pairs but without giving
any feedback on the response. No group differences were found on
this final criterion test. Following this learning phase, pairs were di-
vided into three lists of 18 pairs assigned to think, no-think, and base-
line conditions for the TNT task. Participants were given the TNT
phase instructions and a short TNT practice session before MRI ac-
quisition to familiarize them to the task.

Following this TNT practice session, participants entered the
MRI scanner. During the T1 structural acquisition, the complete list
of learned pairs was presented once again to reinforce the learning
of the pairs (5 s for each pair). This overtraining procedure was
intended to ensure that the word cue would automatically bring
back the associated object. Following this reminder of the pairs,
participants performed the TNT task, which was divided into four
sessions of about 8 min each. In each session, the 18 think and 18
no-think items were presented twice. Word cues appeared for 3 s on
the screen and were written either in green for think trials or in red
for no-think trials. During the TNT practice session, participants
were trained to use a direct suppression strategy. During the no-
think trials, participants were instructed to imperatively prevent
the object from coming to mind and to fixate and concentrate on
the word cue without looking away. Participants were asked to
block thoughts of the object by blanking their mind and to not re-
place the object with any other thoughts or mental images. If the
object image came to mind anyway, then they were asked to push it
out of mind. After the end of each of the think or no-think trial
cues, participants reported whether the associated object had en-
tered awareness by pressing one of two buttons corresponding to
“yes” (i.e., even if the associated object pops very briefly into their
mind) or “no” Although participants had up to 3600 ms to make
this intrusion rating, they were instructed to make it quickly with-
out thinking and dwelling too much about the associated object. The
rating instruction was presented up to 1 s on the screen and fol-
lowed by a jittered fixation cross (1400, 1800, 2000, 2200, or 2600 ms).
The Genetic Algorithm toolbox (111) was used to optimize the
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efficiency of the think-versus—no-think contrast. Twenty percent
additional null events with no duration and followed by the jittered
fixation cross only were added and were used to optimize the de-
tection of the BOLD response against the rest. A perceptual iden-
tification task followed the TNT phase. Data about this task will be
presented elsewhere.

MRI acquisition parameters

fMRI data were acquired on a 3-T Achieva scanner (Philips). At
the two phases of the study, participants first underwent a high-
resolution T1-weighted anatomical volume imaging using a three-
dimensional (3D) fast field echo (FFE) sequence (3D-T1-FFE sagittal,
repetition time (TR) of 20 ms, echo time (TE) of 4.6 ms, flip angle of 10°,
SENSE factor of 2, 180 slices, voxels of 1 mm by 1 mm by 1 mm, no
gap, field of view (FoV) of 256 mm by 256 mm by 180 mm, matrix
of 256 x 130 % 180). This acquisition was followed by the TNT func-
tional sessions that were acquired using an ascending T2-star EPI se-
quence (MS-T2-star-FFE-EPI axial; TR of 2050 ms, TE of 30 ms, flip
angle of 78°, 32 slices, slice thickness of 3 mm, gap of 0.75 mm, matrix
of 64 X 63 X 32, FoV of 192 mm by 192 mm by 119 mm, 235 vol-
umes per run). Each of the four TNT functional sequences lasted
about 8 min.

A high-resolution proton density-weighted sequence was also
acquired perpendicularly to the long axis of the hippocampus (TR
of 6500 ms, TE of 80 ms, flip angle of 90°, in-plane resolution of
0.391 mm by 0.391 mm, slice thickness of 2 mm, no gap, 30 slices)
to segment hippocampal subfields.

fMRI preprocessing

The preprocessing of images was conducted with the Statistical
Parametric Mapping toolbox (SPM 12, University College London,
London, UK). Functional images collected during the TNT task of
both longitudinal phases were (i) spatially realigned to correct for
motion using default setting parameters provided by the batch
mode and a six-parameter rigid body transformation, (ii) corrected
for slice acquisition temporal delay using the middle temporal slice
as reference, and (iii) coregistered with the skull-stripped structural
image collected at time 1 using the mean fMRI image and the de-
fault setting parameters provided by the batch mode as estimation
options. The T1-weighted anatomical volume was bias corrected
and segmented using tissue probability maps for gray matter, white
matter, and cerebrospinal fluid. The forward deformation field (y_*.
nii) was derived from the nonlinear normalization of individual
gray matter images collected at time 1 to the T1 template of the
Montreal Neurological Institute (MNI). Deformation fields were es-
timated and applied using default setting parameters provided by
the batch mode. Each point in this deformation field is a mapping
between the MNI standard space and native-space coordinates in
millimeter. Thus, this mapping was used to project the coordinates
of the MNI standard space regions of interest (ROIs) to the native
space functional images.

Computational modeling of the TNT task

We used meta-Bayesian computational modeling (112) to estimate
participants’ beliefs and related PEs about the probability of experi-
encing intrusive memories at the upcoming no-think trials. A de-
tailed view of our computational approach can be found in our
previous study that we conducted on the same dataset at time 1 (44).
In this study, we fitted and compared different models to the binary
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intrusion rating outputted by the TNT task, using the TAPAS tool-
box (available at www.tnu.ethz.ch/de/software/tapas). Three differ-
ent classes of perceptual models describing different hypotheses on
how beliefs are updated were built and tested. The traditional
Rescorla-Wagner model assumes a subject-specific static learning
rate o that weights PE (113). The Kalman filter (114, 115) assumes
that beliefs are uncertain and the learning rate, defined as the Kalman
gain, is dynamically updated trial by trial with the modulation of
two free parameters encoding beliefs uncertainty and reliability.
Last, we included a two-level hierarchical Gaussian filter (HGF), hy-
pothesizing that the learning underlying beliefs updating is dynami-
cally modulated by trial-by-trial uncertainty (116). Such uncertainty
is derived in a hierarchical fashion, considering the volatility of the
environment on perceptual inference. In this previous study (44),
Bayesian model selection and further model validations using pa-
rameter recovery, model recovery, and model falsification analyses
revealed that this HGF model best accounted for intrusive rating
during the TNT task. We therefore used the exact same HGF model
in the current study, to estimate the participants’ trial-wise beliefs
and related PEs about the probability of experiencing intrusive
memories. At a first level of the HGF model, participants would
form beliefs, or predictions (x;), about the probability of experienc-
ing intrusive memories at the upcoming trial

Y ~ Bernoulli 1

| {reew|-])

These beliefs are the logistic transformation of the second level
X3, which encodes beliefs about the volatility of memory intrusions
experienced throughout the TNT task

x;t) ~N [xg_l), exp(w)]

At this level, beliefs are described by a Gaussian probability dis-
tribution whose variance encodes beliefs’ uncertainty and is con-
trolled by the free parameter m. The HFG postulates that belief
updating is driven by the uncertainty weighting of PE, such that PE
induces greater learning when beliefs are uncertain.

To transform belief into intrusion rating, we built different re-
sponse models, hypothesizing different sources of beliefs. Perceptu-
al models were built using the total trial history throughout the TNT
task as behavioral inputs and outputs (state models). Similarly, we
built a distinct perceptual model for each word-object association
pair (i.e., each item). Item models were built using the intrusion rat-
ings related to each association pair (up to 18 different items), in-
cluding eight repetitions in total for each item. After estimating
these different perceptual models for each item, the inferred beliefs
resulting from each of them were concatenated. Beliefs were mapped
into intrusion ratings using a [ density probability distribution as
observation model as follows

_ [(o+p) (u_l)(l _ )(ﬁ—l)

PU19) = eor)

where 0 refers to participants’ beliefs estimated through the different
perceptual models, I" expresses a Gamma function, a =0 X v, f=v —
o, and v is a participant-specific free parameter (i.e., inverse decision
noise regulating beta density width, estimated during model fit).
This observation model described the accuracy of internal beliefs in
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mapping onto the outcomes (i.e., intrusions). We wanted to compare
the accuracy of different beliefs trajectories to establish the most likely
source. Specifically, we built three different models assuming different
sources of beliefs:

« The state source model hypothesized that belief 6 at trial t was
influenced by previous trial history, irrespective of the content of the
specific item.

« The item source model hypothesized that belief 6 was influ-
enced exclusively by the specific word-object association pair, re-
gardless of the previous trial history.

o The combined model hypothesized that participants combined
state and item beliefs trajectories to improve prediction accuracy.
Belief was created by a joint posterior distribution with mean {i,, by
summing beliefs arising from trial history and beliefs arising from
the history of each specific item, weighted by their specific preci-
sions and dividing the result by the sum of their variances

9 _ﬁ _ ﬁsﬁs +ﬁiﬁi
T+

c

In our previous study (44), results showed that the combined
HGF outperformed other models. We therefore used this model to
estimate beliefs and PE for the longitudinal analysis of the cur-
rent study.

Computational dynamic causal modeling

DCM allows creating and comparing different hypothesis-driven
generative models to infer the effective connectivity between a set of
predefined brain regions. The construction of the generative model
relies on the manipulation of three matrices: The A matrix encodes
the intrinsic connectivity, the B matrix encodes the modulation of
experimental conditions over connectivity, and the C matrix en-
codes the modulation experimental conditions over the activity of
single brain regions (117).

DCM entails a priori definition of ROIs. To be able to analyze the
longitudinal change of DCM coupling parameters, we used the exact
same ROIs and model space than in our previous study conducted at
time 1 (codes available on https://github.com/PierreGagnepain/
predictive_control). The ROIs included the anterior and posterior
parts of the MFG (aMFG and pMFG, respectively), given their role
in memory suppression (41, 42, 118), the rostral and caudal hippo-
campus (rHIP and cHIP, respectively), and the precuneus (PC). We
first selected the ROIs from the Brainnetome Atlas (119) (http://atlas.
brainnetome.org/). The aMFG region included A46 (center coordi-
nates: x = 28, y = 55, z=17) and A9/46v (x = 42, y = 44, z = 14),
PMEG included A9/46d (x = 30, y = 37, z = 36) and A8vl (x = 42,
y =27, z=39), rHIP and cHIP corresponded to two ROIs (x = 22,
y=-12,z=-20and x =29, y = —27,z= —10), and PC corresponded
to dorsomeidal parieto-occipital sulcus (x = 16, y = —64, z= 25). The
MNI coordinates of the five ROIs were projected onto participants’
native space using the deformation field, without any spatial warping
or smoothing of the functional images, to ensure maximum accu-
racy. However, for there to be sufficient demarcation between the
aMFG and pMFG signals, aMFG coordinates were initially limited to
y > 35 mm and pMFG coordinates to y < 25 mm.

At time 1, for the DCM analysis, we identified for each participant
the maximum activation peak within the ROIs (using no-think >
think contrast for aMFG and pMFG and no-think < think con-
trast for memory regions). We then created for each participant a
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mask of the most significant 30 contiguous voxels (1012.5 mm?),
derived from the individual statistical map of the main effect of sup-
pression, and then summarized the voxel time series within this
mask. We used a similar procedure for the analyses at time 2. To
increase the comparability of time 1 and time 2, we started from the
same peak identified at time 1 and grew a region of 30 contiguous
voxels according to the individual statistical map. This procedure
ensures that the time courses of fMRI activity used for DCM origi-
nated from the same center while preserving the selection of most
activated voxels.

The main goal of our DCM analyses was to model predictive
control and reactive control of intrusive memories. The model space
in our initial study conducted at time 1 was composed of four main
families of models (120). The “computational top-down modula-
tion” family postulates the existence of predictive and reactive
mechanisms, by assuming that beliefs and PE, respectively, para-
metrically modulate the connectivity from aMFG and pMFG to the
hippocampus and the PC. This family can be divided into two sub-
families: one hypothesizing that aMFG is involved in reactive con-
trol and the pMFG in predictive control, and another hypothesizing
the opposite involvement. To validate the meaningfulness of predic-
tive control and reactive control, we also included a “no computa-
tion” model family in which top-down coupling was modulated by
no-think items without further parametric modulation on this in-
put and a “computational bottom-up modulation” model family in
which the influence of computational parameters arises from mem-
ory to control regions. Last, a null model family, in which no con-
nections were modulated, was also designed [see (44) for more
details]. The random-effects Bayesian model selection (121) con-
ducted during this first study revealed that the computational top-
down modulation family outperformed the others. Critically, this
finding was observed across the whole population of participants,
without further differences in the preferred model architecture
across the groups of participants. Within this family, however, we
did not have evidence for a preferential involvement of aMFG and
PMEFG in either predictive control or reactive control. Therefore, a
single parameter reflecting the top-down control associated with
each form of computation (i.e., predictive and reactive) was sum-
marized using Bayesian model averaging (BMA) (120) across all the
models of this family. For time 2, the exact same BMA procedure
was applied within the same family of models. At time 1, the aggre-
gation of coupling parameters modulating the two hippocampal re-
gions included in our DCMs revealed a significant Group*Control
interactions when individuals with PTSD were compared to ex-
posed without PTSD or to nonexposed individuals. This interaction
was absent with respect to the precuneus. We therefore focus the
current longitudinal study on the same top-down coupling param-
eter, reflecting the regulation of hippocampal activity by the MFG.

Imbalance analysis

We projected neurocomputational markers of predictive control
(PC) and reactive control (RC) of intrusive memories onto two or-
thogonal axes of a polar coordinate system. Angular coordinates
were expressed in degrees between —180° and + 180°, with a 0° ref-
erence point at the bottom of the y axis (i.e., 0° to 180° anticlockwise
and 0° to —180° clockwise). The first axis (+45° to —135°) repre-
sented PC. Negative PC coupling values were projected on the
+45° direction, and positive PC coupling parameters onto the op-
posite —135° direction. The second axis (+135° to —45°) represented
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RC. Negative RC coupling values were projected onto the —45°
direction, and positive RC coupling parameters onto the opposite
+135° direction.

For each participant, we calculated the resultant force (RF) com-
bining predictive and reactive forces. The RF represents the vector
sum of a set of forces. Given two forces Fpc and Frc, characterized
by known angles a; and o, from 0° on the y axis of a circle and the x
and y Cartesian components (Fxpc, Fxrc and Fypc, Fyrc), the RF’s
Cartesian components can be obtained as follows

Fp, = Fxpc + Fxpe

Fry = Fypc + Fyrc

In our analyses, we focused on the RF’s direction, not its magni-
tude. The RF represents the summative effect of predictive and reac-
tive vectors of force. As the two forces were applied in different
directions yet both pointing downward, the 0° position represented
the equilibrium point. The more the RF approached the 0° direction,
the more balanced the two forces were. To obtain an imbalance an-
gle (IB) for each participant, we computed the angle 0 between the
RF and the 0° position using trigonometry

F
IB=0= <ﬂ>
FRx

Both predictive and reactive negative coupling parameters re-
flected downward yet orthogonal forces, originating from the same
point of application. This illustrates how a unique control system
may suppress memory processing according to two independent
but complementary processes serving the same function.

Hippocampal subfield segmentation

Hippocampal subfields were automatically segmented using the ASHS
software (122), using a procedure previously validated in the same
cohort at time 1 (50). Using the high-resolution proton density-
weighted sequence acquired perpendicularly to the long axis of
the hippocampus at time 1, we created an atlas package on a sub-
sample (n = 22) of participants, using the ASHS training pipeline
(instructions on https://sites.google.com/view/ashs-dox/local-ashs/
building-an-atlas-for-t2-mri). We first manually segmented the scans
of 22 participants at time 1 (7 healthy controls, 7 PTSD ™, and 8 PTSD™),
following a procedure developed in our laboratory (52, 53). From
the most anterior part of the hippocampus to the colliculi, the hip-
pocampus was segmented into three subregions: subiculum; CAI;
and a region combining CA2, CA3, and the DG (CA2-3/DG).
Segmenting the individual CA2, CA3, and DG subfields is inaccu-
rate, unreliable, and difficult, owing to the absence of useful ana-
tomical landmarks and the very small size of CA2 and CA3 (52, 53).
Therefore, these regions were combined into a single subregion.
Once the atlas package had been created, we assessed the accuracy
of ASHS automated segmentation (relative to manual segmentation)
with the subsample of 22 participants, using leave-one-out cross-
validations (123). ASHS automatically segmented the images of the
remaining participants. Automatic segmentations were all visually
checked before we extracted the volumes for statistical analysis. The
details about the validation and reliability of this procedure and
segmentation protocol are reported in Postel ef al. (50). This previ-
ous study revealed no significant interactions with hemispheres.
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We therefore averaged left and right volumes for the current longi-
tudinal study.

Statistical analyses

Group*Time interactions

All analyses were conducted using LME models, which are espe-
cially recommended for the analysis of longitudinal design, using
the fitlme function of MATLAB (The MathWorks). Fitting included
all groups and both time points and was performed using the re-
stricted maximum likelihood and the Cholesky parametrization for
the covariance matrix. Time and group status, as well as their inter-
actions, were set as fixed effects, and subjects’ intercepts and longi-
tudinal slopes were set as random effects to follow current guidelines
for LME analysis (7). This approach considers inter-subjects’ vari-
ability, by allowing subjects to have specific intercepts and evolution
rates in time. Four LME analyses were performed: (i) analysis of in-
trusion slope (calculated by taking the Pearson correlation between
the intrusion proportions and the eight repetitions in the suppres-
sion instruction across TNT sessions), (ii) analysis of the top-down
modulation of hippocampal activity associated with the predictive
and reactive suppression of intrusive memories, (iii) analysis of the
volume of CAl, and (iv) of CA2-3/DG subfields. For the analysis
of DCM coupling parameters, the effect of control (i.e., reactive
versus predictive) was added both as a fixed effect of interest and
as a random effect (i.e., accounting for inter-subject variability).
For the analysis of hippocampal subfields, we also included sex,
group-mean-centered age, and TIV as nuisance covariates to reduce
unexplained variance of the hippocampal subfields’ volumes. For all
the models, fixed effects (i.e., time, group, and control) were coded
as categorical variables, the coefficients for the first category were set
to zero (i.e., “reference” dummy variable coding method, taking the
nonexposed group at time 1 as the reference group), and appropri-
ate contrasts for planned comparisons were then set accordingly to
compare the different groups or conditions. Degrees of freedom
were corrected using the Satterthwaite correction. To test for the
main hypotheses associated with this study regarding (i) the pres-
ence of a Control*Time interaction in the remitted group associated
DCM coupling parameters and (ii) the presence of a Time effect in
the chronic PTSD group regarding hippocampal volumes, we ad-
justed the P value with respect to the number of groups using fdr
correction given that we repeated the same contrast for each group
separately. When we performed further planned comparisons with-
in a groups (e.g., within Control*Time interaction for DCM), we
adjusted the P value for the number of comparisons that were made.
Longitudinal effects

We also investigated how interindividual variations in longitudinal
changes between time 1 and time 2, in the balance of control pro-
cesses, or hippocampal volumes were related to the clinical evolution
of individuals with chronic PTSD between time 2 and time 3. To iso-
late longitudinal changes, the cross-sectional effect reflecting interin-
dividual variations (i.e., the mean between time 1 and time 2) was
subtracted from each data point. The independent variable, there-
fore, reflected longitudinal changes orthogonalized to the mean [see
(57) for a similar procedure to isolate the influence of longitudinal
and cross-sectional effects]. Cross-sectional effects and their interac-
tion with longitudinal changes were also included in the LME model
to reduce unexplained variance. Those changes were compared to the
intrusive reexperiencing and avoidance severity scores of the
PTSD Checklist for DSM-5 collected at time 2 and time 3, to forecast
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upcoming clinical changes using the evolution of memory control
and hippocampal markers between time 1 and time 2. Degrees of
freedom were corrected using the Satterthwaite correction. We ad-
justed the P value for the number of symptoms tested using fdr. Note
that the same analysis was performed using the longitudinal and
cross-sectional effects of imbalance in control as independent vari-
ables and the volumes of the hippocampus at time 1 and time 2 as
dependent variables.

Imbalance analysis

For this complementary analysis, we used the Circular Statistics tool-
box in MATLAB (124). Groups*Time interaction was performed us-
ing the parametric two-way ANOVA for circular data (i.e., circ_hktest
function). Group comparisons within time points were performed
using Watson’s two-sample tests, a nonparametric version of the two-
sample ¢ test for circular data (i.e., circ_wwtest function).

Supplementary Materials
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Supplementary Text

Tables S1.and S2
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