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Introduction: The renewal effect of extinction describes the reoccurrence of 
an extinguished response if recall is performed in a context that is not the same 
as the extinction context. This learning phenomenon is clinically relevant, since 
it potentially interferes with therapy success for anxiety disorders or phobias. 
The propensity to show the renewal effect appears to be a stable processing 
strategy in context-related extinction, associated with higher BOLD activation 
in hippocampus, ventromedial PFC (vmPFC) and inferior frontal gyrus (IFG) in 
individuals who show renewal (REN) compared to those who do not (NoREN). 
However, evidence on a potential relationship between structural properties 
such as gray matter volume (GMV) in these regions and the propensity to show 
renewal is lacking.

Methods: In this study, we  applied voxel-based morphometry (VBM) to 
investigate whether individuals with and without a propensity for renewal differ 
regarding their GMV in extinction-related brain regions, and whether such a 
difference is linked to the renewal level.

Results: Results revealed differential GMV in REN and NoREN in adjacent 
subregions of IFG and vmPFC, respectively. Higher GMV in REN was located 
predominantly in orbital IFG and in BA10 of vmPFC. Higher GMV in NoREN 
was located predominantly in triangular IFG and in BA 11 of vmPFC. In bilateral 
anterior cingulate cortex (ACC) and anterior hippocampus, GMV was overall 
higher in NoREN. In the complete sample, higher GMV in IFG BA 47, vmPFC 
BA11, bilateral ACC and bilateral anterior hippocampus was associated with less 
renewal, and partially with a higher error level in extinction learning in a novel 
context.

Discussion: The findings suggest that higher GMV in several regions active during 
extinction learning may support a more thorough processing of extinction trials 
which in turn could be conducive to an extinction recall solely based on recent 
extinction memory, disregarding context information. In summary, this study 
provides first-time evidence for a relationship of GMV in of extinction- and 
renewal-relevant brain regions with behavioral performance during extinction 
learning and the propensity to show the renewal effect.
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1 Introduction

The renewal effect of extinction describes the reoccurrence of an 
extinguished response if recall is performed in a context that is not the 
same as the extinction context (Bouton and Bolles, 1979). In exposure 
therapy of anxiety disorders, fear renewal can interfere with therapy 
success, if successful training does not transfer from the therapeutic 
context to real-life situations, e.g., (Mystkowski et al., 2002). Therefore, 
research regarding mechanisms and neural correlates of renewal can 
support devising potential treatment options.

Individuals differ in their strategies of processing information 
during extinction learning, which reflects in their renewal rates, a 
behavioral measure for the propensity to show renewal. This propensity 
appears as an intra-individually stable, reproducible processing pattern, 
as found in non-fear related extinction learning (Uengoer et al., 2020). 
As demonstrated in fMRI studies, individuals showing renewal (REN) 
exhibit higher BOLD activation, indicating more intense processing, in 
various regions of the extinction-processing network, such as 
ventromedial prefrontal cortex (vmPFC), inferior frontal gyrus (IFG) 
and hippocampus (HC), compared to individuals who do not (NoREN) 
(Kalisch et al., 2006; Lissek et al., 2013; Lissek et al., 2020; Milad et al., 
2007). Also anterior cingulate cortex (ACC) was found activated during 
non-fear related extinction learning and recall in both groups (Lissek 
et al., 2013). These participating regions mediate context processing 
(HC), context-related response inhibition and  –selection (vmPFC, 
IFG), as well as attentional processes (ACC), respectively. The extinction 
networks participating in fear extinction and non-fear related extinction 
learning show large overlaps (Andres et al., 2024; Fullana et al., 2018; 
Sehlmeyer et al., 2009), e.g., vmPFC in fear extinction also processing 
contextual information (Gonzalez and Fanselow, 2020).

In a recent DTI study, the renewal level in REN participants was 
positively correlated with microstructural integrity (fractional 
anisotropy) in the attention-related white matter tracts of bilateral 
superior longitudinal fasciculus (SLF) and left cingulum (Lissek 
et al., 2024).

Moreover, the ability to discriminate between trials presented in a 
novel or identical context appears to be reduced in REN participants 
in bilateral IFG and posterior hippocampus, as a recent representational 
similarity analysis (RSA) of the representation of ABA and AAA trials 
in extinction-relevant brain regions showed (Lissek and Tegenthoff, 
2024) - an impairment that may contribute to higher renewal.

Taken together, as yet a variety of studies suggested that processing 
modes associated with renewal are related to functional as well as 
structural properties in the brain, and have stable trait-like properties. 
However, it is as yet unknown whether the gray matter volumes 
(GMV) of extinction-relevant regions differ between individuals 
showing and not showing renewal.

Voxel-based morphometry (VBM) is a standardized method 
for voxel-wise analyses of the local gray matter in the brain 
(Ashburner and Friston, 2000). It is widely assumed that larger 
GMV is linked to superior performance, for example in executive 
functions (Cacciaglia et al., 2018), or in cognitive tasks (Yuan and 
Raz, 2014).

Research on the role of GMV in hippocampus for learning tasks 
yielded contradictory results, finding either no influence of GMV 
upon performance (Clark et al., 2020; Van Petten, 2004), or observed 
relationships of hippocampal GMV with the ability to rapidly learn 
and flexibly navigate routes (Brown et al., 2014), with the use of spatial 
memory strategies for a virtual maze (Bohbot et al., 2007), or with 
being a taxi driver (Maguire et  al., 2006). It appears that GMV 
differences in hippocampus are predominantly related to particular 
spatial expertise (Woollett et al., 2008), which may also reflect context 
processing. Also GMV in IFG affects learning: GMV in right IFG was 
associated with stop signal task performance, a measure of behavioral 
inhibition (Wang et al., 2016). In addition, performance in a working 
memory task (Li et  al., 2012) was associated with GMV in left 
IFG. GMV in anterior cingulate cortex (ACC) was increased after 
training of attention bias modification to threat (Carlson et al., 2022), 
of divergent thinking (Sun et al., 2016) and after cognitive training 
(Takeuchi et al., 2015). GMV in vmPFC (BA 10, BA 11) was observed 
to be lower in individuals who exhibited higher impulsivity (Matsuo 
et al., 2008). In contrast, better category shifting performance and 
better general executive function was found related to right vlPFC (BA 
10/47) and vmPFC (BA 25/11) GMV, respectively (Smolker 
et al., 2015).

Only very few studies ever investigated gray matter volumes in 
relation to extinction learning. One study showed that the level of 
extinction learning (as measured by skin conductance response) was 
positively correlated with cortical thickness of right vmPFC 
(Winkelmann et al., 2016). In addition, higher cortical thickness of 
right vmPFC correlated with better extinction recall (Milad et al., 
2005). Furthermore, vmPFC activation in extinction was positively 
correlated with hippocampal GMV. Besides, GMV in anterior 
hippocampus was larger in healthy volunteers compared to individuals 
with anxiety disorders (Badarnee et al., 2023). In summary, these 
studies support the notion that higher GMV in various brain regions 
strengthens the functions of these regions.

Taken together, these studies point toward a role of GMV in 
extinction-relevant brain regions (i.e., ACC, hippocampus, IFG and 
vmPFC) for processing of attention, context and response inhibition/
selection, faculties that are relevant in extinction and renewal.

Since research on the relationship between GMV and the renewal 
effect of extinction is lacking, in this study, we investigated potential 
differences in GMV between individuals who show and do not show 
the renewal effect in a predictive learning task without a fear 
component. In addition, we  explored the potential relationship 
between GMV and ABA renewal levels and extinction errors, 
regardless of the individual propensity for renewal. Our analysis 
focused on brain areas that had proved relevant for context-related 
extinction and renewal without a fear component in previous studies, 
i.e., hippocampus, IFG, vmPFC and ACC.

We assumed that REN and NoREN would differ regarding GMV 
in various extinction-related brain regions, and that these differences 
would be associated with their performance in extinction learning 
and recall.

Abbreviations: AAA, condition in renewal tasks: all three learning phase occur in 

the same context; ABA, condition in renewal tasks: extinction occurs in a different 

context than acquisition and test; ACC, anterior cingulate cortex; BA, brodmann 

area; BOLD, blood oxygen level-dependent; GM, gray matter; GMV, gray matter 

volume; HC, hippocampus; IFG, inferior frontal gyrus; MNI, Montreal neurological 

institute; NoREN, group not showing renewal; PFC, prefrontal cortex; REN, group 

showing renewal; TIV, total intracranial volume; VBM, voxel-based morphometry; 

vmPFC, ventromedial prefrontal cortex; WM, white matter.

https://doi.org/10.3389/fnbeh.2025.1592929
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Lissek and Tegenthoff 10.3389/fnbeh.2025.1592929

Frontiers in Behavioral Neuroscience 03 frontiersin.org

2 Methods

2.1 Participants

The structural scans of 99 healthy young individuals were 
submitted to voxel-based morphometry analyses. These individuals 
had taken part in several studies using a predictive learning task to 
investigate context-related extinction learning and renewal without a 
fear component. The fMRI data and behavioral data of these studies 
have been previously published (Klass et al., 2017; Lissek et al., 2019; 
Lissek et al., 2020). Inclusion criteria for the present analysis were no 
treatment, or placebo treatment, in order to avoid potentially 
confounding effects of pharmacological treatments upon the 
behavioral performance, which was to be correlated to the gray matter 
volumes in regions of interest.

All participants were university students recruited via local 
advertisements at Ruhr University Bochum. Inclusion criteria for 
participation in the original study were: 18–40 years of age (mean age 
of the sample: 24.42 +/− 3.74 years), no current medical or 
neurological condition, no substance abuse, right-handedness, and 
normal or corrected-to-normal vision.

The sample analyzed here consisted of 46 men and 53 women. 
Based on the behavioral results from the fMRI studies, participants 
were assigned to two groups, according to their ABA renewal level in 
context-related extinction recall (see 2.6. Behavioral Data Analysis). 
Participants with ≤ 10% renewal were assigned to the NoREN group 
(total n = 57, men n = 24, women n = 33), participants with higher 
levels of renewal were assigned to the REN group (total n = 42, men 
n = 22, women n = 20).

2.2 Ethics statement

The studies underlying this analysis conformed to the Ethics of the 
Word Medical Association (Declaration of Helsinki) and were 
approved by the local ethics board of the Ruhr University Bochum 
(Reg. No. 3022-10 dated 11.02.2016). All subjects participated after 
giving written informed consent.

2.3 Image acquisition

MR images were acquired using a whole-body 3 T scanner 
(Philips Achieva 3.0 T X-Series, Philips, The Netherlands) with a 
32-channel SENSE head coil. High-resolution structural brain images 
of each participant were acquired using an isotropic T1 TFE sequence 
(field of view 240 mm, slice thickness 1.0 mm, voxel size 1 × 1 × 1 mm) 
with 220 transversally oriented slices covering the whole brain. T1 
images were acquired after participants performed the predictive 
learning task.

2.4 Image analysis

2.4.1 VBM method
For preprocessing and statistical analysis of MR data we used the 

software Statistical Parametric Mapping (SPM), Version 12 (Wellcome 
Department of Cognitive Neurology, London, UK), implemented in 

Matlab R2017b (Mathworks, Natick, MA, USA). To perform voxel-
based morphometry (VBM) analyses, we  followed the procedure 
stipulated in SPM 12, which consisted of the following steps: (1) 
Reorienting of all datasets (orientation check of all datasets) alignment 
to an anterior cingulate reference. (2) Segmentation of tissues (gray 
matter, white matter, CSF) to generate tissue probability maps. (3) 
Dartel procedure to determine nonlinear transformations for warping 
GM and WM images for accurate intersubject alignment. (4) 
Normalization to standardized Montreal Neurological Institute (MNI) 
space using the Dartel template (voxel size 1.5 mm, FWHM 8 mm). 
(5) Global calculation, i.e., calculation of total intracranial volumes 
(TIV) to be used in the statistical analysis to prevent differences in 
total brain size from suggesting relevant differences in individual 
areas. (6) Statistics: two-sample comparisons of GM volume in REN 
and NoREN groups, multiple regressions of GM volume and ABA 
renewal level. TIV and gender were entered as covariates into 
the analyses.

In the statistical analyses, GMVs of extinction-relevant regions in 
REN and NoREN groups were compared. For these regions, 
anatomical ROIs were built based on the AAL atlas (anterior, posterior 
HC, IFG, vmPFC, anterior cingulate). The threshold for the analyses 
was p < 0.05 FWE-corrected for multiple comparisons, minimum 
cluster size k = 100 voxel, except otherwise specified.

2.4.2 Regions of interest
We restricted our analyses to our a priori regions of interest, i.e., 

bilateral inferior frontal gyrus (IFG), ventromedial PFC (vmPFC) with 
ventrolateral PFC, hippocampus (HC) and anterior cingulate (ACC). 
The regions were chosen based on previous studies (Kalisch et al., 
2006; Lissek et al., 2013; Lissek et al., 2018; Lissek et al., 2020; Milad 
et al., 2007) which showed their significant participation in extinction 
and renewal, by processing context features as well as response 
selection/inhibition and attention. For these regions we constructed 
bilateral anatomical ROIs based on the corresponding regions defined 
in the WFU pickAtlas Toolbox implemented in SPM12, using AAL 
atlas regions (Tzourio-Mazoyer et al., 2002).

2.5 Predictive learning task

The behavioral results reported below were collected during a 
predictive learning task performed by the participants. By means of 
this task, context-related extinction learning and the renewal effect of 
extinction without a fear component is investigated. Since the present 
study used the same or similar behavioral methods as a number of our 
prior publications among others (Lissek et al., 2013; Lissek et al., 2015; 
Lissek et al., 2016), we are using similar text for the task descriptions.

In the predictive learning task, originally developed by Üngör and 
Lachnit (2006), participants learn to associate various stimuli/cues, 
presented in two different contexts, with their consequences. Their 
responses require to state which consequence will occur to each 
stimulus in each trial. After each response, they receive a feedback 
stating the correct consequence.

The task consists of three successive phases of (a) acquisition of 
associations (b) extinction phase – with half of the stimuli presented 
in the context of acquisition (AAA condition) and the other half in a 
novel context (ABA condition) and (c) a test/recall phase in the 
context of acquisition.
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During the acquisition phase, participants learn to associate a 
presented food item with a consequence. In each trial, a stimulus 
(photo of a vegetable or a fruit) is shown in one of two available 
contexts. The contexts consist of the restaurant names “Zum Krug” 
(The Mug, 1) and “Altes Stiftshaus” (The Dome, 2) and a frame in 
either red or blue color. (see Figure 1).

First, the stimulus in its context is presented for 3 s, then a 
question asking whether the patient will develop a stomach ache is 
added to the frame. Participants respond by pressing the respective 
button (“Yes” or “No”) on a keyboard within 4 s. After the response, 
else after expiration of the response time, feedback with the correct 
answer is displayed for 2 s, i.e., “The patient has a stomach ache” or 
“The patient does not have a stomach ache.” The actual response of the 
participant is not commented upon.

The food stimuli are presented in randomized order. The 
acquisition phase contains 16 different stimuli, eight stimuli per 
context. Each stimulus is presented 8 times (total 128 trials). Half of 
the stimuli predict stomach ache, the others no stomach ache. The 
consequence of stomach ache is counterbalanced to appear equally 
often in both contexts.

During the extinction phase, half of the stimuli from the 
acquisition phase (8) are presented again. Of these, one half (4) is 
presented in the same context as during acquisition (condition AAA—
no context change) and the other half (4) in a different context 
(condition ABA—context change) in randomized order. These groups 
of stimuli are further subdivided into actual extinction stimuli (i.e., 
stimuli for which the consequence of stomach ache changes to no 
stomach ache during extinction) and retrieval stimuli (for which the 
consequence of stomach ache does not change), resulting in two 
extinction stimuli and two retrieval stimuli per context. Also, four new 
stimuli are introduced during the extinction phase, to balance the 

design so that it contains equal numbers of stimuli predicting stomach 
ache in both contexts. Overall, thus, the extinction phase contains a 
total of 12 different stimuli, six per context, i.e., two extinction stimuli, 
two retrieval stimuli and two new stimuli per context. Each stimulus 
is presented eight times (total 96 trials). In all other respects, trial 
design is identical to acquisition. Also, during all trial types in the 
extinction phase, participants receive feedback on the correctness of 
their response.

During the recall phase, extinction and retrieval stimuli are 
presented once again in the context of acquisition (five presentations 
per stimulus), resulting in a total of 40 trials. With the exception that 
during the recall phase participants receive no feedback with the 
correct response, trials are identical to those during acquisition.

For a detailed overview of the stimulus types, task phases, and 
context conditions, please refer to Table 1 and Figure 1.

2.6 Behavioral data analysis

We calculated the percentage of extinction errors in the ABA and 
AAA conditions in the extinction learning phase, as well as the level 
of ABA renewal during the recall phase.

Errors during the extinction phase are subdivided into ABA 
extinction errors and AAA extinction errors for trials in the 
respective conditions.

The level of ABA renewal is defined by the percentage of responses 
in ABA trials of the recall phase, in which the response is given that 
was correct during acquisition.

The data were derived from log files written for all three learning 
phases, from which we  calculated error rates during extinction 
learning. For calculation of the renewal level, during the recall phase 

FIGURE 1

Predictive learning task. (A) Example of a single trial. (B) ABA and AAA conditions, showing the context change in ABA. (C) Examples of food stimuli.
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only responses to stimuli with consequence change (extinction 
stimuli) were analyzed. The behavioral renewal effect in the predictive 
learning task is supposed to occur only in the condition ABA, due to 
the context change introduced during extinction learning. In case of 
renewal, associations learned during acquisition in context A will 
reflect in responses during the test phase, which is again performed in 
context A, while extinction was performed in context B. In contrast, 
the AAA condition constitutes a control condition for extinction 
learning, since here all learning phases are performed in an identical 
context. If extinction learning is successful, responses during the test 
phase will reflect the associations learned during the extinction phase. 
However, if extinction learning is impaired, responses in the AAA test 
phase may reflect associations learned during acquisition.

Errors in acquisition and extinction learning were defined as 
responses stating the incorrect association between the context-cue-
compound and the consequence.

During the recall phase, a response that referred to the association 
which was correct during acquisition constituted an error in the AAA 
condition, and a renewal response in the ABA condition. The ABA 
renewal level was calculated as the percentage of renewal responses in 
all ABA trials during the recall phase.

Statistical analyses were performed using the software package 
IBM SPSS Statistics for Windows, version 27.0 (IBM Corp, Armonk, 
NY, United States).

3 Results

3.1 Behavioral performance data

By definition, REN and NoREN groups differed with regard to 
their respective ABA renewal levels (F(1) = 258.538 p < 0.001). With 
regard to extinction learning performance, there were no significant 
differences between the groups in ABA extinction errors (F(1) = 0.072 
p = 0.789). Also in AAA extinction trials, the groups did not differ 

significantly, even though the REN group made more errors than the 
NoREN group (F(1) = 2.961 p = 0.088) (Table 2).

A multivariate ANOVA revealed no significant gender differences in 
ABA extinction learning (F(1) = 0.235 p = 0.629; men: 17.31% +/−1.82 
sem; women: 16.07% +/− 1.77 sem), or AAA extinction learning 
(F(1) = 0.956 p = 0.331; men: 19.29% +/− 2.00 sem; women: 16.97% +/− 
1.37 sem), nor in ABA renewal (F(1) = 0.116 p = 0.734; men: 24.89% +/− 
4.77 sem; women: 27.36% +/− 5.31 sem).

3.2 GMV comparisons of REN and NoREN 
participants

In SPM, we calculated contrasts to compare REN and NoREN 
participants with regard to their GMV in a number of extinction-
relevant brain regions (anterior and posterior hippocampus, vmPFC, 
IFG, and ACC) selected as a priori ROIs. The reported results are 
corrected for total intracranial volume (TIV) and contain the covariate 
gender (see Table 3 and Figure 2).

In inferior frontal gyrus, adjacent areas showed either higher GMV 
in REN or in NoREN. Also in the vmPFC area, regions predominantly in 
BA 10 showed higher GMV in REN, while other regions in BA 11 showed 
higher GMV in NoREN. In contrast, in both anterior and posterior 
hippocampus, there were only clusters with a higher GMV in NoREN 
than in REN, but not vice versa. We observed several large clusters in 
bilateral anterior hippocampus and a small one in right posterior 
hippocampus. In anterior cingulate, NoREN showed large clusters of 
higher GMV, compared to only small clusters of higher GMV in REN.

3.3 Multiple regression: relationship of 
GMV and ABA renewal level

We calculated multiple regressions to evaluate the relationship of 
the ABA renewal level with GMV in a number of extinction-relevant 

TABLE 1 Task design of the predictive learning task (the classification of stimuli into extinction, retrieval, and new learning stimuli only applies from the 
extinction phase on).

Condition Acquisition Extinction Test

Context 1 Context 2 Context 1 Context 2 Context 1 Context 2

AAA Extinction A+ B+ A- B- A? B?

Retrieval C+ D- C+ D- C? D?

New learning I- Q- J- R+ K+ L+

ABA Extinction E+ F+ F- E- E? F?

Retrieval G+ H- H- G+ G? H?

New learning M- S- N- T+ P+ O+

Extinction stimuli and Retrieval stimuli appeared in all learning phases. New learning stimuli appeared only in the respective learning phase to balance the design. Overall, + and – signs after 
the stimuli letters indicate whether the stimulus signaled stomach ache (= CS+) or no stomach ache (= CS-).

TABLE 2 Behavioral performance of the REN and NoREN groups in the predictive learning task, renewal and error rates in percent (+/− standard error 
of means).

Subgroup ABA renewal in percent 
+/− s.e.m.

ABA extinction errors in percent 
+/− s.e.m.

AAA extinction errors in percent 
+/− s.e.m.

REN 61.55 +/− 4.45 16.25 +/− 1.74 20.40 +/− 1.90

NoREN 0.18 +/− 0.18 16.94 +/− 1.79 16.32 +/− 1.48

F(1) = 258.538 p < 0.001 F(1) = 0.072 p = 0.789 F(1) = 2.961 p = 0.088
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brain regions (hippocampus, ventromedial PFC, inferior frontal gyrus, 
and anterior cingulate) for the complete sample. The reported results are 
corrected for total intracranial volume (TIV) and contain the covariate 
gender. The relationship between GMV and renewal is predominantly 
negative, particularly in bilateral anterior hippocampus, but also in 
bilateral IFG and ACC and in vmPFC (see Table 4 and Figure 3). In 
contrast, in some substantially smaller clusters, also a positive 
relationship was observed: in right triangular/orbital IFG and right 
posterior hippocampus, as well as in right anterior cingulate. For the 
latter two, the relationship was significant only when using an 
uncorrected threshold (see Table 5 and Figure 4).

The negative relationship indicates that higher GMV in these 
regions is associated with less renewal. Thus it can be expected that 
regions showing up in this analysis correspond largely to the regions 
showing up in the above two-sample comparison of NoREN > 
REN. This is actually the case for: bilateral IFG BA 47, right BA 11, 
bilateral anterior hippocampus, and bilateral anterior cingulate.

3.4 Multiple regression: relationship of 
GMV and ABA renewal level and ABA 
extinction errors

In this multiple regression analysis, we introduced an additional 
covariate of interest, namely ABA extinction errors, in addition to 

ABA renewal level. This analysis was performed to identify the regions 
in which both these parameters were simultaneously related to 
GMV. Results here are reported using an uncorrected threshold of 
p < 0.01.

A negative relationship of GMV with ABA renewal level together 
with a positive relationship with ABA extinction errors was found in 
bilateral vmPFC BA 11 and bilateral ACC. The results indicate that in 
these regions high GMV was linked to slower ABA extinction and 
subsequently less ABA renewal. Vice versa, lower GMV here was 
linked to faster ABA extinction and subsequently to more ABA 
renewal (see Table 6 and Figure 5).

4 Discussion

In this study, we compared GMV between REN and NoREN 
individuals in extinction-relevant brain regions. We  found 
significant GMV differences in several regions, which 
were partially associated with ABA renewal rates and 
extinction errors.

 • In adjacent subregions of IFG and vmPFC, GMV differed 
between REN and NoREN.

 • In IFG, higher GMV in REN was located predominantly in 
orbital IFG, in NoREN in triangular IFG.

TABLE 3 (a) Regions with higher GMV in REN than in NoREN. (b) Regions with higher GMV in NoREN than in REN, threshold FWE p < 0.05 k = 100 voxel, 
corrected for TIV, covariate gender.

MNI peak coordinate Region t-value p-value Voxel Effect size (Cohen’s d)

(a) REN > NoREN

24 36 −8 Right orbital/triangular IFG BA 47 9.12 0.000 353 1.85

−51 47 −9 Left triangular/orbital IFG BA 46/47/45 8.41 0.000 689 1.65

−29 35 −5 Left orbital IFG BA 47 7.62 0.000 338 1.55

59 23 35 Right triangular/orbital IFG BA 46/9/47/45 8.11 0.000 1,429 1.65

36 54 29 Right middle frontal gyrus, medial/lateral BA 10 10.66 0.000 3,075 2.17

−26 62 24 Left middle frontal gyrus, medial/lateral BA 10 9.96 0.000 2,961 2.02

12 26 −2 Right anterior cingulate BA 25 7.38 0.000 147 1.50

−11 24 −2 Left anterior cingulate BA 25 6.80 0.000 108 1.38

(b) NoREN > REN

33 44 −21 Right triangular/orbital IFG BA 47/45 11.43 0.000 3,508 2.32

−18 23 −27 Left triangular/orbital/opercular IFG BA 47 9.95 0.000 3,693 2.02

−36 26 27 Left triangular IFG 9.91 0.000 198 2.01

41 30 26 Right triangular IFG. BA 46 9.45 0.000 263 1.92

−12 36 −35 Left superior frontal gyrus orbital part BA 11 11.93 0.000 964 2.43

24 45 −24 Right middle frontal gyrus orbital part BA 11 13.56 0.000 1,147 2.76

29 49 −2 Right superior frontal gyrus orbital part BA 10 10.78 0.000 129 2.19

−24 48–6 Left superior frontal gyrus orbital part BA 10/11 8.64 0.000 116 1.76

38 −8 −21 Right anterior hippocampus 7.42 0.000 730 1.51

−14 −2 −14 Left anterior hippocampus 6.42 0.000 1,371 1.31

24 −32 −2 Right posterior hippocampus 4.99 0.000 107 1.01

12 36 8 Bilateral anterior cingulate BA 24/32/33 9.15 0.000 3,762 1.86

−5 2 −5 Left anterior cingulate BA 25 7.34 0.000 178 1.49
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 • In vmPFC, higher GMV in REN was observed predominantly in 
BA 10, in NoREN predominantly in BA 11.

 • In anterior hippocampus as well as in bilateral ACC, GMV was 
overall higher in NoREN.

 • In the complete sample, higher GMV in IFG BA 47, vmPFC 
BA11, bilateral ACC and bilateral anterior hippocampus was 
associated with less ABA renewal (and partially with a higher 
error level in ABA extinction).

4.1 Double dissociation of higher GMV in 
vmPFC in REN and in NoREN

Higher GMV in NoREN compared to REN was found in BA 11 
of vmPFC, and accordingly, higher GMV in this region was associated 
with less ABA renewal.

In contrast, in BA 10 of vmPFC, GMV was predominantly higher 
in REN participants. This finding of differential GMV extends 
previous findings of REN showing more pronounced BOLD activation 

in BA 10 during ABA trials in the recall phase, in which renewal 
occurs (Lissek et al., 2013). Also in studies that investigated effects of 
various neurotransmitters upon renewal, vmPFC BA 10 was found 
more active in REN participants (Klass et al., 2021).

Thus, the double dissociation of higher GMV in vmPFC regions 
of BA 10 and BA 11 in REN and NoREN individuals may point toward 
differential processing proclivities in these two groups which could 
have an impact upon the tendency to show renewal.

A dissociation of responding in BA 10 and BA 11 of vmPFC was 
also observed in a study that investigated reversal learning in humans 
(Zhang et al., 2015) and found differences in the focus of processing: 
activation in bilateral medial BA 11 was associated predominantly with 
response inhibition of a previously learned, and presently obsolete, 
response; however, activation in left medial BA 10 was positively 
correlated with reward magnitude, i.e., focussing on the outcome.

If, in our task, higher GMV in BA 11 – as observed in NoREN - 
supports better inhibition of the response learned during acquisition, 
regardless of context, such processing may result in less ABA renewal. 
In contrast, higher GMV in BA 10 – as observed in REN -, which 

FIGURE 2

Significant differences in gray matter volume between REN and NoREN individuals. Red indicates areas where REN has higher GMV than NoREN, Blue 
indicates regions where NoREN has higher GMV than REN. Two-sample t-tests, threshold FWE p < 0.05 k = 100 voxel, corrected for TIV, covariate 
gender.
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according to the above study might support focussing on an outcome, 
may - combined with a contextual association of the outcome - rather 
favor ABA renewal.

However, these findings refer predominantly to medial BA 10, 
while the higher GMV in REN was found in medial and lateral BA 
10. In a recent paper describing a model of four streams in the 
prefrontal cortex, the authors (Ben Shalom and Skandalakis, 2024) 
deliver an account of studies that show which areas of BA 10 and 
BA 11 (among others) are involved in certain processing tasks. In 
their account, medial BA 10 activation may reflect integration of 
prior knowledge and likelihood (Ting et al., 2015), while lateral 
BA 10 higher activation is apparently associated with higher 
demands on perceptually detailed information (Ranganath et al., 
2000) as well as switching between present and previously 
encoded memory episodes (Koechlin and Summerfield, 2007). In 
contrast, medial BA 11 is assumed to be  related to combining 
prior and current sensory information (Chaumon et al., 2014), 
and lateral BA 11 in updating sensory information and selecting 
rewarded stimuli.

Projecting these findings onto the results of our study, REN with 
their higher GMV in lateral BA 10 may have a processing focus upon 
perceptual details, such as the different contexts. Thus, REN may 
be  able to easier switch between the responses learned during 
acquisition and extinction, making the response that was correct in 
acquisition more accessible, which would favor ABA renewal.

4.2 Regions in IFG show higher GMV in 
REN and NoREN, respectively

In the subregions of IFG (orbital, triangular, opercular), several 
adjacent areas displayed higher GMV either in NoREN or in 
REN. Overall, though, areas in which NoREN showed higher GMV 
were considerably more extended. Of note, higher GMV in BA 47 was 
associated with less ABA renewal, suggesting that this finding is based 
largely on the NoREN data.

Complementing previous results, the rather dorsally located IFG 
regions of higher GMV in REN that we found in the present analysis 
correspond to peak voxel findings of studies reporting IFG BOLD 

activation in REN individuals relative to NoREN. For example, in a 
study comparing activation to extinction trials with more or less 
salient contexts (Lissek et al., 2020), areas of higher activation in IFG 
were located rather dorsally in REN, and rather ventrally in NoREN – 
suggesting that differences in GMV may have had a role in that pattern 
of activation in the subgroups.

The higher GMV of NoREN in BA 47 of IFG may also support 
their performance, since this region is involved in response 
inhibition (Hampshire et  al., 2010; Swick et  al., 2008), and in 
response selection between competing response options (Budhani 
et  al., 2007; Mitchell et  al., 2009). Moreover, context-related 
discrimination of stimuli in recall (e.g., discrimination between 
ABA and AAA stimuli) was recently found linked to ABA 
extinction errors in BA 47 in both REN and NoREN, suggesting 
that this type of discrimination supports response selection in the 
recall phase (Lissek and Tegenthoff, 2024). Thus, higher GMV in 
IFG BA 47 may support better response inhibition for extinction 
stimuli, which in turn may support a processing mode that does not 
result in renewal.

In addition, in the present study, GMV in triangular IFG / BA 45 
was higher in NoREN. In the same region, NoREN individuals of the 
above-mentioned study (Lissek and Tegenthoff, 2024), showed 
superior discrimination performance for extinction and retrieval trials 
(during recall). Further studies found BA 45 involved in response 
inhibition too (Adelhöfer and Beste, 2020; Boecker et  al., 2011; 
Collette et al., 2001; Rubia et al., 2003), which suggests that higher 
GMV in triangular IFG may also boost response 
inhibition performance.

In summary, the higher GMV of NoREN in IFG regions involved 
in response inhibition suggests superior processing capabilities, which 
may contribute to the absence of renewal in this group.

4.3 Higher GMV in anterior HC in NoREN

In bilateral anterior HC, GMV was higher in NoREN individuals 
compared to REN. According to the literature [e.g., (Brown et al., 
2014; Koch et al., 2016)], it can be assumed that the higher GMV 
enhanced anterior HC-based processing.

TABLE 4 A negative relation between GMV and renewal level in the complete group (containing all REN and NoREN participants) was observed in the 
following regions (threshold FWE p < 0.05 k = 100 voxel, corrected for TIV, covariate gender).

MNI peak coordinate Region t-value p-value Voxel Effect size (Cohen’s d)

33 44 −20 Right orbital IFG BA 47 7.32 0.000 871 0.74

−18 21 −27 Left orbital/opercular IFG BA 47 6.90 0.000 247 0.69

47 32 9 Right triangular/opercular IFG BA 47 5.87 0.000 317 0.59

−47 20 −12 Left orbital IFG BA 47 6.05 0.000 319 0.61

−44 35 0 Left triangular IFG BA 47 5.77 0.000 366 0.58

8 20 −29 Right orbital frontal lobe gyrus rectus. BA 11 7.93 0.000 308 0.80

−5 21 −29 Left orbital frontal lobe gyrus rectus BA 11 7.11 0.000 269 0.71

24 45 −21 Right superior frontal gyrus BA 11 6.93 0.000 179 0.70

−14 −2 −14 Left anterior hippocampus 5.57 0.000 720 0.56

35 −8 −20 Right anterior hippocampus 5.17 0.000 198 0.52

11 36 6 Bilateral Anterior cingulate BA 24/33/32 5.96 0.000 1,518 0.60
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There is evidence that anterior hippocampus is involved in 
processing, for example, novel compared to familiar scenes (Poppenk 
et al., 2010), alterations of the spatial configuration of a scene (Howard 
et al., 2011), or recall of past experiences, e.g., (Hassabis et al., 2007). 
Taken together, it has been argued that anterior HC may be recruited 
when constructing a scene from representations that are distributed 
across the cortex (novel or consolidated memories) (Zeidman et al., 
2015). In the case of the predictive learning task, therefore, anterior 
HC may combine stimulus, context(s) in which the stimulus appeared, 
and the respective outcomes.

A higher GMV in anterior HC, as found in this study for NoREN 
participants, may thus also be  a cause of differences in stimulus 
discrimination ability that we observed previously: in NoREN, but not 
in REN individuals, context- and outcome-related discrimination 
ability in anterior hippocampus during the recall phase was linked to 
the number of AAA extinction errors (Lissek and Tegenthoff, 2024) 
in the preceding extinction learning phase. Thus, in NoREN, anterior 
hippocampus may play a role in using prediction error information 
during recall, with this better processing ability potentially linked to 
their higher GMV.

FIGURE 3

Negative relationship between gray matter volume and ABA renewal in the complete group (REN and NoREN participants). Multiple regression analysis, 
covariates gender and TIV, threshold FWE p < 0.05 k = 100. The figure shows clusters with a negative relationship between gray matter volume and 
ABA renewal in the complete group (REN and NoREN participants), indicating that higher GMV in these regions was associated with a lower level of 
ABA renewal. Multiple regression analysis containing gender and TIV as covariates, threshold FWE p < 0.05 k = 100.

TABLE 5 A positive relation between GMV and renewal level in the complete group (containing all REN and NoREN participants) was observed in the 
following regions (threshold FWE p < 0.05 k = 100 voxel unless otherwise specified (*), corrected for TIV, covariate gender).

MNI peak coordinate Region t-value p-value Voxel Effect size (Cohen’s d)

45 24 6 Right triangular/orbital IFG BA 13/47 4.94 0.002 104 0.50

23 −38 6 Right posterior hippocampus* 4.36 0.000 118 0.44

12 36 27 Right anterior cingulate * 5.35 0.000 124 0.54

*p < 0.05 uncorrected, k = 100.
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Interestingly, healthy controls differ from anxiety patients 
with regard to GMV of anterior HC (Badarnee et al., 2023), with 
anxiety patients exhibiting lower GMV in anterior HC than 
controls. This is particularly interesting in view of the finding 
that persons with anxiety disorders also tend to show impaired 
(fear) extinction learning (Duits et al., 2015; Duits et al., 2016). 
From these findings, showing renewal could be associated with 
an impairment in extinction learning due to suboptimal stimulus 
discrimination ability, in which a lack of processing in anterior 
hippocampus may be involved.

Moreover, higher anterior HC activation was previously found in 
NoREN compared to REN during the initial presentation of a task 
context (Lissek et al., 2016), presumably related to novelty processing, 
another function of this region (Poppenk et al., 2010). In contrast, 
REN preferentially activated posterior HC during this phase, 
suggesting differential hippocampal processing of novel information 
in REN and NoREN already during initial learning, which may 
influence later processing. The present results expand these previous 
findings, suggesting that the activation and processing differences 
observed between NoREN and REN in anterior HC may be linked to 
the higher GMV volume in NoREN in this region.

In summary, the present results of higher GMV in anterior HC of 
NoREN individuals indicate that they may have more potential to 
process novel (context) information, possess better context-related 

stimulus discrimination ability, and make better use of prediction 
error information in extinction learning.

4.4 Higher GMV in bilateral ACC in NoREN

Also, GMV in a large region of bilateral anterior cingulate (BA 24, 
32, 33, 25) was higher in NoREN. In contrast, only two small clusters 
in bilateral ACC in BA 25 showed higher GMV in REN.

A higher GMV in ACC implicates better attentional processing 
(Carlson et al., 2022), which in synergy with ongoing processing in 
other brain regions may support recall of extinction memory regardless 
of context. In line with this, ACC appears to be involved in computation 
of prediction errors (Vassena et  al., 2017), and thus may support 
processing of extinction errors. In our study, a higher rate of ABA 
extinction errors may provide more “learning material” to a proficient 
ACC, and may thus contribute to better extinction recall, i.e., lower 
ABA renewal. Accordingly, higher GMV in the NoREN cluster was 
found associated with less ABA renewal and more ABA extinction errors.

In a previous study we also observed higher BOLD activation in 
ACC to ABA stimuli than to AAA stimuli during extinction recall in 
both groups (Lissek et al., 2013), corresponding to the observations 
presented above. Also, this activation was higher in NoREN subjects 
than in REN subjects, not only during the recall phase, but also during 

FIGURE 4

Positive relationship between gray matter volume and ABA renewal in the complete group (REN and NoREN participants). Multiple regression analysis, 
covariates gender and TIV, threshold for IFG result: FWE p < 0.05 k = 100, for HC and ACC result: p < 0.05 uncorr., k = 100. The figure shows clusters 
with a negative relationship between gray matter volume and ABA renewal in the complete group (REN and NoREN participants), indicating that higher 
GMV in these regions was associated with a higher level of ABA renewal.

TABLE 6 GMV relationship with ABA renewal level (negative) and ABA extinction errors (positive) in the complete group (containing REN and NoREN 
participants) threshold p < 0.01 uncorrected k = 100 voxel, corrected for TIV, covariate gender.

MNI peak coordinate Region t-value p-value peak Voxel Effect size (Cohen’s d)

−2 33 −29 Left BA 11 4.19 0.000 354 0.42

3 21 −27 Right BA 11 4.03 0.000 251 0.41

12 19 23 Bilateral anterior cingulate 3.39 0.001 3,059 0.34
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extinction learning proper. This higher activation could potentially 
be related to the higher GMV in NoREN, considering evidence that 
in a cognitive task, gray matter volume and BOLD activation can 
be positively correlated (Kannurpatti et al., 2010).

In summary, the present results suggest that higher GMV in ACC 
may strengthen attentional processing of prediction errors and thus 
promote better extinction recall in the NoREN group.

4.5 Higher GMV in several regions 
correlated with more ABA extinction errors 
together with fewer ABA renewal 
responses

Interestingly, in the complete group of all REN and NoREN 
individuals, higher GMV in specific clusters in IFG BA 47, vmPFC 
BA11, bilateral ACC and bilateral anterior hippocampus was 
associated with fewer ABA renewal responses. As can be expected, 
these regions widely overlapped with those identified in the 
two-sample comparison NoREN versus REN regarding GMV, i.e., 
with clusters showing higher GMV in NoREN, and thus support the 
notion of a relationship between more gray matter in several 
extinction-relevant brain regions and less renewal.

As mentioned above in discussing higher GMV in the individual 
brain regions, the diverse functions of vmPFC BA 11, IFG BA 47, as 
well as bilateral ACC and anterior hippocampus, which all contribute 
to successful extinction learning, in the NoREN group may have been 
supported by their higher GMV, enabling the observed lack of 
ABA renewal.

Using a less conservative threshold of significance, we  also 
observed a link between higher GMV in both vmPFC BA 11 and 

bilateral ACC with fewer ABA renewal responses and, 
simultaneously, more errors in the preceding ABA extinction 
phase. These findings suggest that the amount of errors in ABA 
extinction may have the potential to influence the level of ABA 
renewal, and that processing of both is probably related to higher 
GMV in these regions. A higher error level in ABA extinction trials 
may compel more attention to the stimuli in question, and 
therefore may have been conducive to more elaborate processing 
and subsequent better encoding of correct responses to these 
stimuli. Such a better encoding may consequently have led to 
reduced or non-existent ABA renewal.

Vice versa, lower GMV in these regions was linked to faster ABA 
extinction and subsequently to more ABA renewal – suggesting that 
individuals with lower GMV altered their response more quickly and, 
therefore, did not experience as many episodes of a wrong response to 
process and encode, which may have led to the perpetuation of the 
initially correct but subsequently obsolete response into the 
recall phase.

Following this line of argumentation, it can be speculated that 
more efficient processing - mediated by high GMV in these regions – 
consists of (a) stronger resistance against extinction when it occurs in 
a novel context, combined with (b) disregarding the context during 
the recall phase, focussing instead only on the altered contingency 
between stimulus and response. The performance pattern suggests 
that the novel context first causes some confusion and is later 
discarded as irrelevant.

Vice versa, less efficient processing – mediated by lower GMV in 
these regions  – consists of (a) easier, quicker extinction that 
presumably uses context as an important cue, so that (b) the context 
is integrated in the stimulus–response association which thus leads to 
an ABA renewal response in the recall phase.

FIGURE 5

Regions in which higher GMV is associated simultaneously with less ABA renewal and more ABA extinction errors: areas in bilateral ACC and vmPFC. 
Multiple regression analysis, covariates gender and TIV, threshold p < 0.01 uncorrected k = 100.

https://doi.org/10.3389/fnbeh.2025.1592929
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Lissek and Tegenthoff 10.3389/fnbeh.2025.1592929

Frontiers in Behavioral Neuroscience 12 frontiersin.org

4.6 Limitations of the study

The present findings on the relationship of GMV in extinction-
related brain regions and renewal are based on a non-fear-related 
learning task, and therefore may not readily translate to fear renewal, 
which bears clinical relevance by potentially impeding the therapy 
success of exposure therapies that are based on fear extinction 
learning. Even though extinction procedures with and without a fear 
component largely recruit a similar network of extinction-relevant 
regions, the differences between the procedures of fear extinction and 
our predictive learning task preclude speculations about the meaning 
of our present findings for clinical treatment.

Future research should therefore investigate GMV in the 
extinction network in relation to results of fear renewal tasks. Another 
option would be to compare men and women with regard to GMV 
and renewal, to determine whether gender differences exist in the 
participating processing regions.

5 Conclusion

To the best of our knowledge, this study is the first to systematically 
investigate the relationship of GMV in extinction-relevant brain regions 
with behavioral extinction criteria, i.e., extinction error rates and renewal 
rates. The results demonstrate significant GMV differences between 
individuals with and without a propensity for renewal. A double 
dissociation with higher GMV in BA 11 in NoREN and higher GMV in 
BA 10 in REN characterizes vmPFC findings, while in adjacent regions 
of IFG, GMV is higher in either REN or NoREN. In general, higher 
GMV was found associated with a lower renewal rate, and in several 
regions also with a higher extinction learning error rate for trials 
presented in a novel context. Thus, the findings suggest that higher GMV 
may support a more thorough processing of extinction trials which in 
turn could be conducive to an extinction recall solely based on recent 
extinction memory, disregarding context information. These findings 
shed additional light upon the relationship of brain structural properties 
with processing of extinction learning.
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