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Revaluing the Role of vmPFC in the Acquisition of
Pavlovian Threat Conditioning in Humans

Simone Battaglia, ““Sara Garofalo, ““Giuseppe di Pellegrino, and ““Francesca Starita
Center for Studies and Research in Cognitive Neuroscience, Department of Psychology, University of Bologna, 40126 Bologna, Italy

The role of the ventromedial prefrontal cortex (vmPFC) in human pavlovian threat conditioning has been relegated largely to
the extinction or reversal of previously acquired stimulus—outcome associations. However, recent neuroimaging evidence
questions this view by also showing activity in the vmPFC during threat acquisition. Here we investigate the casual role of
vmPFC in the acquisition of pavlovian threat conditioning by assessing skin conductance response (SCR) and declarative
memory of stimulus-outcome contingencies during a differential pavlovian threat-conditioning paradigm in eight patients
with a bilateral vimPFC lesion, 10 with a lesion outside PFC and 10 healthy participants (each group included both females
and males). Results showed that patients with vmPFC lesion failed to produce a conditioned SCR during threat acquisition,
despite no evidence of compromised SCR to unconditioned stimulus or compromised declarative memory for stimulus-out-
come contingencies. These results suggest that the vmPFC plays a causal role in the acquisition of new learning and not just
in the extinction or reversal of previously acquired learning, as previously thought. Given the role of the vmPFC in schema-
related processing and latent structure learning, the vmPFC may be required to construct a detailed representation of the
task, which is needed to produce a sustained conditioned physiological response in anticipation of the unconditioned stimulus
during threat acquisition.
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Pavlovian threat conditioning is an adaptive mechanism through which organisms learn to avoid potential threats, thus
increasing their chances of survival. Understanding what brain regions contribute to such a process is crucial to understand
the mechanisms underlying adaptive as well as maladaptive learning, and has the potential to inform the treatment of anxiety
disorders. Importantly, the role of the ventromedial prefrontal cortex (vmPFC) in the acquisition of pavlovian threat condi-
tioning has been relegated largely to the inhibition of previously acquired learning. Here, we show that the vmPFC actually
lays a causal role in the acquisition of pavlovian threat conditioning.
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Introduction

Extensive research shows the involvement of the human ventro-
medial prefrontal cortex (ymPFC) in the extinction and reversal
of pavlovian threat conditioning (Morris and Dolan, 2004;
Phelps et al., 2004; Kalisch et al., 2006; Sotres-Bayon et al., 2006;
Milad et al., 2007; Quirk and Mueller, 2008; Schiller et al., 2008;
Schiller and Delgado, 2010; Hartley et al., 2011; Milad and
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Quirk, 2012; Raij et al., 2018; Dunsmoor et al., 2019; Savage et
al,, 2020). In particular, this region may not simply inhibit the
expression of amygdala-dependent conditioned threat response,
but signal a change in previously acquired contingencies to select
the most appropriate response to the current situation (Bukalo et
al,, 2015; Do-Monte et al., 2015; Delgado et al., 2016; Dunsmoor
et al., 2019). Crucially, recent neuroimaging evidence questions
this view by showing activity in the vmPFC also during threat ac-
quisition (Fullana et al., 2016; Harrison et al., 2017; Dunsmoor et
al., 2019), also raising the hypothesis for a role of this region dur-
ing the initial acquisition of new learning.

Beyond the literature on threat conditioning, the vmPFC has
a crucial role in value and stimulus-outcome representation
(Schoenbaum et al., 2009, 2011; Hiser and Koenigs, 2018),
model-based computations (Wilson et al., 2014), and schema-
related processing and latent structure learning (Gershman and
Niv, 2010; Gershman et al., 2015; Niv, 2019; Schuck et al., 2019).
In fact, all these processes appear involved during the acquisition
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Table 1. Demographic characteristics and neuropsychological assessment for all groups

vmPFC BDC HC
(n=9) (n=10) (n=10) Test df p n,
Demographics
Age (years) 57.25+6.25 51.10 = 1437 67.90 = 7.87 F=6.69 2,25 0.005™ 0.34
Education (years) 105 = 2.67 1330 =437 13.00 = 245 F=183 2,25 0.18 0.12
Chronicity (years) 5.87 £ 494 2.80 =2.20 F=3.13 1,16 0.09 0.16
Sex (M/F) 6/2 6/4 4/6 ,\/2 =127 2 0.32
Neuropsychological assessment
Raven Progressive Matrices* 3.05 = 0.75 3+1.09 1.02 1,12 0.33 0.07
Stroop Test* 22519 25+ 1.04 0.08 1,12 0.77 0.007
Towers of London# 99.14 = 16.40 104 = 13.56 033 1,1 0.57 0.02
Digit Span* 3.75 = 0.46 3.16 = 1.60 0.97 1,12 0.34 0.07
Phonemic Fluency* 3.25£1.16 3.16 £ 1.32 0.02 1,12 0.90 0.001
Semantic Fluency* 375074 3.66 = 0.81 0.48 1,12 0.49 0.03

All measures are reported as mean = SD, except for Sex, which is reported as frequency. M, Male; F, female.
*Equivalent score.
#Standard score.

*Post hoc analysis reported a significant difference between BDC and HC groups, p = 0.01 and vmPFC group versus HC group, p = 0.02; vmPFC group versus BDC group was not significant p = 0.8.

of pavlovian conditioning, which consists in updating the value
of encountered stimuli based on changes in stimulus-outcome
contingencies. Additionally, cognitive and computational models
have traditionally described this updating in terms of model-free
mechanisms, in which prediction errors following the unex-
pected occurrence of unconditioned stimuli (USs) drive the in-
crement of predictions for conditioned stimuli (CSs; Rescorla
and Wagner, 1972; Sutton, 1988). Nevertheless, recent evidence
shows the recruitment of model-based mechanisms to represent
pavlovian contingencies (Prévost et al., 2013; Pauli et al,, 2019),
suggesting that an abstract representation of the broader struc-
ture of the pavlovian contingencies is also taken into account
when computing predictions for CS, at least in humans.

The neglected role of vmPFC in threat acquisition may have
been reinforced also by a lack of neuropsychological studies
assessing the consequences of a lesion to the vmPFC on the ac-
quisition of threat conditioning. In fact, the only existing study
on patients with vimPFC lesions found preserved conditioned
skin conductance response (SCR) to the presentation of an image
previously associated with an aversive sound (CS™), despite a
failure to show anticipatory SCR to negative (and positive)
outcomes during a gambling task (Bechara et al, 1999).
Nevertheless, this evidence should be taken cautiously because of
the limited sample size (n=5) and the diverse etiology of the
lesion among patients (meningioma, stroke, and cyst). Additionally,
the acquisition of conditioning was evaluated in terms of an
increase in SCR to the CS" during acquisition compared with
habituation and extinction, rather than comparing the SCR elicited
by the CS™ during each phase to that elicited by a control stimulus
never associated with an aversive sound (CS"). In fact, given that
the putative role in discriminating threat from safety (Fullana et al,,
2016), the impairment in the acquisition of threat conditioning in
patients with vimPFC lesions may consist in a failure in generating
differential SCR between CS™ and CS’, rather than an overall fail-
ure in increasing SCR to a CS™ during acquisition.

The present study aims to reevaluate the role of the vmPFC in
the acquisition of pavlovian threat conditioning. Eight patients
with a naturally occurring bilateral lesion to the vmPFC and ad-
jacent perigenual tissue, a group of healthy participants and a
group of patients with a lesion outside PFC completed a differen-
tial threat conditioning paradigm, while their SCR to CS™, CS",
and US (aversive electrical stimulation) was recorded. Explicit
awareness of CS-US contingencies was also assessed.

Materials and Methods

Participants

Thirty right-handed adults participated in the study, equally divided into
three groups, namely patients with a lesion affecting the vmPFC
(vmPFC patients), brain-damaged control patients (BDCs) with a lesion
that did not involve the PFC, and healthy control participants (HCs;
Table 1, demographic and clinical information). The vmPFC patients
were eligible for inclusion in the present study if their mapped lesion
was centered on the vmPFC (i.e., the majority of lesioned tissue must
pertain to the vmPFC), defined as the medial one-third of the orbital
surface and the ventral one-third of the medial surface of prefrontal cor-
tex, bilaterally. Data were initially collected on 10 vmPFC patients, but 2
patients were subsequently found to have lesions extending to the medial
temporal lobe and/or insula, and so were excluded from the analysis. For
all patients, lesions were naturally occurring, acquired in adulthood, and
were stable since the patient’s most recent neuroimaging session and
corresponding lesion analysis (see below). Participants with a history of
progressive disease, psychiatric disease, drug or alcohol abuse requiring
treatment, premorbid head injury, premorbid/comorbid neurologic dis-
ease, severe aphasia, visual neglect, or marked sensory impairment were
excluded from participation. Groups were matched in terms of sex, edu-
cation, illness chronicity, and neuropsychological assessment scores
(Table 1). Groups differed in terms of age; therefore, this variable was
used as covariate in all analyses (Table 1).

Participants were recruited at the Center for Studies and Research in
Cognitive Neuroscience of Bologna University, where the study was con-
ducted. They had normal or corrected-to-normal vision and were naive
to the purposes of the study. All participants gave informed written con-
sent to participation after being informed about the procedure of the
study. The study was conducted in accordance with the ethical principles
of the World Medical Association Declaration of Helsinki and approved
by the Bioethics Committee of the University of Bologna.

Neuropsychological assessment

vmPFC and BDC patients were given a series of standardized neuropsy-
chological tests. The selected neuropsychological battery included the
following tests: Raven Progressive Matrices (Spinnler and Tognoni,
1987), Stroop Test (Caffarra et al., 2002), Tower of London (Kennedy et
al., 2000; the total number of correct moves was used for analysis), Digit
Span (Orsini et al., 1987), and Phonemic and Semantic Fluency (Novelli
et al., 1986). Normative scores derived from a nationally representative
sample of adults are available for each test. For Tower of London,
patients’ raw scores were converted in Standard scores (Culbertson and
Zillmer, 1999). For all the other tests, patients’ raw scores were converted
into equivalent scores (Capitani and Laiacona, 1988), adjusted for age
and years of education. Equivalent score is a 5 point scale, ranging from
0 to 4, with 0 = pathologic performance, 1 =borderline performance, and
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2-4 =normal performance. t Tests in Table 1 showed no significant dif-
ference between patients with a lesion affecting the vmPFC and BDC on
any of the tests (all p > 0.25).

Lesion analysis

Lesion etiologies for the vmPFC group were aneurysm of the anterior
communicating artery (n=7) and aneurysm of the anterior cerebral ar-
tery (n=1). Lesion etiologies for the BDC group were meningioma
resection (n=2), arteriovenous malformation resection (n=1), cerebro-
vascular accidents (n =5), and abscess (1 =2).

For the vmPFC group, imaging of lesions was available for all
patients, while for the BDC group imaging of lesions was available for 8 of
10 patients. For each patient, lesion extent and location were documented
using the most recent clinical computed tomography (n=5 vmPFC
patients; 7 =1 BDCs) or magnetic resonance imaging (MRI; # =3 vmPFC
patients; n=7 BDC). Lesions were traced directly on each slice of the nor-
malized T1-weighted template MRI scan from the Montreal Neurologic
Institute (Holmes et al., 1998) by a trained neuropsychologist (S.B.) and
checked by a neurologist (G.d.P.). This template is approximately oriented
to match Talairach space and distributed with MRIcro (Holmes et al.,
1998). MRIcro (Rorden and Brett, 2000) was used to estimate lesion volume
(in cm’) and generate brain lesion overlap images.

Figure 1 shows the extent of individual brain lesions and overlap of
brain lesions in vmPFC patients. In the vmPFC group, the Brodmann’s
areas (BAs) that were mainly affected were BAs 10, 11, 24, 25, and 32.
The region of maximal overlap occurred in BA 11 (mean=16.55cc,
SD = 9.75cc), and BA 10 (mean =8.09 cc, SD =7.92 cc). This region of
maximal overlap plays a causal role in the psychophysiological and
behavioral outcomes under investigation (Koenigs et al, 2007).
Nevertheless, although BAs 24 and 32 were not included in the region of
maximal overlap, a recent meta-analysis reported correlational evidence
of the involvement of the dorsal portion of these BAs [i.e., dorsal ante-
rior cingulate cortex ({ACC)] during the acquisition of threat condition-
ing (Fullana et al, 2016). Thus, we decided to conduct a detailed
quantification of the extent of the damage to the dACC and to the
vmPFC per se, and their relative contribution to the entire lesion. To
this end, we used MRIcro (Rorden and Brett, 2000) to define dACC and
vmPFC regions of interest (ROIs). The dACC ROI included the dorsal
BAs 24 and 32 (as defined by Bush et al., 2000), while the vymPFC ROI
included BAs 10, 11, and 25 and the rostral BAs 24 and 32 (as defined by
Bush et al.,, 2000). In none of the patients whose lesion touched the
dACC, the dACC damage extended to the coordinates reported in the
metanalysis by Fullana et al. (2016) as active during threat acquisition.
Additionally, such damage represented on average only 4.27%
(minimum = 0.06%, maximum = 11.73%) of the entire lesion. In con-
trast, the vmPFC damage represented on average 88.66% (minimum =
73.30%, maximum =98.78%) of the entire lesion. Additionally, the
percentage of vmPFC damage relative to the entire lesion was greater
than the percentage of dACC damage (paired f test, p << 0.001). Thus, we
can confirm that, in our patients, lesions are centered on the vmPFC,
with the majority of lesioned tissue pertaining selectively to this region.

In the BDC group, the BAs that were mainly affected were BA 17, 18,
and 19 (mean = 8.19 cc, SD =11.77 cc); BA 20, 21, 22, and 37 (mean =
16.80 cc, SD = 23.12 cc); and BA 39 and 40 (mean = 2.07 cc, SD =
3.76 cc). There was no significant difference in lesion volume between
vmPFC patients and BDCs (mean,,prc = 36.76 cc, meangpc = 46.32 c¢;
t test: t = 0.60, p=0.557). For the BDCs whose brain images were not
available, lesion affected the left calcarine sulcus and adjacent regions in
one case, and the region proximal to the temporal horn of the left lateral
ventricle in the other case, as reported in their medical records.

Pavlovian threat conditioning task

The CSs were images of two different objects (i.e., a lamp and a plant),
which appeared embedded in an indoor scene for 4 s (previously used in
Battaglia et al., 2018). Their presentation was followed by a jittered 14-17 s
intertrial interval, consisting of a gray screen. The trial order was pseudor-
andomized, such that no more than three identical CSs occurred in a row.
To reduce initial orienting responses, the experiment began with a short
habituation phase, which included two presentations of each CS (data
not analyzed). Then acquisition included 40 trials (20 CS*, 20 CS).
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Presentation of the threat conditioned stimulus (CS™, object assignment
counterbalanced between participants) coterminated with the delivery of
the aversive electrical shock (i.e., US) in 12 of 20 trials (60% reinforcement
rate). The shock was generated by a Digitimer Stimulator (model DS7,
Digitimer) and delivered to the participants’ left inner wrist through preg-
elled snapped electrodes. Presentation of the other object was never paired
with the US, representing the within-subject control stimulus (CS").
Acquisition always started with a presentation of a CS™ and of a reinforced
CS*, in random order. Extinction included 40 trials (20 CS™, 20 CS"), dur-
ing which CS presentation was never paired with the US.

Dependent variables

Skin conductance response. SCR was recorded continuously during
the task from two Ag/AgCl electrodes (model TSD203, BIOPAC
Systems) filled with isotonic hyposaturated conductant and attached to
the distal phalanges of the second and the third finger of participants’
left hands. The signal was amplified with a DC amplifier (model
EDA100C, BIOPAC Systems) with a gain factor of 5 uS/V and a low-
pass filter of 10 Hz. The analog signal was digitalized at 200 Hz using a
BIOPAC Systems MP-150 digital converter and fed into AcqKnowledge
3.9 (BIOPAC Systems) for offline analysis.

The digitalized signal was analyzed using custom-made MATLAB
scripts to obtain amplitude SCR values, operationalized as the peak-to-
peak amplitude of the largest deflection occurring between 0.5 and 4.5 s
after event onset. The minimum response criterion was 0.02 uS, and
smaller responses were encoded as 0. Raw SCR scores were square root
transformed to normalize the data distribution (Siddle et al., 1988). SCR
amplitude following the CS was analyzed to assess conditioned learning.
Stimulus onset referred to the time of CS appearance on the screen. To
reduce interindividual variability, SCR was scaled to each participant’s
mean square root-transformed US response (Schiller et al., 2008; see
below for its computation). Thus, raw scores were range corrected by
dividing each individual score by the participants mean SCR to US
(Lykken, 1972). This procedure can reduce error variance, thus increas-
ing statistical power when comparing groups of participants. In this way,
conditioned responses can be directly compared across groups without
confounding baseline differences in skin conductance levels (LaBar et
al., 2004). To assess conditioned responses to the cst, only nonrein-
forced CS™ trials were analyzed (n=8) to exclude any confounding
effect of shock on SCR. SCR amplitude following the US was analyzed to
assess the unconditioned response. Stimulus onset was represented by
the time of shock administration, mean SCRs to the 12 shocks were ana-
lyzed. Additionally, to further evaluate the unconditioned response, we
computed and analyzed SCR latency following US administration (i.e.,
the temporal interval between shock administration and SCR onset;
Sjouwerman and Lonsdorf, 2019).

Explicit contingency awareness. To assess the explicit awareness of
CS-US contingencies, at the end of the conditioning task participants
were presented with one CS at the time and asked to indicate whether or
not the stimulus was associated with a shock during the task. A score of
1 was given for a correct answer and a score of 0 for an incorrect answer.

Procedure

Participants were seated comfortably in a silent and dimly lit room, and
their position was centered, relative to the computer screen, at a 100 cm
viewing distance. Electrodes for SCR recording and for shock adminis-
tration were attached to the participant. After verifying the correct re-
cording of SCR, shock intensity was adjusted using a standard workup
procedure. It was initially set at 0.5mA and increased by 1 mA until
participants reported it as “highly uncomfortable, but not painful.”
Participants were asked to remain as quiet and still as possible during
the task and to keep their attention on the center of the screen. At the be-
ginning of the conditioning task, participants were informed that differ-
ent visual stimuli would appear on the screen, and some of them might
be paired with the shock. Participants received the instruction to care-
fully observe and learn which stimuli were paired with the shock.
Participants were also informed that their behavior had no effect on
shock delivery. At the end of the conditioning task, CS-US contingency
awareness was tested.
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Figure 1. Location and overlap of brain lesions of vmPFC patients. Representative axial slices showing individual patients” lesions, and representative axial slices and midsagittal view show-
ing cumulative lesions overlap. The white horizontal lines on the sagittal view indicate the positions of the axial slices. The white numbers below the axial slices indicate the z-coordinates of
each slice. The color bar indicates the number of overlapping lesions. The left hemisphere is on the left side. Maximal overlap occurs in BAs 10 and 11.

Experimental design and statistical analysis

Statistical analyses were performed using JASP (version 0.11.1; JASP
Team 2019). Assumptions for a correct use of parametric analyses were
assessed. The significance threshold was p < 0.05, and post hoc analyses
were conducted with Tukey’s HSD test. Reported p values are always

intended as two tailed. Since BDCs and HCs differed in terms of age
(Table 1), this variable was used as a covariate in all ANOVAs. In all
analyses, the covariate age did not have any statistically significant influ-
ence (all p>0.154). Cumming estimation plots (Ho et al., 2019) were
used to illustrate the data, whenever appropriate.
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Figure 2. Trial by trial mean SCR to (S™ and (S~ during acquisition and extinction for the three groups. Error bars represent the 95% confidence interval.

Voxel-based lesion symptom mapping analysis

To gather further evidence regarding the location of the lesioned voxels
contributing to the reduced differential SCR during acquisition in
vmPFC patients, we conducted a voxel-based lesion symptom-mapping
analysis using the Non-Parametric Mapping software (Rorden et al,
2007). Traced lesions of the vmPFC and BDC groups, and differential
SCRs between CS* and CS™ were used to compare performances of
patients with and without damage at each voxel in the brain. Voxels
were only included in the analysis if >20% patients had nonzero lesion
values in that voxel. The nonparametric Brunner-Munzel (BM) rank-
order test (Brunner and Munzel, 2000) was used with « set at p < 0.05,

1000 permutations, resulting in a critical z value of 2.92. The threshold
for the extent of the cluster of voxel was set at 50 voxels (Glischer et al.,
2010).

Results

Figure 2 shows a trial-by-trial representation of the mean SCR to
CS* and CS™ during acquisition and extinction in the three
experimental groups. Qualitatively, observing the figure, the
healthy control and brain damage control groups show an
increase in mean SCR to CS™ relative to CS™ over the course of
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Figure 3.  Acquisition of threat conditioning. 4, Cumming estimation plots showing raw data and paired mean difference of SCR amplitude to (5™ and CS™ for the vmPFC group, the brain-
damaged control group, and the healthy control group. On the top axes, each paired set of observations is connected by a line. Also, 95% confidence intervals are indicated by vertical error
bars, and group means are depicted as white gaps between the bars. On the lower axes, 95% confidence intervals are indicated by vertical error bars, and mean differences, plotted as a boot-
strap sampling distribution (5000 samples), are depicted as dots. B, Grand average event-related SCR illustrates mean SCR over time to (5™ (no shock trials), (5™ and CS™/US (shock trials).
SCR is expressed as a proportion of the haseline (1 s before CS onset). Continuous vertical lines indicate the time of onset and offset of the CSs. Dashed line indicates shock onset in (5™ /US trials.

acquisition, which then fades over the course of extinction. In
contrast, in vmPFC no increase in mean SCR to CS™ trials
appears evident during any of the acquisition trials.

Acquisition

First, we assessed whether lesion to vmPFC affects threat acquisi-
tion with a 2 x 3 mixed design ANCOVA (stimulus, CS*/CS™;
group, vimPFC/BDC/HC; age as covariate; see Materials and
Methods for more details). There was no significant main effect
of stimulus (p=0.229). Instead, there was a significant main
effect of group [F,,4)=16.25; p <0.001; 77; = 0.57; 95% confi-
dence interval (CI), 0.25, 0.71], qualified by a significant stimulus
by group interaction (F(,4)=17.49; p <0.001; 77; = 0.59; 95%
CI, 0.27, 0.72). HCs and BDCs responded more to CS™ than to
CS™ (HCs: CS", mean = 0.72 uS; CS™, mean=0.53 uS; p <
0.001; BDCs: CS*, mean = 0.52 uS; CS~, mean=0.39 uS;
P <0.001). In contrast, vmPFC did not show any significant dif-
ference in response between CS* and CS™ (CS™, mean=0.25
uS; CS™, mean = 0.27 uS; p=0.965; Fig. 3A). Thus, while HCs
and BDCs showed successful acquisition of threat conditioning,
vmPFC patients were impaired in the acquisition of threat condi-
tioning. Also, observing Figure 3B, following CS presentation,
the healthy control and brain-damaged control groups show an
increase in SCR to CS™ and CS™/US compared with CS™ as well
as an increase following US delivery. In contrast, the vmPFC
group shows only an increase in SCR following US delivery.

Extinction

During extinction, the 2 x 3 mixed-design ANCOVA (stimulus,
CS'/CS™; group, vimPFC/BDC/HC; age as covariate) showed
only a main effect of group (F(554)=5.57; p=0.01; n; = 032
95% CI, 0.02, 0.52). vmPFC patients responded significantly less

than HCs (vmPFC patients, mean = 0.19 uS; control partici-
pants, mean =0.49 uS; p=0.001) but not less than BDCs (BDCs,
mean =0.34 uS; p=0.119). There was no significant difference
between HCs and BDCs (p=0.115). No other main effects or
interactions were significant (all p > 0.802). Therefore, HCs and
BDCs had successful extinction of threat conditioning.

US intensity, SCR to the US, and SCR latency to the US

We then tested the possibility that differences in threat acquisi-
tion between groups may have resulted from differences in the
intensity of delivered US, SCR to the US, and latency of the SCR.
The one-way ANCOVA (group, vimPFC/BDC/HC; age as cova-
riate) on mean US intensity showed no significant effect of group
(Fopm=1.81; p=0.185 12 = 0.13; 95% CL, 0.00, 0.34; vmPEC
patients, mean = 6.15mA; BDCs, mean =7.44 mA; HCs, mean =
7.95mA). Similarly, the one-way ANCOVA (group, vmPFC/
BDC/HC; age as covariate) on mean SCR to the US showed no
significant effect of group (F(2,4)=0.91; p=0.414; n; = 0.07;
95% CI, 0.00, 0.26; vmPFC patients, mean=0.86 uS; BDCs,
mean = 1.05 uS; HCs, mean=1.01 uS). Importantly, all partici-
pants exhibited a reliable SCR to the US. Additionally, it is worth
noting that even in four vmPFC patients who had mean SCRs to
the US of 1.00, 1.05, 1.07, and 1.32 uS, the difference in SCR
between CS* and CS™ was —0.05, —0.00, —0.02, and 0.00 uS,
respectively, suggesting no evidence of threat acquisition, despite
SCR to the US similar to or greater than the mean SCR of healthy
participants.

Finally, the one-way ANCOVA (group, vmPFC/BDC/HC;
age as covariate) on SCR latency to the US showed a significant
effect of group (Fz,4)=4.31; p=0.025; 7;3 = 0.26; 95% CI, 0.00,
0.47; Fig. 4C). SCR latency of vmPFC patients (mean=2.03 s)
was greater than that of BDCs (mean=1.06 s, p=0.014). In
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Figure 5.

contrast, vimPFC patients did not differ significantly from HCs
(mean=1.46s, p=0.186), although the observation of Cumming
estimation plots suggests that such a result may have been driven
by one HC participant with a mean latency of 3.5 s. BDCs did
not differ from HCs (p=0.397). These results suggest that a
lesion to vmPFC does not affect the amplitude of unconditioned
response, but partly affects its latency. Following this, we
repeated the analysis on the acquisition data inserting the SCR
latency to the US as a covariate. Crucially, this did not change
the acquisition results (all covariates, p > 0.768).

Explicit CS-US contingency awareness

Finally, we tested whether groups differed in the awareness of
CS-US contingency, as this may play a role in the acquisition of
conditioned responses assessed with SCR (LaBar et al., 2004;
Sevenster et al., 2014). The y? test showed no differences in the
frequency of correct and incorrect responses to either CS™
(X*(2)=0.085, p=0.958) or CS™ (x*(2) =0.49, p =0.782) among
the three groups. In the HC and BDC groups, 8 of 10 participants
correctly identified the CS™ outcome association, while 6 of 6
participants did so in the vmPFC group. Also, 7 of 10 healthy
participants, and 6 of 10 BDC and vmPFC participants correctly
identified the CS™ outcome association.

Voxel-based lesion symptom mapping
analysis

A cluster of 1364 voxels centered at MNI
coordinates —5, 47, —14 (maximum BM
z-score, 3.39), in BA 11, was associated
with reduced differential SCR during
threat acquisition (Fig. 5). Thus, this anal-
ysis corroborates the interpretation of the
causal role of vmPFC in the acquisition of
pavlovian threat learning.

Results for the voxel-based lesion—symptom mapping analysis. The image shows the location of the cluster of
lesioned voxels associated with reduced differential SCR during threat acquisition (MNI coordinates: —5, 47, —14).

Discussion

A naturally occurring lesion centered on
the vmPFC, and involving adjacent perige-
nual tissue, compromised conditioned
responses during threat acquisition. This was evidenced by impaired
anticipatory differential SCR amplitude between CS* and CS™ in
vmPFC patients compared with healthy participants and brain
damaged control patients, which was also selectively correlated with
damage in a cluster of voxels located in BA 11. In contrast, there
was no evidence that a lesion centered on the vmPFC compromised
unconditioned response amplitudes or declarative memory for CS-
US contingencies. Additionally, although a lesion centered on the
vmPFC partly affected unconditioned response latency, the latter
did not affect conditioned response amplitude. Thus, the impair-
ment in threat acquisition of vimPFC patients was independent of
the latency difference in the unconditioned response.

The finding that a bilateral lesion centered on the vmPFC
impairs conditioned physiological responses during the acquisi-
tion of threat conditioning calls for a revaluation of the role of
vmPFC in pavlovian conditioning in humans. In contrast with
the findings of Bechara et al. (1999), our results indicate that, in
humans, the vmPFC is necessary since the early stages of threat
conditioning, extending recent neuroimaging evidence that
shows activity in this region during threat acquisition (Fullana et
al., 2016; Dunsmoor et al,, 2019). Thus, in addition to being
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involved in the extinction and reversal of previously acquired
learning (Morris and Dolan, 2004; Phelps et al., 2004; Kalisch et
al., 2006; Sotres-Bayon et al., 2006; Milad et al., 2007; Quirk and
Mueller, 2008; Schiller et al., 2008; Schiller and Delgado, 2010
Hartley et al, 2011; Milad and Quirk, 2012; Raij et al,, 2018;
Dunsmoor et al., 2019; Savage et al., 2020), the vmPFC is neces-
sary to produce sustained autonomic arousal in anticipation of
threat during acquisition, which is in line with evidence in pri-
mates during reward conditioning (Rudebeck et al., 2014). Such
a result seems also to support the view that the vmPFC does not
exert a mere inhibitory role over amygdala activity (Koenigs et
al., 2008; Hiser and Koenigs, 2018), as this should have led
to heightened psychophysiological response in patients with
vmPFC lesions compared with the control groups. In fact, given
the role of the vmPFC in value and stimulus-outcome represen-
tation (Roesch and Schoenbaum, 2006; Schoenbaum et al., 2009,
2011; Hiser and Koenigs, 2018), model-based representations
(Wilson et al.,, 2014), and schema-related processing and latent
structure learning (Gershman and Niv, 2010; Gershman et al,,
2015; Niv, 2019; Schuck et al., 2019), the impaired physiological
response in vmPFC patients may suggest a causal role of this
region in the acquisition of pavlovian conditioning.

Pavlovian conditioning is not simply learning about CS-US
contingency (the probability of US occurrence given CS pres-
ence) or contiguity (near simultaneity of CS and US occurrence;
Rescorla, 1988; McNally and Westbrook, 2006; Schultz, 2006).
Rather, it involves learning about the broad structure of the task,
as suggested by evidence showing the involvement of model-
based computations during pavlovian learning, occurring not
just in the amygdala but also in vmPFC (Prévost et al,, 2013;
Pauli et al., 2019). For example, to produce a sustained condi-
tioned response during CS" presentation, one should learn that
CS™" predicts US occurrence but CS™ does not, and also the spe-
cific timing of US occurrence. Also, given the partial reinforce-
ment schedule of the task, such learning cannot be acquired
based solely on the previous trial but requires a representation of
the long-run sequence of trials. Additionally, pavlovian learning
has been suggested to involve schema-related processing and
latent structure learning (Gershman and Niv, 2010; Gershman et
al.,, 2015; Niv, 2019; Schuck et al., 2019; i.e., learning the relation-
ship between unobservable latent causes, such as the experimen-
tal phase, and observable stimuli, such as CS and US). For
example, CS™ predicts US occurrence only during acquisition
and not during habituation or extinction, and this structure can-
not be directly observed during the task but must be inferred.
Also in this case, evidence indicates a crucial role of vmPFC in
these processes (Wilson et al., 2014; Chan et al., 2016; Schuck et
al., 2019). Given this, the failure of patients with vmPFC lesions
in producing a sustained physiological conditioned response
may result from an inability to construct a detailed internal rep-
resentation of the task. In the vmPFC group, the conditioned
physiological response was impaired despite preserved declara-
tive memory of CS-US contingencies, corroborating the idea
that awareness of stimulus—outcome association is not sufficient
to generate a conditioned physiological response in anticipation
of US occurrence and that pavlovian learning is more than CS-
US contingency learning. Thus, the vmPFC may be required during
acquisition to turn amygdala and/or hippocampal inputs—convey-
ing information about stimulus-outcome contingencies—into a
representation of the task, which may then be translated into a sus-
tained conditioned physiological response in anticipation of the US
during CS™ presentation.

The above interpretation suggests that in humans the vmPFC
and adjacent perigenual tissue may have a more prominent role
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in threat conditioning than in rodents, where a lesion of the
infralimbic mPFC (putative homolog of human vmPFC) does
not impair threat acquisition (Morgan et al., 1993; Morgan and
LeDoux, 1995; Morrow et al., 1999; Quirk et al., 2000; Lebron et
al,, 2004). In fact, in rodents, the infralimbic mPFC appears nec-
essary for the extinction of conditioned responses (for review,
see Sotres-Bayon et al., 2006; Milad and Quirk, 2012; Orsini and
Maren, 2012; Duvarci and Pare, 2014), and, in particular, it may
be causally involved in the formation of the extinction memory
rather than in its retrieval (Do-Monte et al., 2015). Possibly, in
humans, the vmPFC may have an analogous role also during the
acquisition of threat conditioning.

The current results open the doors to further research aimed
at clarifying the role of vmPFC in threat conditioning acquisi-
tion. Given the permanent nature of the lesion, we cannot
exclude a second mechanistic interpretation for the impairment
of vmPFC patients during acquisition. Namely, the vmPFC may
be necessary for the expression of conditioned responses, rather
than acquisition per se. To disentangle these interpretations,
future studies may temporarily disrupt vmPFC activity through
neurostimulation during acquisition. The appearance of a condi-
tioned response in a subsequent threat recovery test—during
which vmPFC activity will be restored—would indicate that the
vmPFC is necessary for the expression of conditioning. On the
contrary, lack of such a response would indicate the causal role
of vmPFC in threat acquisition. In addition, neuroimaging stud-
ies show greater activity of the vmPFC in response to CS” than to
CS™, possibly indicating that the vmPFC processes a safety
response during presentation of CS™ (Fullana et al, 2016;
Dunsmoor et al., 2019). Future studies may further explore the
specific contribution of this region to processing safety or threat
or their relative value. Also, given the extended maturational tra-
jectory of vmPFC over the lifespan (Gogtay et al., 2004) and the
age of our participants, it could be wondered whether a lesion to
vmPFC at an earlier developmental stage also disrupts threat ac-
quisition. Several studies have shown that the quality of threat
conditioning acquisition changes over the course of development
(Hartley and Lee, 2015); nevertheless, the extent of vmPFC
involvement in these changes remains unknown. Additionally,
the lesions of vmPFC patients also involved white matter tracts,
including the uncinate fasciculus, which connects frontal areas
with limbic areas of the temporal lobe. Thus, the extent to which
damage to the white matter tracts may contribute to the current
results should also be investigated. Finally, the current results
also represent the opportunity for a reinterpretation of the deficit
of patients with vmPFC lesion in the Iowa Gambling Task
(Bechara et al.,, 1996, 1999; Fellows and Farah, 2005) in terms of
an acquisition deficit. More broadly, they may suggest that such
patients may have difficulties in following information and rules,
because of an inability to acquire such rules, rather than an
inability to flexibly conform their behavior according to the cur-
rent set of rules.

When our results are considered together with results of
patients with bilateral amygdala and hippocampus lesions
(Bechara et al., 1995), they seem to indicate that the amygdala is
necessary but not sufficient to generate conditioned skin con-
ductance response, while the hippocampus is not only necessary
but may also be sufficient for declarative memory of CS-US con-
tingencies. Additionally, the preserved unconditioned response
(amplitude SCR to US) and declarative memory (explicit aware-
ness) of stimulus-outcome contingencies suggest that these two
processes are not sufficient to generate conditioned physiological
responses, which is in keeping with the literature on patients
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with hippocampal lesions (Bechara et al., 1995), and that they
may not rely on a functional vmPFC.

In conclusion, we found that a naturally occurring bilateral
lesion centered on the vmPFC compromises the generation of a
conditioned psychophysiological response during the acquisition
of pavlovian threat conditioning. Crucially, this result advances
knowledge on the neural bases of threat conditioning, and on
reinforcement learning more broadly, suggesting that the
vmPFC plays a causal role in the acquisition of new learning and
not just in the extinction or reversal of previously acquired learn-
ing, as previously thought. From a clinical perspective, it suggests
that part of the cognitive and behavioral difficulties observed in
patients with a vmPFC lesion may result from such an acquisi-
tion deficit.
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