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A B S T R A C T   

Background and objectives: It is important to be able to learn which stimuli in our surroundings predict aversive 
outcomes. To maintain emotional well-being, it is similarly important to be able to learn which stimuli predict 
safety. The ability to discriminate between stimuli that predict danger and safety has been suggested to not only 
have an emotional component, but also a cognitive one. One such candidate mechanism is mnemonic discrim-
ination (MD), the ability to differentiate between two memories that are similar but not identical. In the present 
study, we wanted to examine if MD performance helps to explain inter-individual differences in the ability to 
acquire a differentiated fear response during fear conditioning. 
Methods: Participants performed a task assessing MD ability, and then underwent a fear conditioning procedure. 
Fear responses were measured using skin conductance responses (SCRs). 
Results: Results revealed no support for MD ability being associated with to which degree a differentiated fear 
response was acquired, or with the time needed to acquire such a response. 
Limitations: Our only outcome measurement was SCRs. Future studies need to include fear ratings, expectancy 
ratings and neural responses. Future studies also need to examine this using a stimulus material where the 
conditioned stimulus and the safety stimulus are more difficult to distinguish from each other. 
Conclusions: If MD ability has a role in inhibiting overgeneralization of fear learning, this does not seem to be 
driven by MD already during the initial learning.   

1. Introduction 

The ability to learn which stimuli in our environment have previ-
ously been associated with aversive outcomes serves an important sur-
vival function, as it allows us to take a defensive response the next time 
that stimulus is encountered. It is equally important to be able to learn 
which stimuli predict safety, and to be able to discriminate between 
these safe stimuli and those predicting danger. In laboratory models, 
fear and safety learning is often examined using fear conditioning par-
adigms where a previously neutral stimulus (typically an image or a 
sound) is repeatedly paired with an aversive outcome (typically an 
electric shock or an unpleasant sound). After repeated pairings, the 
previously neutral stimulus starts to elicit a fear response all by itself, 
making it a conditioned stimulus (a CS+). A second stimulus is never 
paired with the aversive outcome, making it a safety stimulus (a CS-). 

The degree to which a differentiated fear response between the CS+
and the CS- is acquired varies between individuals (for a review on 
which factors contribute to this variation, see Lonsdorf & Merz, 2017). 
According to Lonsdorf and Merz (2017), studies using fear conditioning 
paradigms have traditionally mainly looked at group averages, and 
viewed inter-individual variation as just noise. Recently, however, there 
has been an increase in interest in what determines inter-individual 
differences in fear and safety learning. A recent study with a large 
sample size (N = 356) found a negative correlation between trait anxiety 
and the difference in responding between the CS+ and the CS-, such that 
participants with high levels of trait anxiety showed less discrimination 
between these two stimuli, i.e., similar fear responses to both (Sjou-
werman, Scharfenort, & Lonsdorf, 2020). Furthermore, a meta-analysis 
showed that the main difference between healthy controls and patients 
with anxiety in studies using these paradigms was that patients with 
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anxiety had increased responses to the CS- (Duits et al., 2015), indicating 
impaired safety learning. 

It has been suggested that this impaired safety learning could be 
caused by overgeneralization and sensitization (Duits et al., 2015; 
Haddad, Pritchett, Lissek, & Lau, 2012). Overgeneralization is the ten-
dency to generalize a fear response acquired from the CS+ also to the 
CS-, or to other stimuli that are somehow (visually or semantically) 
similar to the CS+. Sensitization is a non-associative mechanism where 
fear learning to the CS+ leads to heightened emotional responses to all 
stimuli, regardless of the strength of association with the CS+ (Duits 
et al., 2015; Haddad et al., 2012). 

A third potential explanation (note that the explanations suggested 
here are in no way mutually exclusive) is that the failure to acquire 
differentiated responses between the CS+ and the CS- stems from an 
inability to discriminate between memory representations of these two 
stimuli. A rapidly growing body of studies has started to ask the question 
whether maladaptive emotional learning in part could be explained by 
non-affective cognitive components. Studies have shown that the ten-
dency to generalize a learned fear response to the CS+ to other stimuli is 
related to the inability to both perceptually and mnemonically 
discriminate between these stimuli (Holt et al., 2014; Laufer, Israeli, & 
Paz, 2016; Lovibond, Lee, & Hayes, 2020; Struyf, Zaman, Hermans, & 
Vervliet, 2017; Tuominen et al., 2019; Zaman, Ceulemans, Hermans, & 
Beckers, 2019; Zaman, Struyf, Ceulemans, Beckers, & Vervliet, 2019; for 
a review, see; Struyf, Zaman, Vervliet, & Van Diest, 2015; it should, 
however, be mentioned that not all fear generalization is perceptual and 
that it can also be purely conceptual [e.g., Mertens, Bouwman, & 
Engelhard, 2021]). Most of these studies have used the same stimuli for 
the fear conditioning task as for the discrimination task. It has therefore 
been difficult to distinguish between to which degree impaired fear 
learning stems from poor discrimination ability, and to which degree 
fear learning impairs discrimination (for a discussion of this, see Struyf 
et al., 2015). 

Mnemonic discrimination (MD; and its underlying neural mecha-
nism – pattern separation) is defined as the ability “to differentiate a new 
entity from a past one that is highly similar” (Bernstein, Kleiman, & 
McNally, 2019, p. 1015). In the present study, we wanted to examine if 
performance on a non-affective mnemonic discrimination task would 
predict the degree to which a differentiated fear response was acquired 
during a completely unrelated fear conditioning task. 

It has been frequently suggested that impaired MD ability contrib-
utes to the overgeneralization of fear learning by the fear memory being 
reactivated to stimuli that are similar to the original fear-provoking 
memory, but that do not merit a fear response (Dymond, Dunsmoor, 
Vervliet, Roche, & Hermans, 2015; Kheirbek, Klemenhagen, Sahay, & 
Hen, 2012). Kheirbek et al. (2012) argued that impaired MD ability is a 
risk factor for developing anxiety disorders such as post-traumatic stress 
disorder (PTSD), as it leads to individuals having fear responses to safe 
stimuli and situations that are only remotely similar to the original 
traumatic experience. 

So far, however, there has been little empirical work examining the 
relationship between MD and the ability to discriminate between safe 
and dangerous stimuli. The two previous studies examining the rela-
tionship between MD ability and the generalization of fear learning 
examined how MD interacts with the retrieval of a previously acquired 
fear response. One study found that worse performance on a MD task 
was associated with increased fear generalization, as evident by a less 
steep generalization gradient, i.e., a smaller decrease of fear responses as 
a function of decreasing similarity to the original CS+ (Bernstein, van 
der Does, Orr, & McNally, 2021). This effect was evident for subjective 
fear ratings but not for skin conductance responses (SCRs). A functional 
magnetic resonance imaging study found similar results, with impaired 
MD ability being associated with larger fear responses to stimuli that 
were similar to the CS+, and with a less steep generalization gradient 
(Lange et al., 2017). These effects were found for activity in fear-related 
regions of the brain and for shock expectancy ratings, but not for 

subjective fear ratings. 
Most empirical work on perceptual and MD ability has been focused 

on the generalization of already learned fear associations, and not on the 
acquisition of them. Thus, more research to examine if the inability to 
inhibit fear responses when encountering stimuli that should be 
considered as safe, beyond a retrieval component, also has a learning 
component is needed. To be able to discriminate between fear-relevant 
and fear-irrelevant stimuli at a re-test, it is important that such a 
differentiated fear response has been acquired in the first place. In the 
present study, we wanted to examine if the increased overgeneralization 
of fear learning suggested to be associated with impaired MD ability 
could be caused by an inability to form separate fear and safety mem-
ories already during the acquisition phase. Proper encoding is also 
necessary for successful MD performance; to be able to distinguish a 
previously seen stimulus from a similar but novel stimulus at a later 
stage, it is necessary to have encoded it with sufficient detail. 

We hypothesized that participants with poor performance on the MD 
task would show a smaller differentiated fear response, as defined by the 
difference in responding between the CS+ and the CS-. Neither Bernstein 
et al. (2021) or Lange et al. (2017) reported any data on whether there 
was a role of MD during the initial acquisition phase. 

Establishing if there is an association between MD performance and 
the ability to discriminate between safe and dangerous stimuli becomes 
especially interesting as recent studies have shown that MD ability can 
be increased by interventions such as certain video games, physical 
exercise, or real-world spatial exploration (Clemenson, Henningfield, & 
Stark, 2019; Clemenson & Stark, 2015; Déry et al., 2013; Kolarik, Stark, 
& Stark, 2020; Suwabe et al., 2017; but see also Bernstein & McNally, 
2019). If such a link is established, it might be possible to decrease 
overgeneralization of fear learning by improving MD ability using these 
kinds of interventions. Previous work has also shown that various forms 
of perceptual training decreases overgeneralization (Ginat-Frolich, 
Gendler, Marzan, Tsuk, & Shechner, 2019; Lommen et al., 2017). 

2. Methods 

Data collection was part of a larger study examining the role of sleep 
in fear memory and MD ability, respectively (previously reported in 
Davidson, Carlsson, Jönsson, & Johansson, 2016, 2018; Davidson, 
Jönsson, & Johansson, 2021). All data presented in the current paper 
come from the morning session before the sleep and wake manipulation. 
All participants provided informed consent before participating in the 
study, and all experimental procedures were approved by the local 
ethics review board (Lund 2012/73; 2013/96). The data collection was 
divided into two different experiments, where the only main difference 
was that in experiment 1 we used an aversive sound as the unpleasant 
stimulus during the fear conditioning, whereas in experiment 2 we used 
a mild electric shock. 

2.1. Participants 

2.1.1. Experiment 1 
In experiment 1, we initially recruited 53 healthy participants. Par-

ticipants had to be between 18 and 35 years old, free from psychiatric 
and sleep disorders, and not taking any prescription medications except 
for contraceptives. As this data collection was also part of a sleep study, 
participants additionally had to agree to refrain from caffeine, alcohol 
and nicotine during the 24 h prior to testing. They were also required to 
have slept for at least 6 h per night for the five nights preceding the 
study, and for at least 7 h the night immediately before the study. 

Two participants were excluded because of technical problems while 
recording SCRs, two because they were non-responders during the 
conditioning task (see section 2.5.2), and three because of technical is-
sues during the MD task. The final sample included 46 participants (21 
female, 25 male, mean age = 24.5 [SD = 4.40]). Data from this sample 
regarding the role of sleep in fear memory and MD performance, with 
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slightly different exclusion criteria, have previously been reported in 
Davidson et al. (2016; 2021). 

2.1.2. Experiment 2 
Inclusion criteria for experiment 2 were the same as for experiment 

1, with the difference that participants had to refrain from caffeine, 
alcohol and nicotine only during the experimental day and not the day 
before. We initially recruited 58 participants. Of these, one withdrew his 
participation during the experimental day, and two were excluded 
because they were non-responders during the conditioning task (see 
section 2.5.2). Three additional participants were excluded because of 
issues during the MD task (i.e., the experimenter accidently giving 
incorrect instructions, using the wrong response keys, and a computer 
malfunction). The final sample included 52 participants (28 female, 24 
male, mean age = 23.5 [SD = 3.50]). Data from this sample regarding 
the role of sleep in fear memory and MD performance, with slightly 
different exclusion criteria, have previously been reported in Davidson, 
Carlsson, Jönsson, and Johansson (2018; 2021). 

2.2. Procedure 

Prior to the experimental day, participants completed an online 
survey containing the Fear Questionnaire (FQ; Marks & Mathews, 
1979), the Hospital Anxiety and Depression Scale (HADS; Zigmond & 
Snaith, 1983), the Penn State Worry Questionnaire (PSWQ; Meyer, 
Miller, Metzger, & Borkovec, 1990), and the trait part of the State-Trait 
Anxiety Inventory (STAI-T; Spielberger, 1983). 

On the experimental day, participants arrived at the laboratory at 
10:30 a.m. The participants first completed the Mnemonic Similarity 
Task (MST; previously known as the Behavioral Pattern Separation Task 
– Object version [Stark, Yassa, Lacy, & Stark, 2013]; for a review on this 
test and its applications, see Stark, Kirwan, & Stark, 2019), and then the 
fear conditioning procedure. 

2.3. Material 

2.3.1. The Mnemonic Similarity Task 
We used the MST version 0.6 for MATLAB (Mathworks). This task 

starts with an encoding phase in which 128 images of everyday objects 
are presented for 2 s each. For each image, participants are asked to use 
the keyboard to indicate if the object is most suitable indoors or out-
doors. The second part of the task is a memory test, which in our pro-
cedure took place 3 min after encoding. During this test, participants 
view three different kinds of stimuli (64 of each for a total of 192 trials). 
These stimuli belong to three different categories: Targets – stimuli that 
were also present during the encoding phase, Foils – completely new 
stimuli not seen before, and Lures – stimuli that are similar, but not 
identical, to those presented during the encoding phase. The task of the 
participant is to use the keyboard to indicate if an image is ‘Old’ (pre-
sented during the encoding phase), ‘New’ (not presented during the 
encoding phase), or ‘Similar’ (similar, but not identical, to an object 
presented during the encoding phase). The items are shown for 2 s each 
and responses must be given while the object is presented on the screen. 
The inter-stimulus interval for both encoding and the memory test is 0.5 
s. Typically when administering this task, the encoding is incidental, and 
participants are not informed that their memory for the objects will be 
tested. In the current experiment, however, we did inform the partici-
pants about the upcoming memory test. This task was identical in both 
experiments except that in experiment 1, the instructions were only 
given verbally, whereas in experiment 2, participants also received 
written instructions. 

2.3.2. Fear conditioning 
The fear conditioning was based on a paradigm developed by Lissek 

et al. (2008). The stimulus material consisted of a small and a large 
circle. One of these circles (counterbalanced across participants) was 

paired with the aversive outcome. The circles were white and were 
presented on a black background. The small circle had a diameter of 5 
cm, and the large circle had a diameter of 11.75 cm. 

During each trial, the image was shown for 6 s, with an inter-stimulus 
interval randomized between 25 and 30 s. Stimuli were shown using the 
E-Prime software (Psychology Software Tools). In experiment 2, a fix-
ation cross was shown during the inter-stimulus interval, whereas in 
experiment 1, only the black background was shown between trials. Fear 
responses were measured using SCRs. 

The aversive stimulus was delivered at the offset of the CS+. In 
experiment 1, the aversive outcome was the sound of a fire truck horn, 
previously used by Jensen et al. (2008), delivered through a pair of 
headphones for a duration of 800 ms. The volume was individually set 
by each participant to a level where it was experienced as ‘annoying but 
not painful’. Volume levels varied between 74 and 84 dB(A). 

In experiment 2, the aversive stimulus was a mild electric shock with 
a duration of 20 ms, delivered to the ring finger of the participant’s non- 
dominant hand using a Grass SD 9 stimulator (Grass-Telefactor). The 
level of the shock was individually set by each participant to a level 
where it was experienced as ‘annoying but not painful’. 

In both experiments, participants were instructed to carefully attend 
to the images on the screen, and to try to determine if there was any 
association between which image was paired with the aversive outcome. 
In experiment 1, before the fear conditioning, there was a habituation 
phase where each stimulus was shown two times each, without either 
stimulus being reinforced. No such habituation phase was included in 
experiment 2. 

During the fear conditioning, each stimulus was shown 13 times in a 
pseudorandomized order, with the CS+ being reinforced during 10 out 
of these trials (for more details on this pseudo-randomization, see 
Davidson et al. (2016; 2018)). 

2.4. Data analysis 

2.4.1. Memory performance 
The MST yields several different outcome metrics. For the current 

research question, we were mainly interested in the pattern completion 
bias (PCB), i.e., the tendency to erroneously say that a Lure is ‘Old’. PCB 
was calculated by subtracting the probability of answering ‘Old’ to Foils 
(representing a general tendency to answer ‘Old’) from the probability 
of answering ‘Old’ to Lures (Yassa et al., 2011). As the Lures vary in the 
level of similarity to the stimuli presented during the encoding, we 
calculated PCB separately for each of the five levels of similarity (Stark 
et al., 2013), and then used the mean value of these for all following 
analyses. As the Foils do not vary in difficulty, we subtracted the same 
[‘Old’ to Foils] value for each similarity level. 

To make our results more comparable to other studies, we addi-
tionally calculated the more commonly used measurement of MD per-
formance by subtracting the probability of answering ‘Similar’ to a Foil 
from the probability of answering ‘Similar’ to a Lure. Once again, we 
calculated this for each level of Lure similarity separately, and then used 
the mean value for all levels in all following analyses. 

2.4.2. Skin conductance responses 
Skin conductance levels were recorded using a Biopac MP150 system 

(Biopac Systems) with the Acqknowledge software version 4.2 (Biopac 
Systems), through two Ag–AgCl electrodes placed on the palmar surface 
of the index and middle finger of the participant’s non-dominant hand. 
We used a high-pass filter set at 0.05 Hz, a low-pass filter set at 1 Hz, and 
a sample rate of 1000 Hz. The SCR to each stimulus was calculated by 
subtracting the average level 2 s before stimulus onset from the peak 
level 1–6 s after stimulus onset. Responses below 0.01 μS were scored as 
0. Participants were defined as non-responders and were excluded if 
they did not have one single SCR above 0.01 μS to any of the trials 
(including the four habituation trials in experiment 1). To control for 
individual differences in responses between participants, the score for 
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each trial was divided with the maximum response for that participant 
to any of the trials (Lykken & Venables, 1971). In order to make the data 
approach a normal distribution, all averaged values were log trans-
formed (ln). To be able to log transform responses scored as 0, a constant 
of 1 was added to all values before log transforming. The data were 
divided into four different blocks of three trials for each stimulus, so that 
the analysis included averaged values for trial 2–4, 5–7, 8–10 and 11–13 
for the CS+ and the CS-, respectively (excluding data from the first 
presentation of each CS as the association with the aversive stimulus 
could not yet have been learned by this point). 

2.4.3. Statistical analysis 
The data were first analyzed with a 2 × 4 ANOVA with CS (CS+/CS-) 

and Trial (Block 1/Block 2/Block 3/Block 4). We then added the PCB 
score as a covariate to examine if there would be an interaction between 
CS and PCB, which would indicate that PCB affected the degree to which 
a differentiated fear response was acquired. We additionally tested if 
there was an interaction between CS, Trial and PCB, to examine if a 
larger tendency to erroneously pattern complete in the MST would be 
associated with it taking a longer time to acquire a differentiated fear 
response. We finally conducted the same ANOVA but instead entered the 
traditional MD ability measurement as a covariate, to see if this would 
be associated with fear acquisition. When assumptions of sphericity 
were violated, we applied the Greenhouse-Geiser correction. For all 
correlations involving the degree of differential fear acquisition, we 
subtracted the mean SCR for CS- trials 2–13 from the mean SCR for CS+
trials 2–13. 

Bayesian statistics were performed using the JASP software, version 
0.11.1.0 (JASP Team, 2020), using the default settings. All BF01 values 
are reported using directed hypotheses (when applicable), but all con-
fidence intervals (CI) for the effect size reported are for the open-ended 
hypothesis (not expecting a result in a certain direction). 

3. Results 

3.1. Experiment 1 

The mean PCB score was 0.39 (SD = 0.15), and the mean MD score 
was 0.35 (SD = 0.18). For a breakdown of responses to each stimulus 
type, see Supplementary Table 1. 

The ANOVA for the conditioning revealed a strong trend towards a 
main effect of CS, F(1,45) = 3.90, p = .054, η2

p = .08, with larger re-
sponses to the CS+ than to the CS-. There was a main effect of Trial, F 
(2.34,107.48) = 6.16, p = .002, indicating a decrease in responding as a 
function of trial. Post hoc contrasts revealed this effect to be quadratic, 
FQuadratic(1,45) = 11.30, p = .002. There was no interaction between CS 
and Trial, F(3,135) = 0.59, p = .62, indicating an equivalent decrease for 
both stimuli. These results are displayed in Fig. 1A. 

Adding PCB to the analysis as a covariate did not reveal any support 
for our hypothesis that PCB would be associated with less differentiation 
in fear expression between the CS+ and the CS-, as evident by the lack of 

an interaction between CS and PCB, F(1,44) = 0.03, p = .85. There was 
no support for our hypothesis that PCB would affect the time it took to 
acquire a differentiated fear response, as evident by the lack of a three- 
way interaction between CS, Trial, and PCB, F(3,132) = 1.77, p = .16. 
There was no main effect of PCB, and no two-way interaction between 
PCB and Trial, both ps ≥ .80. 

The lack of an association between PCB and the difference in 
responding between the CS+ and the CS- was further supported by the 
lack of a correlation between these two metrics, Kendall’s tau = 0.04, p 
= .67. Bayesian statistics for the hypothesis that there would be a 
negative correlation between these two variables revealed a BF01 value 
of 7.11 (95% CI [− 0.15, 0.23]), indicating moderate support for the null 
hypothesis. The association between PCB and the differentiated fear 
response is plotted in Fig. 1B. 

Adding MD performance as a covariate instead of PCB revealed no 
main effect of MD, no two-way interactions between MD and CS or MD 
and Trial, and no three-way interaction between MD, CS and Trial, all ps 
≥ .30. The lack of an association between MD and the difference in 
responding between the CS+ and the CS- was further supported by the 
absence of a correlation between these two metrics, Kendall’s tau =
0.13, p = .20. Bayesian statistics for the hypothesis that there would be a 
positive correlation between these two variables did, however, only 
reveal anecdotal support for the null hypothesis, BF01 = 1.28 (95% CI 
[− 0.07, 0.32]). 

3.2. Experiment 2 

The mean PCB score was 0.40 (SD = 0.16), and the mean MD score 
was 0.33 (SD = 0.18). For a breakdown of responses to each stimulus 
type, see Supplementary Table 1. 

The ANOVA for the conditioning revealed a main effect of CS, F 
(1,51) = 20.02, p < .001, η2

p = .28, with larger responses to the CS+
than to the CS-. There was a main effect of Trial, F(2.317,118.148) =
4.61, p = .004, indicating a decrease in responding as a function of trial. 
Post hoc contrasts revealed this effect to be quadratic, FQuadratic(1,51) =
6.63, p = .013. There was no interaction between CS and Trial, F(3,153) 
= 0.91, p = .44, indicating an equivalent decrease for both stimuli. These 
results are displayed in Fig. 2A. 

Adding PCB to the analysis as a covariate did not reveal any support 
for our hypothesis that increased PCB would be associated with less 
differentiation in fear expression between the CS+ and the CS-, as 
evident by the lack of an interaction between CS and PCB, F(1,50) =
0.48, p = .49. There was no support for our hypothesis that PCB would 
affect the time it took to acquire a differentiated fear response, as 
evident by the lack of a three-way interaction between PCB, Trial and 
CS, F(3,150) = 1.07, p = .36. There was no main effect of PCB, and no 
two-way interaction between PCB and Trial, both ps ≥ .83. 

The lack of an association between PCB and the difference in 
responding between the CS+ and the CS- was further supported by the 
absence of a correlation between these two metrics, Kendall’s tau =
− 0.07, p = .45. Bayesian statistics for the hypothesis that there would be 

Fig. 1. A) Mean skin conductance response (mean ±
S.E.M.), to the CS+ and the CS− based on trial block 
during the conditioning phase. NU = Normalized 
units. B) The association between the differentiated 
fear response (mean skin conductance response to the 
CS- subtracted from the mean response to the CS+
during all conditioning trials) and the pattern 
completion bias score (calculated by subtracting the 
probability of answering ‘Old’ to Foils from the 
probability of answering ‘Old’ to Lures) on the Mne-
monic similarity task. Kendall’s tau = 0.04, p = .67.   
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a negative correlation between these two variables revealed a BF01 
value of 2.71 (95% CI [− 0.25, 0.11]), indicating only anecdotal support 
for the null hypothesis. The association between PCB and the differen-
tiated fear response is plotted in Fig. 2B. 

Adding MD performance as a covariate instead of PCB revealed no 
main effect of MD, no two-way interactions between MD and CS or MD 
and Trial, and no three-way interaction between MD, CS and Trial, all ps 
≥ .30. The lack of an association between MD and the difference in 
responding between the CS+ and the CS- was further supported by the 
absence of a correlation between these two metrics, Kendall’s tau =
0.07, p = .46. Bayesian statistics for the hypothesis that there would be a 
positive correlation between these two variables revealed a BF01 value 
of 2.76 (95% CI [− 0.11, 0.24]), indicating only anecdotal support for 
the null hypothesis. 

3.3. Correlations between pattern completion bias and anxiety, worry, 
fear and depression 

As the only thing that differed between the two experiments was the 
fear conditioning paradigm, we collapsed both experiments together 
when examining if there were any correlations between the PCB score 
and trait anxiety, worry, avoidance (as measured by the FQ) and 
depression. We expected positive correlations between PCB and anxiety 
and depression respectively, whereas we did not have directed hy-
potheses for worry or avoidance. Given that we conducted five different 
tests, we set the alpha level to 0.01. One participant did not complete the 
online survey, and one did not complete the STAI-T. Thus, the results for 
the STAI-T are based on n = 96, and for the other questionnaires on n =
97. Descriptive statistics for these questionnaires are presented in 
Table 1. 

There were no significant correlations between PCB and the PSWQ, 
the STAI-T or HADS-Depression or HADS-Anxiety, all ps ≥ .37. There 
was a correlation between PCB and FQ, so that higher FQ was associated 
with a higher tendency to erroneously pattern complete, Kendall’s tau =
0.14, p = .041. This was, however, no longer significant after applying 
corrections for multiple comparisons. Bayesian statistics revealed 
moderate support for the lack of a correlation between PCB and scores 
on the PSWQ (BF01 = 7.52; 95% CI [− 0.14, 0.12]), the STAI-T (BF01 =
9.80; 95% CI [− 0.16, 0.11]), HADS-Anxiety (BF01 = 8.88; 95% CI 

[− 0.15, 0.12]), just below moderate support for the correlation with 
HADS-Depression (BF01 = 2.87; 95% CI [− 0.07, 0.19]), but no support 
for the null hypothesis for the FQ (BF01 = 0.91; 95% CI [0.01, 0.26]). 

As previously reported in Davidson et al. (2021), there were no 
correlations between MD performance and scores on any of these 
questionnaires. 

4. Discussion 

In this study, we hypothesized that poor MD ability, and especially 
the tendency to say that similar objects are identical to objects seen 
before, would be associated with impaired ability to adopt differentiated 
responses between stimuli that predicted danger and safety, respec-
tively. Such an association between MD ability and differentiated fear 
learning was not supported in either of the two experiments conducted, 
in either the average difference between the CS+ and the CS-, or in the 
time it took to acquire a differentiated fear response. 

Two studies have examined if there is an association between MD 
ability and impaired discrimination of fear responses during fear 
memory retrieval (Bernstein et al., 2021; Lange et al., 2017). Unlike 
those studies, the present study examined if impaired MD ability would 
impair discriminative fear learning already during the acquisition phase. 
This suggests that impaired MD ability is associated with over-
generalization at retrieval, rather than with the inability to form a 
differentiated fear response already during acquisition. 

One reason for not finding an association between MD and fear 
expression already during the learning stage may be the choice of 
outcome measures compared to previous studies. Bernstein et al. (2021) 
found MD to be associated with overgeneralization of subjective fear 
reactions but not of SCRs, which was the only measurement used in our 
study. Lange et al. (2017) found effects in neural responses and shock 
expectancy scores but not in fear ratings. Future studies examining if 
impaired MD ability is related to a reduced ability to acquire a differ-
entiated fear response should thus include multiple measurements of 
fear expression to more exhaustively test this association. We are 
currently not aware of any theoretical account that would explain why 
MD would be associated with fear expression in one measurement but 
not another. More research is needed to examine if any such differences 
exist. An obvious next step would be to replicate the current study also 
using subjective ratings. For a discussion of different outcome mea-
surements of fear expression, how they relate to each other, and to 
which degree they can be said to originate from the same or different 
learning systems, see Lonsdorf et al. (2017). 

The current study is not without limitations. A potential reason for 
the lack of an effect in the present study is that the CS+ and the CS- were 
quite easy to distinguish from each other. It is possible that MD ability 
would play a larger role in a paradigm where the fear and the safety 
stimuli only varied in more subtle ways. Previous studies that found 
effects of mnemonic and perceptual discrimination ability have mainly 
found these for the stimuli most similar to the CS+. A similar study with 
varying degrees of similarity between the CS+ and the CS- represents an 

Fig. 2. A) Mean skin conductance response (mean ±
S.E.M.), to the CS+ and the CS− based on trial block 
during the conditioning phase. NU = Normalized 
units. B) The association between the differentiated 
fear response (mean skin conductance response to the 
CS- subtracted from the mean response to the CS+
during all conditioning trials) and the pattern 
completion bias score (calculated by subtracting the 
probability of answering ‘Old’ to Foils from the 
probability of answering ‘Old’ to Lures) on the Mne-
monic similarity task. Kendall’s tau = − 0.07, p = .45.   

Table 1 
Descriptive statistics for the questionnaires.  

Questionnaire Mean SD Minimum Maximum 

FQ 21.11 13.92 0 61 
HADS-Anxiety 5.72 3.09 0 14 
HADS-Depression 3.20 2.22 0 11 
PSWQ 40.98 12.62 19 75 
STAI-T 37.55 8.43 21 58 

FQ = Fear Questionnaire, HADS = the Hospital Anxiety and Depression Scale, 
PSWQ = the Penn State Worry Questionnaire, STAIT-T = the State-Trait Anxiety 
Inventory-Trait. 
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important task for future research. 
A recent study found that MD ability also has a clear perceptual 

component (Davidson, Vidjen, Trincao-Batra, & Collin, 2019). Future 
studies should therefore include pure tests of perceptual abilities, to 
determine its potential impact on MST scores. Not including such a test 
was a limitation of the current study. 

A limitation of the typical implementation of the MST is that it is not 
optimal for disentangling the impact of original encoding from mne-
monic discrimination at the re-test. As mentioned in the introduction, in 
order to accurately say that a lure is similar but not identical to a target 
stimulus, one must also have encoded the stimuli at a sufficiently 
detailed level. The MST does not clearly distinguish between encoding 
depth and mnemonic discrimination ability at the memory test. Erro-
neous pattern completion, i.e. ‘Old’ responses to Lures, could thus result 
from insufficient encoding of the studied items. Support for this limi-
tation comes from studies finding that false alarms to lures to some 
degree can be explained by encoding variability (Huffman and Stark, 
2017; Molitor, Ko, Hussey, & Ally, 2014; Rollins, Khuu, & Lodi, 2019). 
Future studies would thus benefit from more process-pure assessments 
of MD ability, or from including several different memory tests of the 
same stimuli with some delay between them to examine if mnemonic 
discrimination difficulties occur after some time has passed also when 
controlling for immediate memory performance. 

Another limitation of the present study is that we excluded partici-
pants with psychiatric disorders. Thus, the range in anxiety, and thus 
impaired safety learning, was most certainly lower in our sample than in 
the general population. It is possible that the hypothesized effects would 
be evident in a more representative sample when it comes to mental 
health. One study has, for example, found that poor MD ability only 
predicted anxious symptoms in participants with higher degrees of trait 
worry and state negative affect, potentially because of an inability to 
separate between safe and dangerous stimuli and situations (Bernstein & 
McNally, 2018). Future studies would have to examine the association 
between MD and fear acquisition also in groups with higher levels of 
anxiety. 

Finally, even if it is often claimed that poor MD ability is a risk factor 
for anxiety (e.g., Kheirbek et al., 2012), the empirical evidence for this 
has been quite mixed. One recent study did not find impaired MD ability 
in participants suffering from PTSD compared to trauma-exposed in-
dividuals not suffering from PTSD, or between the PTSD group and a 
group of participants seeking clinical treatment for other emotional 
disorders (Bernstein, Brühl, Kley, Heinrichs, & McNally, 2020). Both 
treatment-seeking groups in that study did, however, perform lower on 
the MD index of the MST compared to a healthy control group. Two 
recent studies did not find any differences in MD performance between 
healthy controls and a group of participants with anxiety disorders 
(Bernstein et al., 2021), or with a group suffering from social anxiety 
disorder (Ponzini & Steinman, 2020), respectively. Dohm-Hansen and 
Johansson (2020), however, observed negative correlations between 
MD performance and anxiety. Caulfield, Vogel, Coutinho, and Kan 
(2021) found a negative correlation between trait anxiety and MD per-
formance for lures with a high similarity, but not for lures with low 
similarity. They further found a positive correlation between behavioral 
inhibition (the tendency to avoid or withdraw from novel objects, peo-
ple, or situations) and MD performance for the highly similar lures. 
These mixed findings call into question to what degree impaired MD 
ability actually plays a role in anxiety disorders. An important task for 
future research will be to examine this using larger sample sizes. 

5. Conclusions 

The results of the present study did not show an association between 
poor MD ability, as measured by the tendency to incorrectly label similar 
novel stimuli as old, and the degree to which a differentiated fear 
response was acquired at the time of acquisition. Pattern completion 
bias in the MST did not affect the difference in responding to the CS+

and the CS-, or the time it took to learn this differentiated association. 
Future studies should examine the role of MD ability on fear acquisition 
and retrieval in groups with a wider range of anxiety symptoms, and 
using stimulus sets where the CS+ and the CS- are more similar. 
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Déry, N., Pilgrim, M., Gibala, M., Gillen, J., Wojtowicz, J. M., MacQueen, G., et al. 
(2013). Adult hippocampal neurogenesis reduces memory interference in humans: 
Opposing effects of aerobic exercise and depression. Frontiers in Neuroscience, 7(66). 
https://doi.org/10.3389/fnins.2013.00066 

Dohm-Hansen, S., & Johansson, M. (2020). Mnemonic discrimination of object and 
context is differentially associated with mental health. Neurobiology of Learning and 
Memory, 173, 107268. https://doi.org/10.1016/j.nlm.2020.107268 

Duits, P., Cath, D. C., Lissek, S., Hox, J. J., Hamm, A. O., Engelhard, I. M., … 
Baas, J. M. P. (2015). Updated meta-analysis of classical fear conditioning in the 
anxiety disorders. Depression and Anxiety, 32(4), 239–253. https://doi.org/10.1002/ 
da.22353 

Dymond, S., Dunsmoor, J. E., Vervliet, B., Roche, B., & Hermans, D. (2015). Fear 
generalization in humans: Systematic review and implications for anxiety disorder 
research. Behavior Therapy, 46(5), 561–582. https://doi.org/10.1016/j. 
beth.2014.10.001 

Ginat-Frolich, R., Gendler, T., Marzan, D., Tsuk, Y., & Shechner, T. (2019). Reducing fear 
overgeneralization in children using a novel perceptual discrimination task. 
Behaviour Research and Therapy, 116, 131–139. https://doi.org/10.1016/j. 
brat.2019.03.008 

Haddad, A. D. M., Pritchett, D., Lissek, S., & Lau, J. Y. F. (2012). Trait anxiety and fear 
responses to safety cues: Stimulus generalization or sensitization? Journal of 
Psychopathology and Behavioral Assesment, 34(3), 323–331. https://doi.org/10.1007/ 
s10862-012-9284-7 

Holt, D. J., Boeke, E. A., Wolthusen, R. P. F., Nasr, S., Milad, M. R., & Tootell, R. B. H. 
(2014). A parametric study of fear generalization to faces and non-face objects: 
Relationship to discrimination thresholds. Frontiers in Human Neuroscience, 8(624). 
https://doi.org/10.3389/fnhum.2014.00624 

Huffman, D. J., & Stark, C. E. L. (2017). Age-related impairment on a forced-choice 
version of the mnemonic similarity task. Behavioral Neuroscience, 131(1), 55–67. 
https://doi.org/10.1037/bne0000180 

Jensen, J., Willeit, M., Zipursky, R. B., Savina, I., Smith, A. J., Menon, M., … Kapur, S. 
(2008). The formation of abnormal associations in Schizophrenia: Neural and 
behavioral evidence. Neuropsychopharmacology, 33(3), 473–479. https://doi.org/ 
10.1038/sj.npp.1301437 

Kheirbek, M. A., Klemenhagen, K. C., Sahay, A., & Hen, R. (2012). Neurogenesis and 
generalization: A new approach to stratify and treat anxiety disorders. Nature 
Neuroscience, 15(12), 1613–1620. https://doi.org/10.1038/nn.3262 

Kolarik, B. S., Stark, S. M., & Stark, C. E. L. (2020). Enriching hippocampal memory 
function in older adults through real-world exploration. Frontiers in Aging 
Neuroscience, 12. https://doi.org/10.3389/fnagi.2020.00158, 158-158. 

Lange, I., Goossens, L., Michielse, S., Bakker, J., Lissek, S., Papalini, S., … Schruers, K. 
(2017). Behavioral pattern separation and its link to the neural mechanisms of fear 
generalization. Social Cognitive and Affective Neuroscience, 12(11), 1720–1729. 
https://doi.org/10.1093/scan/nsx104 

Laufer, O., Israeli, D., & Paz, R. (2016). Behavioral and neural mechanisms of 
overgeneralization in anxiety. Current Biology, 26(6), 713–722. https://doi.org/ 
10.1016/j.cub.2016.01.023 

Lissek, S., Biggs, A. L., Rabin, S. J., Cornwell, B. R., Alvarez, R. P., Pine, D. S., et al. 
(2008). Generalization of conditioned fear-potentiated startle in humans: 
Experimental validation and clinical relevance. Behaviour Research and Therapy, 46 
(5), 678–687. https://doi.org/10.1016/j.brat.2008.02.005 

Lommen, M. J. J., Duta, M., Vanbrabant, K., de Jong, R., Juechems, K., & Ehlers, A. 
(2017). Training discrimination diminishes maladaptive avoidance of innocuous 
stimuli in a fear conditioning paradigm. PLoS One, 12(10), Article e0184485. 
https://doi.org/10.1371/journal.pone.0184485 

Lonsdorf, Tina, Menz, Mareike, Andreatta, Marta, Fullana, Miguel, Golkar, Armita, 
Haaker, Jan, … Merz, Christian (2017). Don’t fear ‘fear conditioning’: 
Methodological considerations for the design and analysis of studies on human fear 
acquisition, extinction, and return of fear. Neuroscience & Biobehavioral Reviews, 77, 
247–285. https://doi.org/10.1016/j.neubiorev.2017.02.026 

Lonsdorf, T. B., & Merz, C. J. (2017). More than just noise: Inter-individual differences in 
fear acquisition, extinction and return of fear in humans - biological, experiential, 

temperamental factors, and methodological pitfalls. Neuroscience & Biobehavioral 
Reviews, 80, 703–728. https://doi.org/10.1016/j.neubiorev.2017.07.007 

Lovibond, P. F., Lee, J. C., & Hayes, B. K. (2020). Stimulus discriminability and induction 
as independent components of generalization. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 46(6), 1106–1120. https://doi.org/10.1037/ 
xlm0000779 

Lykken, D. T., & Venables, P. H. (1971). Direct measurement of skin conductance: A 
proposal for standardization. Psychophysiology, 8(5), 656–672. https://doi.org/ 
10.1111/j.1469-8986.1971.tb00501.x 

Marks, I. M., & Mathews, A. M. (1979). Brief standard self-rating for phobic patients. 
Behaviour Research and Therapy, 17(3), 263–267. https://doi.org/10.1016/0005- 
7967(79)90041-X 
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