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Abstract

Extensive literature shows that alexithymia, a subclinical trait defined by difficulties in identifying and describing feelings,
is characterized by multifaceted impairments in processing emotional stimuli. Nevertheless, its underlying mechanisms
remain elusive. Here, we hypothesize that alexithymia may be characterized by an alteration in learning the emotional
value of encountered stimuli and test this by assessing differences between individuals with low (LA) and high (HA) levels of
alexithymia in the computation of reward prediction errors (RPEs) during Pavlovian appetitive conditioning. As a marker of
RPE, the amplitude of the feedback-related negativity (FRN) event-related potential was assessed while participants were
presented with two conditioned stimuli (CS) associated with expected or unexpected feedback, indicating delivery of reward
or no-reward. No-reward (vs reward) feedback elicited the FRN both in LA and HA. However, unexpected (vs expected)
feedback enhanced the FRN in LA but not in HA, indicating impaired computation of RPE in HA. Thus, although HA show
preserved sensitivity to rewards, they cannot use this response to update the value of CS that predict them. This
impairment may hinder the construction of internal representations of emotional stimuli, leaving individuals with
alexithymia unable to effectively recognize, respond and regulate their response to emotional stimuli.
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Alexithymia is a subclinical trait defined by difficulties in
identifying and describing feelings, is a style of thinking devoid
of introspection and affective thinking (Sifneos, 1973; Taylor
et al., 1991) and affects about 10% of the general population
(Taylor et al., 1991). Individuals with alexithymia have multi-
faceted impairments in processing emotional stimuli, which
range from the recognition of emotional stimuli, to the response
to them, to the regulation of such response and its appropriate
use to guide decision-making (for a comprehensive review see
Luminet et al., 2018; Teixeira et al., 2018). Crucially, despite this
evidence, the basicmechanisms thatmay underlie such difficul-
ties remain poorly understood. We have previously argued that
alexithymia may be conceptualized as an impairment in updat-

ing the value of encountered stimuli, and we showed that indi-
viduals with alexithymia have reduced learning of the aversive
value of conditioned stimuli (CS) during Pavlovian threat con-
ditioning, despite preserved response to unconditioned stimuli
(US) (Starita et al., 2016). Therefore, individuals with alexithymia
appear able to respond to stimuli that are biologically prepared to
trigger an emotional response. Nevertheless, they appear unable
to exploit this response to actively shape the internal repre-
sentation of aversive stimuli to encompass, alongside stimuli
that unconditionally elicit an emotional response, those that co-
occur with them. Here, we extend this investigation and ask
whether such difficulty is present also when individuals with
alexithymia have to learn the value of appetitive stimuli.
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Reinforcement learning theories argue that reward predic-
tion errors (RPEs; i.e. the difference between expected and expe-
rienced reward; Schultz, 1998) drive learning about the value
of stimuli in the environment (Daw and Tobler, 2014). When
a neutral stimulus co-occurs with an unexpected reward, the
RPE is computed by updating the affective value of the neutral
stimulus, which acquires an appetitive connotation. Electroen-
cephalographic studies suggest that the feedback-related nega-
tivity (FRN) event-related potentials (ERPs) may encode an RPE-
like signal (Holroyd and Coles, 2002; Nieuwenhuis et al., 2004;
Walsh and Anderson, 2012; Sambrook and Goslin, 2015). The
FRN is a negative deflection in electrical potential observed at
fronto-central electrodes between 200 and 350ms after feedback
presentation and results from subtracting the potential follow-
ing feedback indicating reward omission from that following
reward delivery (Sambrook and Goslin, 2015). Importantly, this
component is modulated by expectation, such that it is more
negative for unexpected compared to expected reward-related
feedback (e.g. Donkers and Boxtel, 2005; Potts et al., 2006; Hajcak
et al., 2007; Holroyd and Krigolson, 2007; Holroyd et al., 2011;
Walsh and Anderson, 2011, 2013).
Given the above information,we hypothesized alexithymia to be
related to altered computation of RPE during Pavlovian appeti-
tive conditioning. To test this, differences in the amplitude of the
FRN were assessed in individuals with high (HA) and low (LA)
levels of alexithymia in response to expected and unexpected
reward-related feedback. Two CS (CS1 and CS2) were presented
to participants. In 80% of trials, CS1 was followed by feedback
indicating delivery of monetary reward, while CS2 of no-reward,
constituting an expected reward-related feedback condition.
Importantly, the task also included two conditions that violated
such expectations. In the remaining 20% of trials, the stimulus–
feedback association was inverted, resulting in an unexpected
reward-related feedback. In LA, this condition was hypothesized
to lead to the computation of a RPE, manifested as an enhanced
FRN in response to the unexpected compared to the expected
reward-related feedback. On the contrary, HA was hypothesized
to show a deficit in the computation of such RPE, showing
reduced modulation of the FRN compared to LA. In addition
to electrophysiological measures, we collected verbal reports of
subjective liking of the two CS and of the contingency between
each CS and reward-related feedback, in order to test whether
alexithymia also affects explicit aspects of emotional learning.

Methods
Participants

A total of 300 individuals completed the 20-item Toronto Alex-
ithymia Scale (TAS-20; Taylor et al., 2003). Depending on the
score, individuals were classified as LA (TAS-20≤36) or HA (TAS-
20≥ 61) (Franz et al., 2004) and were then randomly contacted to
participate in the study. Once in the laboratory, the alexithymia
module of the structured interview for the diagnostic criteria
for psychosomatic research (DCPR; Mangelli et al., 2006) was
administered to confirm the TAS-20 classification (LA, DCPR <3;
HA, DCPR ≥3). An individual with discordant classification on
the two measures did not complete the task (n=1). Due to the
high co-occurrence of alexithymia and depression (Li et al., 2015),
individuals completed the Beck Depression Inventory (Beck et al.,
1961) and did not complete the task if their scorewas higher than
the moderate/severe depression cut-off (i.e. 19, n=1).

Following a power analysis based on effect size reported in a
previous electroencephalogram (EEG) study on alexithymia and

error-related negativity (ηp
2 = 0.208) (Maier et al., 2016), a fronto-

central component that is also considered a prediction error
signal (Gehring et al., 1993; Alexander and Brown, 2011) and a
sample of 20 participants per group resulted appropriate for
testing themain hypothesis of the study (2 groups: LA andHA×2
expectancy: expected, unexpected repeated measures ANOVA)
with power=0.85. A total of 43 healthy volunteers were recruited
(22 LA and 21 HA). Data from two LA and one HA were removed
from analysis due to technical issues with the EEG recording.
This left a total of 40 participants in the analysis: 20 LA (6 males;
age M=21.42, s.d.= 1.57 years; TAS-20 M=31.80, s.d.= 2.82) and
20 HA (6 males; age M=21.97, s.d.= 2.27 years; TAS-20 M=64.00,
s.d.= 4.30). Participants had equivalent educational background
and were students at the University of Bologna. The Bioethics
Committee of the University of Bologna approved the study, and
participant’s consent was obtained according to the Declaration
of Helsinki.

Experimental task and procedure

The Pavlovian appetitive conditioning task consisted in the pre-
sentation of two CS and followed by a feedback indicating the
delivery of reward or no-reward. The CS was a 3 cmwhite square
with a Japanese hiragana on it, reward feedback consisted in the
writing ‘1e’ and no-reward feedback in the writing ‘0e’. In order
to manipulate reward expectations, the percentage of reward
delivery was varied for each CS. CS1 was followed by the delivery
of reward in 80% of trials (i.e. expected reward condition) and
no-reward in 20% of trials (i.e. unexpected no-reward condition).
Contrarily, CS2 was followed by the delivery of no-reward in 80%
of trials (i.e. expected no-reward condition) and reward in 20%
of trials (i.e. unexpected reward condition; Figure 1). The task
included eight blocks of 108 randomized trials (expected reward,
40 trials; expected no-reward, 40 trials; unexpected reward, 10
trials; unexpected no-reward, 10 trials; catch, 8 trials). Each trial
consisted in the presentation of a fixation cross in the center of
the screen (500 ms), followed by the presentation of CS to the
right or left of the fixation cross (1500 ms), followed by the feed-
back (1000 ms) and followed by a jittered inter trial interval (ITI;
1000–1500 ms) during which a blank screen appeared (Figure 2).
Catch trials consisted in the presentation of a scrambled CS
followed by the ITI. After four blocks, hiragana was changed so
that participants had to learn new stimulus–feedback associ-
ations. Stimuli appeared on a 17 inch colored monitor (60 Hz
refresh rate), at a viewing distance of 80 cm. A PC running E-
prime 2.0 (Psychology Software Tools, Pittsburgh, PA) controlled
the stimulus presentation.

Participants were instructed that on each trial, a stimulus
would appeared on the left or right of the screen followed by the
feedback ‘1e’ or ‘0e’ that indicated the reward for that trial. Their
task was to pay attention to the stimulus–feedback association
because they would earn part of the reward at the end of the
task. Importantly, no information was provided regarding which
stimulus would be associated with which feedback, and partic-
ipants had to learn this from experience. Additionally, as soon
as the stimulus appeared, participants had to press one of the
two keys on the keyboard, corresponding to the side of stimulus
presentation. They were informed that neither response speed
nor accuracy would influence feedback appearance, in order to
eliminate the possibility of participants attributing administra-
tion of reward to their actions. Finally, participantswere told that
sometimes a scrambled picture (i.e. catch trial) would appear,
and they should not press any key. Because reward delivery was
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Fig. 1. Illustration of experimental conditions with examples CS1 and CS2 stimuli.

Fig. 2. Illustration of experimental trial.

not related to participants’ keypress at the presentation of the
CS, these catch trials were introduced to reduce the possibility
that participants pressed keys without paying attention to the
actual CS on the screen. Participants could take a break to rest
at the end of each block. At the end of the fourth and eighth
block, participants reported the number of different CS seen
and described them. They also rated how much they liked them
and reported what they noticed about the stimulus–feedback
association (see Dependent measures below). At the end of the
session, participants received 10e as a reward.

EEG recording and pre-processing

The EEG was recorded with Ag/AgCl electrodes (Fast n Easy Elec-
trodes, Easycap, Herrsching, Germany) from 59 electrode sites
(Fp1, Fp2, AF3, AF4, AF7, AF8, F1, F2, F3, F4, F7, F8, FC1, FC2, FC3,
FC4, FC5, FC6, FT7, FT8, C1, C2, C3, C4, C5, C6, T7, T8, CP1, CP2, CP3,
CP4, CP5, CP6, TP7, TP8, P1, P2, P3, P4, P5, P6, P7, P8, PO3, PO4, PO7,
PO8, O1, O2, FPz, AFz, Fz, FCz, Cz, CPz, Pz, POz and Oz) and from
the right mastoid. The reference electrode was placed on the
left mastoid and the ground electrode on the right cheek. Signal
impedance was maintained below 5 KΩ. The electro-oculogram
(EOG) was recorded from above and below the left eye and from
the outer canthi of both eyes. The EEG and EOG were recorded
with a band-pass filter of 0.01–100 Hz and a slope of 12 dB/oct,

amplified by a BrainAmp DC amplifier (Brain Products, Gilching,
Germany) and digitized at a sampling rate of 1000 Hz.

The EEG data were pre-processed using EEGLAB toolbox,
version 14.1.0 (Delorme and Makeig, 2004) and custom routines
written in MATLAB R2016b (The MathWorks, Natick, MA). The
ERP data were re-referenced offline to the linked mastoid
(Luck, 2014) and subjected to low- and high-pass filtering
with a cut-off at 30 and 1 Hz, respectively (EEGLAB function
pop_eegfiltnew). The transition band was 7.5 Hz for the low-
pass filter (−6 dB/octave; 441 pts) and 1 Hz for the high-pass
filter (−6 dB/octave; 3301 pts). Stimulus-locked epochs from
−200 to 2500 ms relative to the appearance of the CS were
extracted from the continuous EEG, in order to extract the
EEG activity during the entire presentation of both CS and
reward-related feedback. Epochs were baseline corrected using
the average voltage during the 200 ms pre-CS window. Then,
epochs whose voltage exceeded 400 μV were excluded, in order
to remove epochs with large peaks. In addition, epochs whose
voltage deviated more than 5 s.d. from the mean of the joint
probability distribution were excluded, in order to remove trials
with improbable data. The number of epochs left was as follows:
LA: Mrew_exp = 303.20 (min=225), Mrew_unexp = 75.75 (min=55),
Mno-rew_exp = 301.95 (min=202), Mno-rew_unexp = 75.25 (min=55);
HA: Mrew_exp = 309.95 (min=272), Mrew_unexp = 77.05 (min=67),
Mno-rew_exp = 309.00 (min=278),Mno-rew_unexp = 77.45 (min=66). The
remaining number of epochs did not differ between groups
or feedback valence (all P≥0.246) but differed as a function
of feedback expectancy [F(1,38) = 6907.049, P<0.001] with trials
with unexpected feedback being less than trials with expected
feedback (Mexp = 304.39, Munexp = 76.16). Note that feedback
expectancy did not interact with the factors group or feedback
valence (all P≥0.118). Importantly, in the analyses that included
feedback expectancy as a factor, to avoid a possible influence
of differing numbers of trial on the average ERP results, the trial
number of the experimental conditions was matched through
data re-sampling as described in the dependent measures
below. Finally, to correct the remaining artifacts, the data were
subjected to a temporal independent component (IC) analysis
(Jutten and Herault, 1991; Makeig et al., 1996) using the infomax
algorithm (Bell and Sejnowski, 1995). The resulting component
matrix was visually inspected for ICs-representing stereotyped
artifact activity for horizontal (saccades) and vertical (blinks) eye
movements, which were manually rejected.

Dependent measures

FRN. First, to test the role of feedback valence in eliciting the
FRN, we calculated the FRN using a difference wave approach
(Walsh and Anderson, 2011a, 2012, 2013), separately grouping
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Fig. 3. (A) Grand average waveforms of low and high alexithymia group averaged between electrodes Fz and FCz for reward, no-reward conditions and FRN. A total of

1500 ms on the x-axis indicates time point of feedback appearance during the trial; vertical dashed lines indicate time interval for analysis. (B) Scalp topographies of

the mean voltage difference between no-reward and reward feedback in the interval 200–350 ms following feedback presentation for the entire sample, the low and

high alexithymia group.

early blocks (i.e. 1-2-5-6) together and late blocks (i.e. 3-4-7-
8) together, enabling us to test whether the FRN amplitude
changed as experiment progressed. Scalp topographies for the
entire sample of the mean voltage difference between no-
reward and reward feedback in the interval 200–350ms following
feedback presentation showed maximum difference at fronto-
central electrodes (Figure 3B). FRN was calculated as the mean
amplitude difference between no-reward and reward feedback
averaged between electrodes Fz and FCz (Figure 3A), where FRN
has been previously reported (for a meta-analysis see Sambrook
and Goslin, 2015)).

Then, to test the role of feedback expectancy in modulating
the FRN and in eliciting an RPE,we calculated the FRN separately
for the expected and unexpected conditions, again by separately
grouping early blocks (i.e. 1-2-5-6) together and late blocks (i.e. 3-
4-7-8) together. Because the number of trials for the unexpected
condition was significantly smaller than that for the expected
condition (see the EEG recording and pre-processing above), the
trial number was matched through data re-sampling. For each
participant, we identified the condition with the smallest num-
ber of trials and the corresponding number of trials was ran-
domly drawn from each of the remaining conditions for 1000
iterations. Then, an average ERPwas calculated for each iteration
separately for each condition (Garofalo et al., 2016). The resulting
components were then averaged over all iterations separately
for each condition, producing four ERPs per participant used
for data analysis. Scalp topographies for the entire sample of
the mean voltage difference between no-reward and reward
feedback for the expected and unexpected conditions in the
interval 200–350 ms following feedback showed maximum dif-
ference in activation at fronto-central electrodes (Figure 4B). The
FRN (i.e. difference between no-reward and reward feedback) for
expected and unexpected conditions was calculated averaged
between electrodes Fz and FCz (Figure 4A).

P300. To verify whether or not alexithymia specifically affected
the FRN, P300 in response to the feedback was isolated for
each condition, separately grouping early blocks (i.e. 1-2-5-6)
together and late blocks (i.e. 3-4-7-8) together. The P300 is a
positive deflection in electrical potential observed at posterior
centro-parietal electrodes peaking 300–600 ms after stimulus
presentation, which has been interpreted as a marker of atten-
tional allocation (Polich, 2007). For example, the P300 is elicited
in response to motivationally salient stimuli, such as target
stimuli in attention tasks, emotional pictures and gain or loss
of money (Nieuwenhuis et al., 2005; Polich, 2007; Olofsson et al.,
2008). Here, the P300 in response to feedback was defined as
the mean voltage in the interval 300–450 ms following feedback
appearance averaged between electrodes Cz and CPz, where
scalp topographies showed maximum activation.

Accuracy and response time to CS. The percentage of accurate
responses and the average response time for accurate responses
for each participant and for each CS were calculated to test
differences in response to the CS, separately grouping early
blocks (i.e. 1-2-5-6) together and late blocks (i.e. 3-4-7-8) together.

CS–feedback contingency awareness. At the end of the fourth and
eighth block of the task, to evaluate understanding of the task
and explicit learning of CS–feedback association, three open
questions were asked to participants. The first asked to report
how many stimuli they saw and the second to briefly describe
them. All participants reported the correct number of stimuli
and were able to describe them. In addition, the third question
asked to report what participants noticed about the stimulus–
feedback association, for each stimulus separately. For CS1, a
score of 1 was given for correctly reporting that it was mostly
associated with 1e; for CS2, a score of 1 was given for correctly
reporting that it was mostly associated with 0e. A score of 0.5
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Fig. 4. (A) Grand average waveforms of low and high alexithymia group averaged between electrodes Fz and FCz for reward, no-reward and FRN in the expected and

unexpected conditions. A total of 1500 ms on the x-axis indicates time point of feedback appearance during the trial; vertical dashed lines indicate time interval for

analysis. (B) Scalp topographies of the mean voltage difference between reward and no-reward feedback for the expected and unexpected conditions in the interval

200–350 ms following feedback presentation for the entire sample, the low and high alexithymia group.

was given for reporting that the stimulus was associated with
reward and no-reward but failing to identify which feedback was
more probable for that stimulus. All other responses were given
a score of 0. For each participant, for each CS, we calculated the
median of the contingency scores collected at the end of the
fourth and eighth block and run the analyses using these values.
Note that repeating statistical analyses on the electrophysiolog-
ical and self-report liking data, excluding participants who had
a score below 1, did not significantly affect the results.

Subjective report of liking. At the end of the fourth and eighth
block of the task, to assess subjective value rating of the two
CS following conditioning, participants reported howmuch they
liked each CS. Theymade amarkwith a pen on a visual analogue
scale made of a straight horizontal continuous line of 17.5 cm
length with two anchors at its left and right edges, respectively,
0 (not at all) and 100 (extremely). For each participant, a liking
score was calculated bymeasuring with a ruler the distance (cm)
on the line between the not at all anchor and the participant’s
mark, converting it to a percentage value providing a range of
scores from 0 to 100. Then, for each participant, for each CS, we
calculated the median of the liking scores collected at the end of
the fourth and eighth block, which was then used for statistical
analyses. Data for one LA participant were missing because the
software failed to record the responses.

Results
Normality of EEG data was tested and parametric analyses were
conducted to test the hypotheses. Post-hoc comparisons were
conducted using the Newman–Keuls test.

Table 1. Results of the one-sample t-tests comparing the mean
amplitude of FRN against zero in low and high alexithymia group

Early blocks Late blocks

LA M=−0.67
t(19) =−3.30, P=0.004

M=−0.74
t(19) =−3.76, P=0.001

HA M=−0.52
t(19) =−2.80, P=0.011

M=−0.67
t(19) =−2.69, P=0.014

FRN

First, we tested whether reward-related feedback elicited an FRN
(i.e. difference between no-reward and reward) separately in LA
and HA. One-sample t-tests comparing the mean amplitude of
FRN, grouped for early (i.e. 1-2-5-6) and late (i.e. 3-4-7-8) blocks
separately, against zero indicated that reward-related feedback
elicited an FRN at all tested electrode sites both in LA and HA
(Table 1).

Next, we assessed whether the mean amplitude of the FRN
differed between LA and HA. The 2×2 mixed-design ANOVA
(block, early and late; group, HA and LA) indicated no significant
difference between groups in the amplitude of FRN (P=0.600), no
significant difference between blocks (P=0.613) and no interac-
tion between the two (P=0.857). Therefore, the amplitude of the
FRN elicited by the presentation of reward-related feedback did
not differ significantly between LA and HA.

Next, in order to test the differences between groups in
the computation of prediction error, we compared the mean
amplitude of the FRN in response to expected and unexpected
reward-related feedback for LA and HA. The 2×2×2 mixed-
design ANOVA (block, early and late; expectancy, expected
and unexpected; group, LA and HA) revealed a main effect
of expectancy (F(1,38) = 4.19, P=0.047, ηp

2 = 0.10), which was
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Fig. 5. (A) FRNmean amplitude for expected and unexpected feedback as a function of alexithymia group.The low,but not high, alexithymia group showed enhancement

of the FRN in response to unexpected (vs expected) reward-related feedback. Error bars represent standard errors. ∗P < 0.05. (B) Scatterplot showing that difficulty in

describing feelings predicted prediction errormagnitude (i.e. amplitude difference between FRN unexpected and FRN expected). Dashed lines represent 95% confidence

interval. P < 0.05.

qualified by an expectancy by group interaction (F(1,38) = 4.13,
P=0.049, ηp

2 = 0.10). Crucially, LA showed a more negative
FRN for unexpected than expected reward-related feedback
(Munexp =−1.07, Mexp =−0.31, P=0.031). On the contrary, HA
showed no significant difference in the amplitude of the FRN
between unexpected and expected reward-related feedback
(Munexp =−0.60, Mexp =−0.60, P=0.992; Figure 5A). No other main
effects or interactions were significant (all P≥0.173). Therefore,
in LA, but not HA, unexpected reward-related feedback elicited
an RPE.

Finally, we ran a stepwise multiple regression in order to
understandwhich of the three components of alexithymia influ-
enced the current results on RPE. Participants’ scores on the TAS-
20 subscales [i.e. difficulty in identifying feelings (DIF), difficulty
in describing feelings (DDF) and externally oriented thinking
(EOT)] were the independent variables, and the amplitude dif-
ference between FRN for unexpected and expected feedback,
averaged between early and late blocks, was the dependent vari-
able. Only the score on the difficulty in describing feelings sub-
scale made a significant contribution to the regression (R2 = 0.12,
F(1,37) = 4.88, P=0.033; DDF: β =0.34, t(37) = 2.21, P=0.033; DIF:
P=0.549; EOT: P=0.883, Figure 5B). Thus, the more participants
had difficulties in describing their feelings, the smaller their
prediction error.

P300

To verify that alexithymia specifically affected RPE, differences
between groups in the P300 in response to the feedback were
tested. The 2×2× 2×2 mixed-design ANOVA (block, early and
late; feedback expectancy, expected and unexpected; feedback
valence, reward and no-reward; and group, LA and HA) revealed
the main effect of valence (F(1,38) = 23.22, P<0.001, ηp

2 = 0.38)
indicating that the P300 was more positive for reward than
no-reward feedback (Mreward = 4.13, Mno-reward = 3.54). In addition,
there was a marginally significant valence by expectancy inter-
action (F(1,38) = 3.34, P=0.075, ηp

2 = .08). No other main effects or
interactions were significant (all P≥ 0.130). These results suggest
that participants devoted more attention to the reward than

no-reward feedback, but that groups did not differ significantly
in the amount of attentional resources devoted to feedback;
thus, alexithymia did not affect the computation of the P300
significantly.

Accuracy and response time to the CS

The 2× 2×2 mixed-design ANOVA (block, early and late;
stimulus, CS1 and CS2; and group, LA and HA) on response times
showed a significant main effect of block (F(1,38) = 5.11, P=0.029,
ηp

2 = .12), indicating that participantswere faster in the first than
the second group of blocks (Mearly = 436.94 ms, s.d.early = 83.89 ms,
Mlate = 423.19 ms, s.d.late = 72.64 ms). No other effects were signif-
icant (all P≥ 0.110; LA: CS1: Mearly = 417.92 ms, s.d.early = 57.25 ms,
Mlate = 405.61 ms, s.d.late = 47.29 ms, CS2: Mearly = 413.64 ms,
s.d.early = 58.39 ms, Mlate = 405.69 ms, s.d.late = 48.12 ms; HA:
CS1: Mearly = 458.00 ms, s.d.early = 100.11 ms, Mlate = 439.78 ms,
s.d.late85.67 ms, CS2: Mearly = 458.20 ms, s.d.early = 103.24 ms,
Mlate = 441.66 ms, s.d.late = 93.56 ms). The 2×2×2 mixed-
design ANOVA (block, early and late; stimulus, CS1 and CS2;
and group, LA and HA) on percentage accuracy showed no
significant main effect or interaction (all P≥ 0.236; LA: CS1:
Mearly = 93.45%, s.d.early = 8.71%, M3–4–7–8 = 92.40%, s.d.late = 11.57%,
CS2: Mearly = 92.82%, s.d.early = 11.89%, Mlate = 92.82%,
s.d.late = 12.22%; HA: CS1: Mearly = 93.85%, s.d.early = 6.05%,
Mlate = 94.50%, s.d.late = 1.97%, CS2: Mearly = 94.20%, s.d.early = 5.35%,
Mlate = 95.12%, s.d.late = 1.93%).

CS–feedback contingency awareness

To assess within-group differences on CS–feedback contingency
awareness (Figure 6A) for each group, we conducted the
Wilcoxon Matched Paired Test contrasting contingency scores
for CS1 and CS2. These tests showed no significant within-
group difference in CS–feedback contingency awareness either
for LA (P=1.000) or HA (P=0.592). This indicates that, in either
group, there was no significant difference between CS in explicit
understanding of CS–feedback association.
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Fig. 6. (A) Histogram plots showing the frequency (in counts) of the CS–feedback contingency awareness scores of the low (LA) and high alexithymia groups (HA) for

CS1 and CS2. (B) Box and whisker plots of the CS liking scores of LA and HA for CS1 and CS2. The horizontal line within the box indicates the median, boundaries of

the box indicate the 25th and 75th percentile and the whiskers indicate the non-outliers minimum and maximum. The dot indicates outliers.

In addition, to assess between-group differences on CS–
feedback contingency awareness, for each CS, we conducted the
Mann–Whitney U-test contrasting median contingency scores
of LA and HA participants. There were no differences between
groups neither in the test conducted on scores for CS1 (P=0.525)
nor on scores for the CS2 (P=0.218). This indicates that groups
did not differ significantly in their understanding of CS–feedback
associations.

Subjective report of liking

To assess within-group differences on subjective reports of CS
liking (Figure 6B), for each group, we conducted the Wilcoxon
Matched Paired Test contrasting liking scores for CS1 and CS2.
For LA, results showed a significant difference in liking (T=41.00,
Z=2.17, P=0.030), such that LA liked CS1 (80% rewarding;
Mdn=79.83) more than CS2 (20% rewarding; Mdn=62.50). For
HA, results showed a marginally significant difference in liking
between the two CS (T=56.00, Z=1.83, P=0.067), indicating a
tendency to like CS1 (80% rewarding; Mdn=68.46) more than
CS2 (20% rewarding; Mdn=58.52).

In addition, to assess between-group differences on CS liking,
for each CS,we conducted theMann–Whitney U-test contrasting
median liking scores of LA and HA participants. Results showed
no difference between groups neither in the test conducted
on scores for CS1 (P=0.133) nor on scores for CS2 (P=0.384).
This indicates that groups did not differ significantly in their
subjective reports of CS liking.

Discussion
Here, we tested the hypothesis that alexithymia is related to
altered learning of the value of CS during Pavlovian appetitive
conditioning. To this end, electroencephalography was recorded
to assess differences in the computation of RPE, i.e. the ampli-
tude of the FRN, in response to expected and unexpected reward-
related feedback in individualswith high (HA) and low (LA) levels
of alexithymia. We found that both in LA and HA, the FRN was
elicited in response to the valence of reward-related feedback
(i.e. omitted vs delivered reward), and its amplitude did not differ
significantly between groups. Crucially, we found that unex-
pected (vs expected) reward-related feedback enhanced FRN in
LA but not in HA, confirming impaired computation of RPE
in HA. Additionally, the size of RPE decreased with increasing
difficulty in describing feelings as measured on the TAS-20
(Taylor et al., 2003). This result was not associated with a global
reduction in brain activity or in feedback processing, but to a spe-
cific impairment in the computation of RPE, because additional
analyses on the amplitude of the P300 component in response
to feedback showed no difference between groups. Finally, on
a behavioral level, groups showed comparable understanding
of explicit CS–feedback contingencies and liked the CS mostly
predicting reward more than that mostly predicting no-reward,
although for HA this effect was only marginally significant. This
possibly suggests that alexithymia may affect implicit but not
explicit aspects of emotional learning, in keeping with Starita
et al. (2016). Nevertheless, the marginally significant effect calls
for further investigation on this issue.
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The results from LA are in line with the previous literature
that investigated the FRN and P300 in response to reward-related
feedback. They support the theory that FRN encodes an RPE-like
signal (Holroyd and Coles, 2002; Nieuwenhuis et al., 2004; Walsh
and Anderson, 2012; Sambrook and Goslin, 2015). An FRN was
elicited in response to feedback valence (i.e. omitted vs delivered
reward) and was more negative when feedback was unexpected
than expected, due to more negative ERP following unexpected
(vs expected) no-reward, and more positive ERP following unex-
pected (vs expected) reward (Figure 4, as in e.g. Donkers and
van Boxtel, 2005; Potts et al., 2006; Hajcak et al., 2007; Holroyd
and Krigolson, 2007; Holroyd et al., 2011; Walsh and Anderson,
2011, 2013). Furthermore, the P300 in response to feedback was
more positive for feedback indicating reward than no-reward
(as in e.g. Hajcak et al., 2005; Hajcak et al., 2007; Bellebaum and
Daum, 2008). Therefore, LA were not only sensitive to feedback
valence, showing differential electrophysiological response to
the delivery of reward as opposed to no-reward, but they also
used such response to shape the value representation of the CS.
This was evidenced by the computation of the RPE in response
to feedback that violated acquired expectations about the CS–
feedback contingency.

Our main result is that, contrary to LA, HA did not exhibit
an RPE in response to unexpected reward-related feedback, as
evidenced by lack of modulation of FRN by feedback expectancy.
This impairment in the computation of RPE in HA was not
related to a general impairment in the computation of the FRN.
There were no differences between HA and LA in the ampli-
tude of the FRN elicited by reward-related feedback valence.
Thus, electrophysiological data suggest that the sensitivity to
rewards of HA appears comparable to LA. Nevertheless, HA are
unable to use this response to update the value of stimuli in
the environment that predict the occurrence of such rewards.
This is in line with our previous study on Pavlovian threat con-
ditioning, in which HA showed preserved psychophysiological
response to an aversive US but had reduced response to a CS that
predicted it (Starita et al., 2016), and on instrumental learning,
in which HA showed decreased learning of the value of aver-
sively motivated actions (Starita and di Pellegrino, 2018). Taken
together, the results of these studies suggest that alexithymia
is characterized by a general alteration of associative emotional
learning, although the precise mechanisms (e.g. explicit and/or
implicit) contributing to this alteration remain to be clearly
identified. Individuals with alexithymia appear able to respond
to stimuli that are biologically prepared to trigger an emotional
response.Nevertheless, they appear unable to use such response
to construct an internal representation of emotional stimuli
that include, alongside US, those that predict them. As a con-
sequence, HAmay be at the mercy of emotional stimuli. Internal
representations are predictive models that enable individuals to
anticipate the emotional future, so that organisms can prepare
to respond to coming emotional stimuli, rather than simply
react to them once they have occurred (Öhman and Mineka,
2001; McNally and Westbrook, 2006). These predictive represen-
tations are not only crucial for effective recognition, response
and response regulation to the emotional stimuli per se but
also for anticipating the consequences of these stimuli enabling
optimal decision-making (Bubic et al., 2010). HA are impaired
in all these aspects. They have impairments in the identifica-
tion of the emotional stimuli (Grynberg et al., 2012; Ihme et al.,
2014a,b; Starita et al., 2018), the physiological (Franz et al., 2003;
Neumann et al., 2004; Pollatos et al., 2008; Bermond et al., 2010)
and behavioral response to these stimuli (Sonnby-Borgström,
2009; Scarpazza et al., 2014, 2015, 2018), the regulation of such

response (Swart et al., 2009; Pollatos and Gramann, 2012) and
its use to guide decision-making (Ferguson et al., 2009; Patil and
Silani, 2014a,b; Scarpazza et al., 2017). Therefore, the impaired
construction of internal representations of emotional stimuli in
alexithymia may represent a mechanism underlying the diffi-
culties in processing emotional stimuli.

There is evidence that the amplitude of FRNmay be related to
activity in the dopaminergic system, which is crucially involved
in emotional learning and in encoding RPEs (Schultz, 1998, 2016).
This component originates from activity in the anterior cingu-
late cortex (ACC; Holroyd et al., 2004; Warren et al., 2015), which
may be related to phasic changes in dopamine activity result-
ing from dopaminergic projections from midbrain structures to
this area (Nieuwenhuis et al., 2004; Walsh and Anderson, 2012;
Sambrook and Goslin, 2015). Therefore, the differences observed
in HA in the amplitude of FRN may be related to differences in
the dopaminergic system. In addition, differences in activity in
the ACC have been shown in alexithymia (van der Velde et al.,
2014), possibly suggesting an overlapping neural mechanism for
the difficulty in emotional learning and the broader difficulties
in processing emotional stimuli.

The lack of modulation of FRN by feedback expectancy but
the preserved enhancement of P300 suggest that alexithymia
is associated with a specific impairment in the computation of
RPE, rather than a global impairment in feedback processing.
Also, it highlights the subclinical nature of alexithymia, which
may affect only specific aspects of emotional processing. For
example, in the context of error processing, electrophysiological
evidence showed that alexithymia affects rapid and automatic
error monitoring in an emotional (vs neutral) task context at the
time of erroneous responses, as measured by the error-related
negativity, but not later-emerging error awareness, as measured
by the error positivity (Maier et al., 2016). Additionally, when
examining visual processing of emotional body postures, alex-
ithymiawas found to impair early but not later visual processing,
as evidenced by lack of modulation of the N190, but preserved
modulation of early posterior negativity in response to fearful
body postures (Borhani et al., 2016).

The present study has three limitations that we wish to
discuss. First, the results show no significant effect of early
vs late blocks on our dependent variables, suggesting that
learning did not vary with increasing exposure to CS–feedback
contingencies. Possibly, the effects we seemay happen after only
a few trials. This may be imputed mainly to the structure of the
experiment, which included only two CS, each followed by the
expected feedback in 80% of trials, hence making the learning
of CS–feedback contingencies straightforward. Additionally, the
ERP analysis that requires averaging serval trials together to have
reliable data has the disadvantage of limiting the investigation
of effects occurring early in the experiment. Future work could
use a learning task structured such that it can enable to track
the emergence of learning over time and how this is affected
by alexithymia. Second, the US used in the experiment is a
secondary reinforcer, rather than a primary one, such as food.
Although evidence shows that secondary reinforcers activate
neural structures overlapping with those activated by primary
reinforcers, lead to behavioral learning of contingencies and
shape human behavior (Breite and Rosen, 1999; Delgado et al.,
2000, 2003, 2005, 2006; Elliott et al., 2000; Delgado, 2007; Knutson
et al., 2001a,b), future work should investigate whether or not
results change when using a primary reinforcer as US. Third,
although we cannot exclude the possibility that response to
the CS1/CS2 may influence the feedback ERP, we designed our
experimental task following the past FRN literature, where it is
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common practice to present a visual stimulus, have participants
make a response and then provide visual feedback regarding the
outcome of the trial. In fact, the time interval between partic-
ipants’ response and feedback can vary significantly between
experiments, with intervals ranging from 400 ms to 1 s (Gehring
and Willoughby, 2002; Yeung et al., 2005; Hajcak et al., 2006;
Holroyd and Krigolson, 2007; Holroyd et al., 2008; Walsh and
Anderson, 2011b; Sambrook and Goslin, 2016; Di Gregorio et al.,
2019). In our experiment, given average participants’ response
time of 430.06 ms (s.d.= 78.52 ms), the time between response
and feedback was ∼1 s. Interestingly, the FRN literature has also
shown that an FRN is reliably observed not only when feedback
is contingent upon participants’ response but also when it is
not or when no response at all is made (Yeung et al., 2005). Thus,
future studies could replicate the experiment without having
participants make any response.

In conclusion, despite preserved sensitivity to rewards, alex-
ithymia is related to impaired computation of RPEs during Pavlo-
vian appetitive conditioning. Thus, although individuals with
alexithymia are able to respond to stimuli that are biologically
prepared to elicit an emotional response, they are unable to use
this response to update the value of stimuli in the environment
that predict them.This alters the construction of an internal rep-
resentation of emotional stimuli that includes, alongside UCS,
those that are associated with them. However, these internal
representations are crucial for anticipating the emotional future,
enabling effective recognition, response and response regulation
to emotional stimuli. Therefore, altered construction of internal
representations in individuals with alexithymia may leave them
at themercy of emotional stimuli, possibly representing amech-
anism underlying their difficulties in emotion processing.
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