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Abstract
In the past two decades neuroimaging research has substantiated the important role of the
prefrontal cortex (PFC) in decision-making. In the current study, we use the complementary lesion
based approach to deepen our knowledge concerning the specific cognitive mechanisms
modulated by prefrontal activity. Specifically, we assessed the brain substrates implicated in two
decision making dimensions in a sample of prefrontal cortex patients: (a) the tendency to
differently weigh recent compared to past experience; and (b) the tendency to differently weigh
gains compared to losses. The participants performed the Iowa Gambling Task, a complex
experience-based decision-making task [3], which was analyzed with a formal cognitive model
(the Expectancy-Valance model; [12]). The results indicated that decisions become influenced by
more recent, as opposed to older, events when the damage reaches the posterior sectors of the
ventromedial prefrontal cortex (VMPC). Furthermore, the degree of this recency deficit was
related to the size of the lesion. These results suggest that the posterior area of the prefrontal
cortex directly modulates the capacity to use time-delayed information. In contrast, we did not find
similar modulation for the sensitivity to gains versus losses.
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1. Introduction
Several studies in the past two decades have demonstrated the important role of the human
prefrontal cortex in decision making [3,18,6,45,58,44,48,16,15,34,37,28]. Using functional
imaging approaches, neuroscientists have been able to address the question of how the brain
encodes the value of various options on a common scale [38], thus suggesting that there may
be a common neural “currency” that represents the value of different options. In other
experiments, brain regions such as the parietal cortex and anterior cingulate cortex have
been shown to be involved in computing the probability or certainty of outcomes predicted
by available options [46,25]. Also, some studies have been directed toward understanding
how the perceived delay in receiving a reward modulates activity in reward-related brain
areas [36], while others have addressed how differences between expected and actual reward
contribute to learning [40]. In essence, the field of functional neuroimaging continues to
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blossom and addresses many of the factors that modulate the “utility” of rewards, and in
doing so, affect how these rewards influence decision making.

Although much of this work is well represented in the functional neuroimaging literature,
very little work in this area has used the lesion approach. This is historically important since
research on the differences between lesion patients and controls has been highly successful
in revealing brain functions that support decision making [18]. Therefore, the primary aim of
this study is to evaluate in brain damaged patients whether damage to the anterior
ventromedial prefrontal cortex (VMPC) shifts decision-making from long-term to short-term
outcomes, and whether the degree of this shortsightedness increases as the damage extends
more posteriorly to include the more posterior sectors of the VMPC. A further support of
this hypothesis would be that the degree of this deficit would depend also on the size of the
lesion in the target region. An additional aim of the study is to assess whether the weighting
of gains versus losses, which mirrors the difference in response to rewards and penalties, is
supported by separate neural subsystems.

The ideas that patients with VMPC lesions have shortened time horizons, and that some of
these patients with posterior damage (e.g., including basal forebrain) have some sort of
working memory impairment are not new [3,60]. However, the current study is novel in its
analysis of behavior and lesion location and size to determine how recency deficits are
mapped within the VMPC region on the anterior to posterior axis. Furthermore, the use of
these behavioral and anatomical analyses to determine whether gains and losses (reward and
punishment) are neurally dissociable within the prefrontal cortex has not been attempted
before in human lesion studies (for a similar approach in another domain of investigation,
see [47]).

The major advancement in the size, complexity, and connectivity of the frontal lobes in
humans has occurred in relation to Brodmann area 10, i.e., the frontal pole [49], and not so
much to the more posterior areas of the VMPC [50]. Anatomically, the more posterior areas
of the VMPC (e.g., Brodmann area 25) are directly connected to brain structures involved in
triggering (autonomic, neurotransmitter nuclei) or representing (sensory nuclei in the
brainstem, insular, and somatosensory cortices) affective states, while access of more
anterior areas is polysynaptic and indirect [43].

Under Bechara and Damasio’s [5] framework, the intactness of both posterior and anterior
VMPC cortices is important in order for a non-immediate outcome to exert an influence on
behavior. If the anterior regions (frontal pole) are damaged, decision-making shifts towards
shorter time horizons (i.e., more recent outcomes affect behavior). However, as the damage
extends to the more posterior VMPC regions (including the anterior cingulate cortex, basal
forebrain, and nucleus accumbens), the shortening of this time horizon (or high recency)
becomes more severe [5]. The reason is that damage to anterior sectors shortens the horizon
for time somewhat, but more posterior sectors (which are still intact) can still integrate the
value of non-immediate outcomes to a certain degree. In contrast, damage to posterior
regions isolates the anterior sectors as well and impairs their capacity to function and
integrate more distant time. Damage to the posterior VMPC impairs the connectivity of the
anterior VMPC to the limbic system, rendering the anterior VMPC disconnected and
dysfunctional. As a result the time shortening becomes more extreme, and decisions shifts
towards attending only to immediately recent or future events.

Empirical evidence for this theoretical framework remains lacking, although there are
several clinical observations and studies that are consistent with this notion. The first
experimental evidence in support of this notion was found by Fellows and Farah [26], who
showed that patients with damage to the VMPC, but not dorsolateral prefrontal cortex
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(DLPC), demonstrated a severe short-sightedness in their self-defined future. Other studies
have shown that these patients also have severe impairments in their prospective feeling-of-
knowing judgments [52]. Although time processing has been studied extensively in animal
experiments [39], only recently neuroscientists have begun to address this issue in functional
neuroimaging [36] and human lesion studies [26,27]. Using a complex decision-making
task, such as the Iowa Gambling Task (IGT; [3]), which relies on information of outcomes
that occur more recently, or in the distant past, VMPC lesion patients are especially
impaired in the “recency” parameter of a cognitive model described below, in that they base
their next choice on the most recent outcomes, while neglecting outcomes from earlier trials
[62,32]. However, the knowledge so far in this regard has not been sufficient. Thus, the
main goal of the current study is to examine how temporal events may be processed across
the anterior–posterior axis of the VMPC. While several papers have specifically addressed
the cognitive bases of decision-making in the prefrontal cortex [6,27], the current study is a
first attempt to evaluate the degree of recency as a function of location (i.e., anterior vs.
posterior) and lesion size in the PFC.

In addition to time processing, numerous studies have argued that the right hemisphere plays
a dominant role in avoidance behavior, punishment, and negative emotions (which includes
loss), whereas the left hemisphere is more important for approach behavior, reward, and
positive emotions (which includes gain) [22]. A competing hypothesis has been that
punishment and loss (and by inference, avoidance behaviors) is dependent on the lateral
areas of the orbitofrontal cortex, including the inferior part of the inferior frontal gyrus,
whereas reward and gain (and by inference, approach behaviors) is dependent on the mesial
areas of the orbitofrontal cortex [41,34]. Contradictory functional neuroimaging evidence,
however, suggests that losses and gains are processed by the same neural system [57]. Using
the cognitive model described below, we examine whether the parameter of gain versus loss
is affected by one particular lesion, and thus support any of the currently held views just
outlined.

Given the assumption that different prefrontal cortex regions may mediate different sub-
mechanisms of the overall decision-making process [2,17], and given that lesions studies
can establish which specific region may be linked to a specific cognitive mechanism [2], we
examined the effects of lesions within the PFC on several parameters of decision-making,
namely the weighting of recent compared to past experiences and sensitivity to gains versus
losses. In this study, we divided the prefrontal cortex into four sub-regions (bilaterally), and
the percentage of each region that was occupied by lesions was calculated for each patient
using Brainvox [19,31]. To pinpoint specific cognitive mechanisms which may be related to
each region, we used cognitive modeling (e.g., [12,62,32]). The cognitive modeling analysis
decomposes the overt behavior in a decision task to the underlying covert cognitive
mechanisms.

While several cognitive models exist, we employed the Expectancy-Valance model (EV;
[12]), an adaptive learning model which decomposes the behavior in the IGT into three basic
mechanisms: (i) a motivational mechanism which captures the tendency to weigh gains and
losses differently; (ii) a learning-rate mechanism which captures the tendency to focus on
recent outcomes and to ignore past experiences; and (iii) a response mechanism which
captures the tendency to respond consistently or in an erratic manner. The model produces
quantitative estimations that provide continuous mapping of the decision-makers along the
three mechanisms. For example, the recency parameter, which is the most important
parameter for examining time discounting, assumes that decision makers form expectancies
about the consequences of their choices. When a choice is being made, this expectancy is
adjusted, as a function of its previous value and the value of the newly experienced outcome.
However, the amount of the adjustment is dependent on the value of the recency parameter,
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which ranges from 0 to 1. Small parameter values represent less discounting of past
experiences, while large values represent strong recency, that is, rapid discounting of past
experiences. The model equations appear in the Appendix (for more information about the
model, see [12,55,62]). The EV model was used because research shows it captures the
essential attention and information-processing mechanisms which underlie experience-based
decision tasks such as the IGT [24,61] and because it was found to have better explanatory
power than several alternative models [63].

2. Materials and method
2.1. Participants

Fourteen patients with different prefrontal cortex lesions from the Patient Registry of the
University of Iowa’s Division of Behavioral Neurology & Cognitive Neuroscience
participated in the experiment. Nine patients were males (mean age = 49.33, SD = 17.97,
range = 21–81) and five females (mean age = 58.6, SD = 11.72, range = 40–70 years old).
The participants had, on average, 12 years of education (mean males = 12, SD = 2.34, range
= 8–14 years; mean females = 12.1, SD = 3.22, range = 8–18 years), and they were all right-
handed. The participants constitute a sub-sample of the patients studied elsewhere [3,6] for
whom the extent of the damage to different areas of the prefrontal cortex was mapped and
their neuropsychological data was previously collected.1 The behavioral analyses (EV
model) are new for this sub-sample of patients, and the anatomical analyses (which involve
measuring size of lesions within divided regions of the PFC) are new, and none has been
published before. We note that throughout the years these patients have received testing,
including the IGT, on multiple occasions. In order to be consistent, we selected the data
collected during the very first time these patients took the IGT. In the studies originally
conducted to collect the data, all subjects provided informed consents that were approved by
the appropriate human subject committees at the University of Iowa. The details of the
inclusion and exclusion criteria and the neuropsychological and neuroanatomical profiles of
these patients have been published elsewhere [3,6]. In brief, the selection criteria for VMPC
patients were absence of history of mental retardation, learning disability, psychiatric
disorder, substance abuse, or any systemic disease capable of causing degeneration within
the central nervous system. Each VMPC patient also had to have the following additional
criteria: (1) a stable and chronic lesion (at least 3 months post onset); and (2) bilateral
involvement of the VMPC region. A summary of the neuropsychological scores of these
patients is presented in Table 1.

2.2. Parcellation of the prefrontal cortex
The neuroanatomical analysis was based on computerized axial tomography (CT) data in 6
of the 14 cases, because of the nature of the neurological damage, specifically, ruptured
aneurysms that were subsequently clipped. The scans were obtained in a Picker 1200
scanner, or in a Toshiba Express SX scanner with various tilts (so as to avoid as much as
possible the artifact produced by the aneurysm clips), with a zoom of 2.4, field of 51 cm, a
fovea of 212.5 mm, and slice thickness that varied between 2 and 4 mm. In eight of the
subjects, magnetic resonance (MR) scans were possible. These were obtained in a 1.5 T
General Electric scanner with an SPg sequence, in thin (1.5 mm) contiguous T1 weighted
coronal slices. All lesions were manually transferred into a normal reference brain using the
MAP-3 technique [20]. We quantified the amount of brain damage in different regions of the
VMPC by adding a new segmentation method to the original MAP-3 technique [20]. The

1Because the main hypothesis in this study involves the association between the location and extent of brain lesions and decision
parameters (e.g., recency) we did not study a control group. An analysis of healthy adults’ performance in this task as well as the
performance of other neuropsychological samples appears elsewhere [5–7].
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prefrontal region was subdivided into 10 “cells” numbered 1 through 10 (see Fig. 1). The
division was based on anatomical landmarks and lines drawn between them, as outlined
below.

The VMPC sector corresponds to cells 2, and 7–10, numbered in anterior-to-posterior
sequence; cells 1, and 3–6 correspond to the lateral orbital sector, again in an anterior-to-
posterior sequence. For each subject, the percent involvement (in terms of lesion) in each of
these cells can be calculated using Brainvox capabilities [19,31]. Thus, lesion data providing
quantities of VMPC damage in posterior-to-anterior sequence can be obtained with this
technique [59]. We note that all parcellation results derive from a single normal reference
brain onto which individual lesions from individual patients are transferred through the
MAP-3 technique that has been used in our lab for many years [20]. Therefore, lesions
scanned with MR, and the few ones scanned with CT, end up on the same reference brain
and are analyzed in a similar manner. Also, segmenting the brain into the 10 different cells
is not required for each brain. The segmentation is done only on the reference brain, and all
lesions are analyzed according to how they fall within the different segments (cells) of the
reference brain. For the anterior border of cell 10, we chose a vertical line descending from
the tip of the rostrum of the corpus callosum; the anterior border of cell 9 is a vertical line
from the tip of the genu of the corpus callosum; the anterior border of cell 8 is a vertical line
from the most anterior edge of the cingulated sulcus. In the horizontal plane, the division
between cell 7 and cell 2 is a straight horizontal line passing through the lowest tip of the
genu of the corpus callosum. In the medial to lateral plane, the division between the cells on
the medial side and those falling on the lateral side is a straight line passing through the
lateral border of the medial orbital gyrus.

While this segmentation is different from the Brodmann’s area division, it can be roughly
mapped to it. Regions 1 and 2 include the frontal pole, regions 3, 4, 5, and 6 includes the
lateral orbitofrontal cortex, and regions 7, 8, 9, and 10 includes the mesial orbitofrontal
cortex (on the anterior to posterior axis). The anterior parts (i.e., 2 and 7 in the ventromedial
region and 1 and 3 in the lateral region of the PFC) correspond to Brodmann areas 10, most
anterior and mesial parts of area 12, and the pregenual part of 32. The more posterior parts
(i.e., 8–10 and 4–6) correspond to Brodmann areas 25, mesial 11, posterior part of mesial
12, and the subgenual parts of 24 and 32.

2.3. Measures
2.3.1. Iowa Gambling Task (IGT)—In this task, the participants are told that on each
trial they are required to pick one card (without replacement), with their goal being to
maximize their total earning. The task involves 100 trials, but participants are not informed
beforehand how many cards they have to pick. When a given deck runs out of cards,
participants are instructed to continue picking cards only from the remaining three decks. A
selection from Deck A or B yields a constant gain of $100, and from Deck C or D, $50.
However, occasionally, a selection also leads to a simultaneous loss. In Decks A and B the
occasional losses are large, and the net amounts average to a loss of $25 per selection.
Accordingly, these decks are considered disadvantageous. The losses in Decks C and D are
lower in comparison, and the net amounts are positive, averaging $25 per selection. Thus,
these decks are considered advantageous. The details of this task have been described
elsewhere [3,6].2

2Two participants were administered a variant of the original task (called the A′B′C′D′ version). The variant task was identical to the
original task, with the exception that the disadvantageous decks become somewhat worse over the course of the task, and the
advantageous decks become better (see description in [4]). Since no effect was found for the task version, we collapsed the data of all
participants.
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2.3.2. Expectancy-Valence (EV) model parameter estimation—The model
equations are briefly described in Appendix A. The parameters of the Expectancy-Valence
(EV) model were optimized separately for each patient by maximizing the likelihood of the
100 actual choices of the patient. In the optimization process, the fit of the model is
compared with the fit of a baseline model, which has three parameters based on the average
choice proportions of Decks A, B, and C (the average choice proportions from Deck D are
calculated accordingly).

The improvement in the fit of the EV model over the fit of the baseline model, in log
likelihood, is G2, a model-fit statistic analogous to the chi-square. Positive G2 values
indicate that the model outperforms the baseline model, whereas negative G2 values indicate
the opposite. In addition to the model’s fit index, estimations of the three parameters of the
model were calculated for each patient. The three estimated parameters were: W, which
evaluates the weight of gains versus losses; ϕ, which evaluates the weight of recent
outcomes; and c, which measures the consistency of choice behavior, that is whether choices
are based consistently on the accumulated experiences.

3. Results
3.1. Mapping of brain lesions

The extent of the lesions occupying each of the PFC regions (in %) is presented in Fig. 2.
Brain damage could extend over several separate sectors identified in the analyses, but the
degree of that damage within each sector varied considerably. The extent of the damage was
calculated as a percentage range. The most extensive damage for the current sample was in
right anterior ventromedial region, where the damage was approximately 34.56 ± 8.98%,
and in the left anterior ventromedial, where it was about 27.9 ± 8.02%. In the right posterior
ventromedial region the percent damage was about 26.9 ± 4.76%, while in the left posterior
ventromedial region it reached 28.5 ± 6.09%. On the lateral side of the PFC, in the right
anterior lateral region the damage was about 22.85 ± 2.22%, and in the left anterior lateral
region it was 12.6 ± 5.32%. Finally, in the left and the right posterior lateral regions, the
damage reached about 4.4 ± 2.35% and 4.5 ± 8.3%, in accordance.

3.2. Modeling results
The average G2 of the EV model was 5.6 ± 3.64. Since positive values of the G2 statistic
indicate that the cognitive model performs better than the statistical baseline model [12], this
result supports the use of the learning model for predicting the participants’ trial to trial
choices. Pearson product-moment correlations coefficients were calculated for each sub-
region to determine the impact of the extent of lesions on each of the EV model parameters
(Fig. 3A). In this analysis, IQ was used as a covariant to eliminate any unique effect of this
variable.3

The results showed significant correlations between the recency parameter of the EV model
and lesions to the right and left posterior ventromedial regions (r = .77, p < .005 and r = .59,
p < .05 in accordance; see e.g., Fig. 3B) as well as lesions to the left posterior lateral region
(r = .61, p < .05). In addition, a marginally significant correlation was found between
recency and damage to the right anterior ventromedial region (r = .47, p = .09). Finally,
although not significant (p = .16), we also found a relatively strong correlation between
recency and left anterior ventromedial damage (r = .41).4

3The behavioral data for this study was reported elsewhere [3,7], and the fact that PFC lesions patients perform poorly in the IGT had
been well established. For conciseness, these results are not reported here.
4No significant gender differences were found for any of the results. For conciseness the analysis covarying for gender effects was not
included.
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These results suggest that the greater the damage to these regions, the greater the sensitivity
to recent outcomes. However, this was not true to any of the other (lateral) regions. In
addition, the results suggest that more weight is assigned to recent outcomes as the lesion is
shifted from anterior to posterior regions, and that this tendency is skewed to the right. To
demonstrate this, Fig. 4 depicts the values of the recency parameter at the individual level as
a function of lesion size to the right posterior and anterior ventromedial regions. As can be
seen, recency tends to increase as the lesion size in the posterior region increases; however
this tendency is less prominent for the anterior region.

In addition, we found no significant correlations between the weight to gains versus losses
parameter and the percent of lesion occupying any of the prefrontal regions (see, for
example, Fig. 3C). These correlations were also of relatively low magnitudes (average r = −.
20). The results thus indicate that the tendency to differently weigh gains and losses is not
associated with the extent of damage to any of the PFC regions. Similarly, the same pattern
of results was observed for the choice consistency parameter.

4. Discussion
Using a cognitive model to dissect the behavioral decisions made on the IGT into more
specific processes (recency effects, and attention to gain vs. loss), the results supported our
hypothesis that damage to the more anterior regions of the VMPC (and specifically regions
corresponding to Brodmann’s area 10, most anterior and mesial parts of area 12, and the
preigenual part of area 32) increases the sensitivity to recent outcomes, but the degree of this
sensitivity increases significantly as the damage extends more posteriorly to include the
more posterior sectors of the VMPC (i.e., Brodmann’s areas 25, mesial 11, posterior part of
mesial 12, and the subgenual parts of 24 and 32). These effects were stronger for right side
of the brain as opposed to the left side. Furthermore, the relative size of lesions in the
posterior and anterior ventromedial cortices was highly associated with an increased
sensitivity to recent outcomes. In relation to the neurology of rewards versus penalties, no
association was found between damage to any of the PFC regions and increased sensitivity
to gains versus losses.

The current findings are highly consistent with an influential animal study demonstrating
that damage to the shell of the nucleus accumbens (a part of the basal forebrain region which
is included in the posterior VMPC areas defined in this study) precipitates impulsivity [14],
where choice becomes dominated by immediate contingencies. In this study we add that this
immediacy is hierarchically organized, and that the degree of shortsightedness increases as
the damage moves from more anterior to more posterior location to include the more
posterior sectors of the VMPC. The strong correlations we found between lesions to the
right ventromedial cortex and the degree of recency is also consistent with previous views
arguing that the neural mechanisms subserving decision-making are tied more to the right
side areas of the prefrontal cortex [18], as well as previous findings showing that certain
executive functions of the PFC are more linked to the right hemisphere [2,54]. However, it
is quite possible that this effect may be due to the fact that our sample of lesion patients
contained almost twice as many males relative to females. Although no statistically
significant differences emerged in connection with gender in the current study, the
possibility remains that due to the small number of females in the current sample this right-
sided effect may be more prominent in males. Indeed, in a functional imaging study, it was
found that men generated more right-sided prefrontal activation during a decision-making
task (the IGT), whereas women generated more left-sided prefrontal activation [10], and see
also [59]. Overall, these results provide complementary information to several lines of
research showing that the PFC is critical for advanced, goal-directed forms of representing
environmental stimuli [11,2,9,7,30,35].
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We did not find an effect of lesions in any area of the PFC on the modulation of gains and
losses. Although null results in correlation analyses must be interpreted with caution, our
results are more consistent with the functional neuroimaging findings shedding doubts on
possible dissociations between specific prefrontal mechanisms in the weighting of gains and
losses [57,13]. Furthermore, our results support the assertion that the PFC is involved not in
the simple modulation of gains and losses but rather in the control of mixed responses to
gains and losses based on experiences that are more recent or more distant [30].

The current results also have some general implications concerning the functional
significance of the ventromedial regions. First, the results suggest that time may be
processed within the PFC in relative, as opposed to absolute, terms. In other words, damage
to the VMPC does not necessarily shorten time in days, months, or years. Rather, such
damage shortens the time distance between a more immediate and a delayed event. For
instance, in real-life, the VMPC patients are myopic to consequences that may happen a few
days, months, or years down the line. However, in the IGT, the time delays are in seconds or
minutes at the most. Since these delays impose a distance between one event and another,
lesions of the VMPC seem to interfere with the adherence to a delayed event, once another
event is more immediately available. The current results reveal that the shortening of this
time distance increases as damage encroaches on the more posterior regions. A second
implication of the current results is that prospective time and past time seem to have
overlapping neural substrates. Clinical evidence as well as experimental studies [26] have
found shortening of prospective or future time in patients with VMPC lesions. The current
study demonstrates shortening of past time inpatients with similar VMPC lesions. Such
findings are highly consistent with the literature on prospective memory suggesting that the
memory for the past and for the future may have overlapping neural substrates
[42,1,51,56,21].

Other implications of the current results include applications to a variety of social behaviors
and clinical disorders that are not overtly associated with PFC damage, but have been
implicated in PFC dysfunction. For instance, research shows that prefrontal lesioned patients
exhibit promiscuous, antisocial and aggressive behavior (see, for example, [18,8]), and fail
to accurately distinguish between right and wrong [33]. In addition, animal research shows
that 5-HT receptors in the ventromedial and orbitofrontal cortex play a major role in the
inhibition of aggressive behavior in male mice [23]. Impulsive violent behavior may be the
result of extreme recency, as it can be described as the result of over-weighting recent
experiences that lead to highly negative feeling towards another person [64]. In support for
this claim, the authors’ own research shows that criminals convicted with violent crimes,
especially assault, murder and robbery, have high recency [64]. In contrast, those convicted
with crimes involving lower or no levels of violence such as theft, drug crimes, and OWI,
were found to exhibit normal levels of recency and increased sensitivity to gains.

Similarly, studies using imaging methods show that neuronal activity in the orbitofrontal
cortex is altered in drug addicts (see review in [53]). As previously noted [7], sensitivity to
recent experiences may account for the inability to resist drugs, as these produce strong,
mostly attractive, experiences. This does not rule out other pathways to drug abuse. For
example, in many studies of drug abusers, we find increased attention to gains compared to
losses in drug abusers [29,55,62]. The possible effect of both mechanisms is consistent with
the suggestion that mere increased sensitivity to gains is only one condition implicated in the
sensitivity to drug abuse, and that a weakness in control processes implicated in working
memory is a second important contributing factor [29].

Finally, the notion of recency is important for understanding the decision problems
associated with prefrontal impairments. Such understanding may contribute to ways of
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supporting and possibly enhancing the decision skills of brain injured patients and drug
abusers. The current findings suggest that emphasis should be put not so much on
illuminating the negative future consequences of the person’s actions but rather on
increasing one’s ability to utilize experiences from the more distant past in order to resist
temptations that lead to immediate positive results.

Limitations of the current study include the small number of participants and the use of
correlation analysis which can be sensitive to extreme values. Nevertheless, the major
statistical trends are replicated using Spearman rank-order correlation. Moreover, the current
findings are consistent with those of relevant animal studies. Taken together, the findings
point out to the important role of the posterior part of the VMPC for integrating non-recent
events in humans’ decisions.
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Appendix A

The Expectancy-Valence model
The Expectancy-Valence model [12] is a computational model analyzing trial-by-trial
choice-behavior. It distills the performance in the IGT (and similar tasks) into three
underlying components characterizing the cognitive-motivational profile of the decision-
maker.

1. Weight of gains vs. losses: The evaluation of wins and losses experienced after
making a choice is called a valence, denoted u(t), and is calculated as a weighted
average of gains and losses from the chosen option in trial t.

(1)

The parameter w determines the subjective weight to gains versus losses (0 ≤ w ≤
1).

2. Weight of recent vs. past outcomes: The valences produced by deck j are
summarized by an accumulated subjective value for each deck, called an
expectancy, and denoted Ej(t). A Delta learning rule updates the expectancy after
each choice from deck j:

(2)

The recency parameter, ϕ, describes the degree to which the expectancies reflect
the influence of the most recent outcomes or more distant past experience (0 ≤ ϕ ≤
1).

3. Consistency of choice behavior: The predicted probability that deck j will be
selected on trial t, Pr[Gj(t)], is calculated using a ratio of strengths rule:
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(3)

The term θ(t) controls the consistency of choice probabilities and expectancies, where: θ(t) =
(t/10)c and c is the choice consistency parameter. The parameter c is constrained between 5
and −5, covering the range between expectancy-based and nearly random choices,
respectively.
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Fig. 1.
The sub-regions of the prefrontal cortex that were used to calculate the percent of cell
occupied by lesion. Sub-regions 2 and 7 correspond to the anterior VMPC, while sub-
regions 8, 9, and 10 correspond to the posterior VMPC. Similarly, sub-regions 1 and 3
correspond to the anterior lateral prefrontal cortex, while sub-regions 4, 5, and 6 correspond
to the posterior lateral prefrontal cortex.
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Fig. 2.
Individual level percent of region occupied by lesion in the prefrontal cortex. Patient are
displayed according to overall severity of damage. R, right; L, left; Pos, posterior; Ant,
anterior; VM, ventromedial; Lat, lateral.
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Fig. 3.
(A) Pearson product-moment correlation coefficients between the damage to prefrontal
regions and the EV model parameter: Sensitivity to recent outcomes (recency), sensitivity to
gains versus losses (gains), and choice consistency (choice). R, right; L, left; Pos, posterior;
Ant, anterior; VM, ventromedial; Lat, lateral. Asterisks represent significance levels (*p < .
1, **p < .05, ***p < .005). (B and C) Estimations of the recency and weight to gains
parameters as a function the damage (% occupied by lesion) to the right posterior VMPC.
The dotted lines represent the linear regression curve.
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Fig. 4.
Recency parameter (size of bubble, smallest bubble = 0) at the individual level as a function
of damage size in right posterior and anterior ventromedial prefrontal cortices. This figure
illustrates the relationship between recency and the anterior–posterior axis. As can be seen,
the recency parameter tends to increase as the damage to the posterior cortex increases (as
the size of the bubble increases, the percent of lesion increases). However, this tendency is
less prominent for the anterior cortex.
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