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Abstract

W If the tendency to discount rewards reflects individuals’ gen-
eral level of impulsiveness, then the discounting of delayed and
probabilistic rewards should be negatively correlated: The less a
person is able to wait for delayed rewards, the more they should
take chances on receiving probabilistic rewards. It has been
suggested that damage to the ventromedial prefrontal cortex
(vinPFC) increases individuals’ impulsiveness, but both inter-
temporal choice and risky choice have only recently been as-
sayed in the same patients with vmPFC damage. Here, we
assess both delay and probability discounting in individuals with
vmPFC damage (z = 8) or with medial temporal lobe (MTL) dam-
age (n = 10), and in age- and education-matched controls (7 =
30). On average, MTL-lesioned individuals discounted delayed
rewards at normal rates but discounted probabilistic rewards

INTRODUCTION

People must often make decisions involving future and/or
risky outcomes that require them to choose between
smaller-immediate and larger-delayed rewards or between
smaller-certain and larger-probabilistic rewards. Such deci-
sions are modeled in the laboratory using tasks that mea-
sure delay and probability discounting, where the terms
delay discounting and probability discounting, respectively,
refer to the finding that increasing the time to a future
reward and/or decreasing the likelihood of a probabilistic
reward decrease the reward’s subjective value.

It has been proposed that a common mechanism (impul-
sive decision-making) underlies both delay discounting and
probability discounting. After all, rewards available after lon-
ger delays are actually less certain than immediate rewards,
and both types of discounting are well described by a
hyperboloid function (Green & Myerson, 2004). However,
previous research has shown that delay and probability
discounting respond in opposite ways to manipulations of
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more shallowly than controls. In contrast, vimPFC-lesioned indi-
viduals discounted delayed rewards more steeply but probabilis-
tic rewards more shallowly than controls. These results suggest
that vimPFC lesions affect the weighting of reward amount rela-
tive to delay and certainty in opposite ways. Moreover, whereas
MTL-lesioned individuals and controls showed typical, nonsig-
nificant correlations between the discounting of delayed and
probabilistic rewards, vmPFC-lesioned individuals showed a sig-
nificant negative correlation, as would be expected if vmPFC
damage increases impulsiveness more in some patients than
in others. Although these results are consistent with the hy-
pothesis that vmPFC plays a role in impulsiveness, it is unclear
how they could be explained by a single mechanism governing
valuation of both delayed and probabilistic rewards. il

reward amount, and also reflect relatively independent
traits in healthy adults, as evidenced by the finding that
the tendency to discount delayed rewards is often uncorre-
lated with the tendency to discount probabilistic rewards
(for a review, see Green & Myerson, 2013). As a result,
exactly how these two types of discounting are related
remains a matter of dispute.

Examining neural mechanisms of decision-making
could shed light on the relation between delay and prob-
ability discounting. Functional neuroimaging experiments
on delay discounting (e.g., Benoit, Gilbert, & Burgess,
2011; Peters & Biichel, 2010) show that the effects of epi-
sodic imagining on the value of future rewards are medi-
ated by increased activity and coordination between the
ventromedial prefrontal cortex (vmPFC) and the medial
temporal lobes (MTLs). Direct support for a vmPFC role
in value-based decisions comes from studies showing that
lesions to the vmPFC may impact subjective valuation and
weighing of key visual attributes pertinent to the process
involved in reward-driven decision-making (Vaidya,
Sefranek, & Fellows, 2018; Vaidya & Fellows, 2015).
Indeed, Seaman et al. (2018) found that subjective valua-
tion of different decision types—delay, probability, and
effort-based discounting—share overlapping activity in
the medial PFC after differences in participants’ discount
rates across the three tasks are taken into consideration.
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Activation of the vmPFC has further been shown to oc-
cur during value comparison and when evaluating differ-
ences between outcomes (i.e., magnitude, immediate
availability; Hare, Hakimi, & Rangel, 2014; Boorman,
Rushworth, & Behrens, 2013) and various categories or
perceptual inputs of rewards (Bartra, McGuire, & Kable,
2013; Levy & Glimcher, 2012; see Clithero & Rangel,
2014). The vmPFC/orbitofrontal cortex has been implicat-
ed in reward sensitivity and greater subjective risk-taking
tendencies (Blankenstein, Peper, Crone, & van
Duijvenvoorde, 2017; Engelmann & Tamir, 2009). In sep-
arate work, Luhmann, Chun, Yi, Lee, and Wang (2008)
found that vmPFC/orbitofrontal cortex contributes to the
valuation of both delayed and probabilistic reward types,
suggesting that activation in this region leads to the value
of both kinds of rewards being represented in a common
“neural currency” and domain-general subjective valua-
tion system (Bartra et al., 2013; Peters & Biichel, 2009;
Montague & Berns, 2002; see Weber & Huettel, 2008,
for a review).

Previous studies have reported that patients with lesions
to the vmPFC show steeper discounting of future rewards
compared to healthy and brain-damaged controls (Peters &
D’Esposito, 2016; Sellitto, Ciaramelli, & di Pellegrino, 2010;
but see Fellows & Farah, 2005), consistent with the view
that vmPFC is critical for reward valuation. As noted by
Stuss and Levine (2002), patients with vmPFC lesions also
have difficulties imagining detail-rich future events, and this
may relate to their steep delay discounting (see also
Bertossi, Tessini, Cappelli, & Ciaramelli, 2016). However,
patients with MTL lesions also have impaired future think-
ing, yet they are indistinguishable from matched controls in
delay discounting (Kwan, Craver, Green, Myerson, &
Rosenbaum, 2013; Kwan et al., 2012), at least in the absence
of episodic cues (Kwan et al., 2015; Palombo, Keane, &
Verfaellie, 2015). This warrants further inquiry into the rela-
tion between future thinking and delay discounting in
vmPFC (and MTL) patients. For example, the future is inher-
ently less certain than the past. Is this the reason why, on
delay discounting tasks, vmPFC patients tend to choose
smaller,immediate rewards available now, over larger re-
wards not available until later? Does this suggest that
such patients bypass more deliberate consideration in-
formed by reward utility? If this is the case, we would ex-
pect steep delay discounting in vmPFC patients to be
accompanied by steep probability discounting. That is,
as much as an individual with vmPFC damage will
choose smaller, immediate rewards over larger, delayed
ones, so, too, will these patients be expected to choose
smaller, certain rewards as opposed to gambling on
larger, probabilistic ones. This dual pattern has been
observed in rats with lesions in homologous regions
(Mobini et al., 2002).

Notably, however, vmPFC patients are not classically,
nor consistently, described as risk averse. In seminal
studies using the Iowa Gambling Task, vmPFC patients
were significantly more likely than controls to choose
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from “bad” decks that result in large, immediate gains
but even larger losses overall than “good” decks (Hochman,
Yechiam, & Bechara, 2010; Bechara, Tranel, & Damasio,
2000; Bechara, Tranel, Damasio, & Damasio, 1996), sug-
gesting greater risk-taking. This pattern of results also is
observed in MTL patients (Rosenbaum et al., 2016;
Gupta et al., 2009; Gutbrod et al., 2006). However, perfor-
mance on gambling tasks may be confounded because
probabilities must be learned, placing greater demands
on working memory and declarative memory (Mata, Josef,
Samanez-Larkin, & Hertwig, 2011; Floden, Alexander,
Kubu, Katz, & Stuss, 2008), and because reward delivery
and contingencies have differed markedly across studies.

A more recent study with vmPFC patients showed in-
creased risk-taking only under “hot” decision-making con-
ditions in which immediate reward feedback was provided
after each choice, requiring the online integration of affec-
tive states with other sources of information (e.g., reward
probability or magnitude), and not under “cold” conditions
where feedback was provided cumulatively at the end of the
task, thus minimizing integration demands and leading to
more deliberate decision-making (Spaniol, Di Muro, &
Ciaramelli, 2019). Probability discounting tasks like the
one used in this study represent cold conditions, as no
feedback is provided, and, because they are quite different
from card tasks like the one used by Spaniol et al., they
provide a test of the robustness of their findings.

To date, only one other study has investigated both prob-
ability discounting and delay discounting in patients with
focal lesions to vimPFC (Peters & D’Esposito, 2020), and
the results were consistent with shallower probability
discounting and steeper delay discounting than in control
participants. However, a separate patient-lesion study
comparing choice between sure and fixed risky gambles
of gains and losses (50% certainty) that used a smaller
patient group was unable to establish clear differences in
risky reward choice selection between vmPFC patients
and controls; a significant difference was found only when
vmPFC patients were compared to a nonspecific group of
patient controls (Pujara, Wolf, Baskaya, & Koenigs, 2015).
Thus, this study will be one of the first to formally investi-
gate whether vmPFC patients discount probabilistic, risky
rewards more or less steeply than controls using an estab-
lished iterative choice-adjusting procedure (Green &
Myerson, 2004). Inclusion of MTL-lesion patients as a
comparison group will further help to determine if delay
and probability discounting are affected similarly when
episodic future thinking is compromised (Bertossi, Aleo,
Braghittoni, & Ciaramelli, 2016; Bertossi, Tesini, et al.,
2016).

Here, we test the idea that focal lesions that affect one
type of discounting necessarily affect the other type.
Importantly, we test this idea at both the group level as well
as at the level of the individual patient. For example, if a
lesion group’s discounting of probabilistic rewards is, on
average, shallower than that of controls, reflecting greater
risk-taking, will their discounting of delayed rewards also
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differ from that of controls, and if so, will it be shallower or
steeper? And at the individual level, if a patient’s probability
discounting is shallower than average for their group, will
their delay discounting be shallower as well, or will it be
steeper, as would be predicted if their lesion has increased
their impulsiveness? If delay and probability discounting
share a component process supported by vimPFC, as we
suspect, then lesions of vmPFC should affect both types
of discounting. Moreover, if that process contributes to
an individual’s impulsiveness, then delay and probability
discounting should be affected in opposite ways at both
the group and the individual level. In this study, we take a
patient-lesion approach inspired by Donald Stuss and
colleagues to shed light on the precise neural computa-
tion supported by vmPFC when rewards are evaluated as
well as on the very nature of impulsiveness.

METHODS
Participants
Focal Lesion Patients

All patients were recruited from Baycrest Health Sciences.
Patients were in the stable phase of recovery and had no
additional diagnosis that would affect cognitive abilities
other than those pertaining to their brain injuries.

vmPFC

Eight individuals (four men) with vimPFC lesions were
tested, seven of whom acquired focal brain lesions follow-
ing rupture of an anterior communicating artery (ACoA)
aneurysm (M age = 57.5 years, SD = 9.5 years). The
eighth, R. L. (76 years old), was identified as having a focal
vmPFC lesion following an anterior cerebral artery stroke.
All patients were tested between 2015 and 2019, at least
12 months post-lesion (range: 12-96 months). Inclusion of
patients was based on the location of their lesion evident
on MRI or computerized tomography scans (see Figure 1).

Individual vimPFC lesions were manually drawn on each
slice of normalized T1-weighted template MRI scans from
the Montreal Neurological Institute using MRIcro software
(Rorden & Brett, 2000), based on the most recent MRI or
computerized tomography scan available. This manual
procedure combines segmentation (identification of le-
sion boundaries) and registration (to a standard template)
into a single step, with no additional transformation re-
quired (Kimberg, Coslett, & Schwartz, 2007). Figure 1
shows the location, extent, and overlap of the vinPFC pa-
tients’ lesions. Lesions were bilateral in six of the eight
cases and left-lateralized in the other two cases, largely af-
fecting Brodmann’s areas (BAs) 10, 11, 32, 24, and 25. Four
patients had minimal damage to lateral PFC (BAs 9, 46, 47),
constituting ~5% of their lesion volume, whereas their
vmPFC lesions were on average 10 times larger. Patients
C. R. and R. L. had damage to visual cortex (BAs 17, 18,
19, 37) that constituted ~41% and ~32% of their lesion

volume, respectively. These patients did not have visual
problems precluding their participation in the study.
They attained normal scores on the Rey-Osterrieth
Complex Figure test (percentile scores: 66 and 68;
Spreen & Strauss, 1998) and on the Wechsler Test of
Adult Reading (percentile scores: 55 and 47; Holdnack,
2001), and showed a good understanding of the dis-
counting test instructions.

MTL

Ten individuals (all men, M age = 55.3 years, SD =
5.9 years) with MTL lesions also were tested. The etiol-
ogy of brain damage for these cases included anoxia (7 =
4), encephalitis (n = 2), stroke (# = 2), temporal lobe
resection (nz = 1), and traumatic brain injury (z = 1).
All of the patients have been described previously
(Robin, Rivest, Rosenbaum, & Moscovitch, 2019; Keven,
Kurczek, Rosenbaum, & Craver, 2017; Kwan, Kurczek, &
Rosenbaum, 2016; Kwan et al., 2013, 2015), with the excep-
tion of two patients (R. V. and J. M.). K. C’s and L. D.’s le-
sions were bilateral and included the hippocampus and
surrounding MTL cortices. K. C. had widespread lesions
beyond the MTL including small lesions to left and right
posteromedial orbitofrontal cortex (Gao et al., 2020).
D. A’s lesions were also widespread, extending beyond
the MTL bilaterally (though primarily right) and into ven-
tral frontal, anterior cingulate, and occipital cortices. B. L.
experienced bilateral lesions to his hippocampus that se-
lectively affected the dentate gyrus and part of the CA3
subfield. He also experienced volume loss within the left
superior parietal lobe and right precuneus. S. N.’s hippo-
campal damage was greater on the left, with additional
volume loss to left occipital lobe and basal nuclei. M. H.
contracted herpes simplex encephalitis, resulting in bilat-
eral MTL atrophy as well as damage along the right medial
occipital and inferotemporal cortices (Keven et al., 2017).
D. G, J. D, and J. M. suffered anoxia secondary to cardiac
arrest and could not be scanned because of medical contra-
indications. MTL pathology in these cases was inferred based
on etiology and neuropsychological profiles (Table 1).

Six of the participants with MTL lesions had been pre-
viously tested on the delay discounting task, and their
data were included for comparison in this study: K. C.
(Kwan et al., 2012), D. A. and D. G. (Kwan et al., 2013),
L. D, B. L, and S. N. (Kwan et al., 2015). Data for three
of the patients (K. C., D. A.,and D. G.) who had been tested
on the probability discounting task (Kwan et al., 2013)
were also included for comparison. See Table 1 for addi-
tional demographic information and neuropsychological
test performance for both patient groups.

Importantly, most of the vmPFC and MTL patients have
documented deficits in episodic prospection, producing
fewer internal (episodic) details than healthy controls on
a Galton-Crovitz cue-word test. Results for 5 of the 10 MTL
patients (D.A.,D. G.,,L.D.,S.N., and B. L.) were previously
reported (Kwan et al., 2016). Results of the episodic pros-

Mok et al. 1911

1202 4890300 g uo 3senb Aq jpd-LZ/L0” & U20(/L60956 /606 L /6/SE/Pd-8]o1e/ud0lNpa W 108Ip//:diy Woy papeojumoq



Figure 1. Lesion location and
extent in vmPFC patients. (A)
Axial slice template illustrating
lesion overlap across vmPFC
patients. Slices are 8 mm apart
at z = —30, —22, —14, —6,
+2, and +10, with level of
slice depicted in the sagittal
reference image. The color
bar indicates the number of
patients with damage to a
particular area, with purple
representing regions damaged
in only one patient and red
representing regions damaged
in all eight patients. The image
was created using MRIcro
software (Chris Rorden; www
.psychology.nottingham.ac.uk
/staft/crl/mricro.html). (B) Axial
slice templates illustrating the
lesion location and extent for
each of the vmPFC patients.
Slices are 8 mm apart at z =
-22, =17, =12, =7, =2, +3,
+8, +13, +18, +23, +28.
Neurological convention is
followed (left hemisphere
presented on the left).

Details of lesion location

and size are provided in

the article, and etiology,
demographic information,

and neuropsychological profiles
are presented in Table 1.

pection abilities of three additional MTL patients and six of
eight vimPFC patients are listed in Table 2, with compari-
sons made with the control group from Kwan et al. (2016).

Controls

Performance of 30 age-matched control participants
(16 men; age range: 46-67 years, M age = 58.4 years, SD =
6.3 years) was compared to that of each patient group
on the delay and probability discounting tasks. Control
participants were screened for variables associated with
steeper than average discounting (Madden & Bickel,
2010), including smoking, significant alcohol and drug
use, and gambling problems according to Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition,
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Text Revision (American Psychiatric Association, 2000);
DSM-5: Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (APA, 2013) criteria. Although 31
participants were tested, one proved to be a significant
outlier on the probability discounting task and was ex-
cluded from all subsequent analyses. All participants were
fluent in English. Participants gave informed written con-
sent and received monetary compensation in accordance
with the Human Research Ethics Committees of York
University and Baycrest Health Sciences.

Delay Discounting

All participants completed the same computerized delay
discounting task that had been used previously to test
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Table 1. Demographic and Neuropsychological Data for vimPFC and MTL Participants

Word List Learning ROCF
Case Etiology Age Sex Edu IQ/PF  WCST LF AQ LDFR Recog Copy DR
vmPFC
C. R ACoOA 54 M 17 99 - - 1% < 0.7% <0.7% 68-70% 1-2%
M. T. ACoOA 50 M 12 98 > 16% 20% 4% < 0.7% 84-86% 13%
R. L. ACA 76 F 16 102 - 40% 81% 50% 66-68%  61-63%
M. M. ACoOA 58 M 18 98 > 16% < 2% 8% 6-7% < 0.7%  22-23% 18-19%
J. W. ACOA 58 F 15 99 > 16%  30-40% 1% < 0.02% 30-32% 1-2% 13%
S. B. ACoOA 45 M 12 116 - 50% 1% < 0.03% < 0.02% 58-61% < 1%
M. P. ACoA 54 F 13 103 11-16% 30% 2-3% 2-3% - 8% 42%
J.A. G, ACoA 65 F 15 - 50-60% 1% < 0.7% 3-9% 70% 2-3%
MTL
D. A. Encephalitis 62 M 17 117 > 16%  21-32% < 1% < 1% < 0.02% > 99% < 1%
D. G. Anoxia 48 M 16 92 > 16% 7-13%  3-8%% 3-6% < 0.02% 21-32% < 1%
L. D. TLR 61 M 19 111 > 16%  21-32% < 1% < 1% - 1%  21-32%
S. N. Stroke 46 M 12 114 6-10%  21-32% 0.05% < 0.02% < 1% 21-32% 1%
B. L. Anoxia 52 M 13 92 > 16% 58-68%  21-32% 14-19% < 0.7% 14-19% 3-6%
K. C. TBI 62 M 16 99 > 16% 7-13% < 1% < 1% < 0.02% > 99% < 1%
R. V. Stroke 51 M 16 104 11-16% 7-13% 1% < 1% < 0.02% 14-19% < 1%
M. H. Encephalitis 56 M 13 110 > 16%  21-32% 7-13% 2-3% < 0.02% 70-81% 3-6%
J. M. Anoxia 51 M 16 95 > 16% 2-3% < 1% < 1% < 0.02% < 1% < 1%
J. D. Anoxia 64 M 19 240 > 16% 7-13%  13-14% < 1% 50% - -

Age = age in years; Edu = education in years; IQ = full scale IQ; P. F. = premorbid functioning, based on National Adult Reading Test for M. T. and M. M.
Wechsler Test of Adult Reading for R. L. and J. A. G. (vmPFC); FSIQ based on Wechsler Adult Intelligence Scale-Revised for D. A., D. G., and K. C.,
Wechsler Adult Intelligence Scale-11I for L. D. and S. N., Wechsler Adult Intelligence Scale-1V for B. L., R. V., and M. H. (MTL); The following were
reported in percentiles compared to normative samples: WCST = Wisconsin Card Sorting Task; L. F. = Letter Fluency; for Word List Learning, learning
based on Wechsler Memory Scale Verbal Paired Associates for M. P. and J. A. G., Hopkins Verbal Learning Test-Revised for L. D., Kaplan Baycrest
Neurocognitive Assessment, word-list Learning for S. N., California Verbal Learning Test-II for all others; for Stories (WMS): LM I/II = Logical
Memory I/II; ROCF = Rey-Osterrieth Complex Figure Test; DR = Delay Recall; ACA = anterior cerebral artery.

several of the participants with MTL lesions. Over a series of
trials, participants were presented with pairs of hypothetical
monetary amounts and made choices between a smaller,
immediate reward and a larger, delayed reward. They were
told that the task assessed their preferences and that there
were no correct or incorrect choices. An immediate reward
amount, which changed depending on participants’ previ-
ous choices, was presented along with a larger delayed re-
ward amount ($100 or $2000) that was available after one of
seven delays (1 week, 1 month, 3 months, 6 months, 1 year,
3 years, 10 years), presented in random order. Across six tri-
als, an iterative, adjusting-amount procedure converged on
the estimate of the amount of immediate reward that the
participant judged to be subjectively equal in value to the
delayed reward. For example, in the condition where a fu-
ture hypothetical reward of $2000, if chosen, would be

received in 3 months, the first choice presented to the par-
ticipants was “$1000 right now or $2000 in 3 months?” If the
participant chose “$1000 right now,” the choice on the sec-
ond trial would be between “$500 right now” and “$2000 in
3 years.” If the participant chose “$2000 in 3 months,” the
choice on the third trial would be “$750 right now or
$2000 in 3 months.” Thus, adjustments in the amount
of immediate reward were made such that the first ad-
justment was half the difference between the immediate
and delayed reward amounts presented on the first trial,
with each subsequent adjustment being half the preced-
ing adjustment. Following the sixth and final trial of each
delay condition, the subjective value of the delayed re-
ward was estimated as the amount of immediate reward
that would be presented if there were a seventh trial (see
Green & Myerson, 2004).
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Probability Discounting

Patients and controls also completed a probability dis-
counting task previously described in Kwan et al. (2013).
For patients, the probability discounting task was com-
pleted on the same day as the delay discounting task,
which was completed first, with a 30- to 45-min interval
between discounting tasks, during which the participants
completed questionnaires and other behavioral tasks
unrelated to the discounting tasks (not reported in
the current study). Control participants completed both
discounting tasks in a counterbalanced order on separate
days, with 1-3 weeks between the tasks.

Participants were told that the task assessed their pref-
erences and that there were no correct or incorrect
choices. Over a series of trials, participants were presented

with pairs of hypothetical monetary amounts and made
choices between a smaller, certain reward and a larger,
probabilistic reward. For each of two probabilistic
amounts ($250 and $2,000), participants were asked to
make choices between certain rewards and probabilistic
rewards with a 90%, 75%, 50%, 20%, 10%, or 5% chance
of receiving the reward, with the probabilities presented
in random order. As in the delay discounting task, an iter-
ative, adjusting-amount procedure was used in which the
amount of the certain reward changed depending on the
participant’s previous selection. Across six trials, this pro-
cedure converged on an estimate of the amount of cer-
tain reward that the participant judged to be subjectively
equal in value to the probabilistic reward. For example, in
the condition where a reward of $2000 had a 50% chance
of being received, the first choice was “$1000 for sure or

Table 2. Performance on a Galton-Crovitz Cue Word Test of Episodic Prospection in vmPFC and MTL Patients

Internal Details External Details
Case z-Score % Rank Descriptive Label z-Score % Rank Descriptive Label
vmPFC
C. R —2.48 < 0.9th Severely Impaired -1.26 < 12th Low Average
M. T. - - - - - -
R. L. 0.38 > 63rd Average —0.90 < 19th Low Average
M. M. —2.02 < 3rd Borderline —1.03 < 16th Low Average
J.W. - - - - - -
S. B. —-1.97 < 3rd Mild-Moderately Impaired 0.92 82nd High Average
M. P. —2.40 < 0.9th Severely Impaired -1.76 < 4th Borderline
J. A G. -1.79 < 4th Borderline —1.42 < 8th Borderline
MTL
D. A. -1.65 < 5th Borderline —0.72 < 25th Low Average
D. G. —2.46 < 0.8th Severely Impaired —1.85 < 4th Borderline
L. D. —0.89 < 19th Low Average 0.40 > 63rd Average
S. N. —2.07 < 2nd Moderately Impaired 1.23 > 88th High Average
B. L. -1.43 < 8th Borderline 1.46 > 92nd Superior
K. C. —2.68 < 0.4th Severely Impaired —2.20 < 2nd Moderately Impaired
R. V. - - - - - -
M. H. —2.28 < 2nd Moderately Impaired —1.47 < 8th Low Average
J M —2.28 < 2nd Moderately Impaired -1.91 < 3rd Mild-Moderately Impaired
J. D. - - - - - -

Internal details refer to episodic information (e.g., time, place, people, objects, thoughts, and emotions) specific to a central event that a person might
experience in the future. External details refer to details that are not specific to the central event and/or that are semantic (factual) in nature and not
specific to time and place, repetitions, commentary on the event, or other metacognitive statements. Scoring of the Galton-Crovitz Task Episodic
Prospection Task is based on internal and external details of the Autobiographical Interview (Levine, Svoboda, Hay, Winocur, & Moscovitch, 2002).
“High Average” and “Superior” performance indicate an excess of details. Patients’ scores are compared to scores of a demographically matched control
group reported in Kwan et al. (2016).
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$2000 with a 50% chance?” Adjustments in the amount of
the certain reward were made such that the first adjust-
ment was half of the difference between the certain and
probabilistic amount presented on the first trial, with
each subsequent adjustment being half the preceding
adjustment. Following the sixth and final trial of each
probability condition, the subjective value of the probabi-
listic reward was estimated as the amount of certain re-
ward that would be presented if there were a seventh trial.

Experimental Design and Statistical Analysis

The degree to which a participant discounted delayed and
probabilistic rewards was assessed using the area-under-
the-curve (AuC) discounting measure. The AuC is theoret-
ically neutral in that it represents the area under observed
subjective values rather than under a curve representing a
particular theoretical model fit to those subjective values
(Myerson, Green, & Warusawitharana, 2001). The “curve”
is actually a series of lines on a graph with the delays until
or odds against receiving a reward expressed as a propor-
tion of the maximum delay or odds against and the subjec-
tive values expressed as a proportion of the maximum
delayed or probabilistic amount. Note that the odds
against a probabilistic reward are equal to [(1 — p)/p],
where p is the probability of receiving the reward.

AuCs are calculated by first normalizing the delays, odds
against, and subjective values to make it easier to compare
the discounting of different reward amounts. The area un-
der the discounting curve is then subdivided into trape-
zoids, and the area of each trapezoid is calculated as A =
(2 —x1)(y1 +y2) /2, where values of x represent succes-
sive delays or odds against and values of y represent sub-
jective values associated with these delays or odds against.
The AuC represents the sum of the areas of all the trape-
zoids and can range from 0.0 (maximal discounting) to 1.0
(no discounting).

Because our plan was to compare each patient group’s
discounting rate to baseline measures based on a single,
larger control group, we began our analyses by assessing
the representativeness of our participant groups and the
reliability of our discounting measures and procedures.
We did this by examining the internal consistency of the
AuC data for our participant groups on each type of dis-
counting task and the degree to which their performances
met benchmarks established based on previous studies of
discounting in healthy adults (for a review, see Green &
Myerson, 2010).

We then subjected all of the AuC data to a single 3
(Group) X 2 (Task) X 2 (Amount) mixed ANOVA, with
Task (delay, probability) and Amount (smaller, larger) as
repeated-measures factors. We were primarily interested
in possible differences in discounting between the lesion
groups, although differences would likely have to be inter-
preted in light of any observed interactions. Based on pre-
vious reports that amount has opposite effects on delay
and probability discounting in healthy participants, we

predicted that Type of Task would interact with Amount,
perhaps even cancelling out the effects of Amount.
However, the effects of Amount might also be different
for different groups and/or types of task, leading to a
three-way interaction between Group, Task, and Amount
that might well cancel out the effects of Group.
Accordingly, our three-way ANOVA was followed by
four planned comparisons, each of which compared the
control group to a specific lesion group performing a
specific task (i.e., delay discounting by MTL patients, delay
discounting by vmPFC patients, probability discounting by
MTL patients, and probability discounting by vmPFC
patients) of both reward amounts in order to explicate
the observed pattern of interactions. Finally, because the
hypothesis of individual differences in a general impulsive-
ness trait predicts that individuals who show steep delay
discounting will also show shallow probability discount-
ing, we examined the correlation between delay and
probability discounting for each group separately.

RESULTS

We begin our analyses of the AuC data by assessing the
internal consistency of the discounting measures in our
patient groups. This is especially important for the
vmPFC group because previous studies have noted in-
creased vmPFC activity during irregular preference judg-
ments (Kurtz-David, Persitz, Webb, & Levy, 2019). In
patient studies, more erratic judgments and greater incon-
sistencies in choice selections under conditions of uncer-
tainty (e.g., risky or ambiguous decisions) have been
observed for patients with focal damage to the vmPFC
compared to age- and education-matched controls
(Henri-Bhargava, Simioni, & Fellows, 2012; Fellows,
2011, Fellows & Farah, 2007). In fact, additional research
has shown that the vimPFC may even be more specifically
involved in value-based decision-making for risky choices
across both human and animal models (Spaniol et al.,
2019; Abela & Chudasama, 2013; Weber & Huettel, 2008).

We first identified whether inconsistent preferences
were observed for each individual participant across both
discounting tasks, separately for the smaller and larger re-
ward amount conditions. For delay discounting, a mono-
tonically decreasing discounting curve is expected when
the subjective value (R;) of the future outcome R at a given
delay (#;) is greater than the subjective value (R,) at the
immediately following delay (¢,; where #, > t;; Johnson
& Bickel, 2008). In accordance with the method proposed
by Sellitto et al. (2010), we accounted for variability in the
data by counting the number of “inconsistent choices”
where the subjective value R, was greater than the subjec-
tive value R1 at the preceding delay by more than 10% of
the amount of the future outcome (i.e., R, > R; + R/10).
Neither the small amount (vmPFC = 0.75; MTL = 0.80;
control = 0.33), F(2, 45) = 2.83,p = .07, 05 = .11, nor
the large amount (vmPFC = 0.75; MTL = 0.40; control =
0.33), F(2,45) = 0.84,p = .43, nf) = .04, conditions revealed
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Figure 2. Mean subjective value
100

as a function of delay until
receiving the reward for the
vmPFC, MTL, and control
groups. The top and bottom
present the data from the
smaller ($100) and larger
($2000) delayed reward amount
conditions, respectively.
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significant differences in the mean number of inconsistent
choices across participant groups for the delay discounting
task, replicating previous findings (Sellitto et al., 2010).
The same procedure also was applied for the probability
discounting task. Unlike delay discounting, one-way
ANOVA revealed a significant Group effect for the small
amount condition, F(2, 45) = 5.71, p < .01, né = .20.
Post hoc comparisons revealed a significant difference
between the mean number of inconsistent choices for
the vmPFC group (M = 0.875) compared to the MTL
group M = 0.00), ¢t = 3.36, p < .01, d = 1.34, after
Bonferroni correction. For the large amount condition,
one-way ANOVA also revealed a significant Group differ-
ence, F(2, 45) = 8.89, p < .001, nj, = .28. Post hoc com-
parisons revealed significant differences between the
vmPFC group (M = 1.25) and the MTL group (M =
0.30), t = 3.26, p < .01, d = 1.12, as well as the
vmPFC group with the control group (M = 0.23), t =
4.16, p < .001, d = 1.70, after Bonferroni correction.
These inconsistencies observed in probability discount-
ing but not delay discounting support our inclusion of
the “control” MTL patient-lesion group and agrees with
the notion that impaired preferences may be the result
of vmPFC’s contribution more to conditions of uncertainty

1916 Journal of Cognitive Neuroscience

and risk (Abela & Chudasama, 2013; Weber & Huettel,
2008; Fellows & Farah, 2007).

We also looked at the correlation between the degree of
discounting of smaller and larger amounts for each of our
participant groups. As expected, the vmPFC group
showed strong correlations for both delay discounting (r
= .87, p <.001) and probability discounting (r = .73, p <
.05). The MTL group did not show significant correlations
between amounts for delay discounting (r = .27, p = .45),
but showed strong correlations for probability discount-
ing, which is the task of primary interest in the current
study (» = .92, p < .001), supporting the inclusion of the
MTL patients as a patient comparison group.

We also assessed the control group in the same manner.
Correlations between the degree of discounting of smaller
and larger rewards were equally strong for our controls,
regardless of whether the rewards were delayed (r =
.88, p < .001) or probabilistic (r = .89, p < .001). In con-
trast, the correlation between measures of delay and prob-
ability discounting was not significant, regardless of
whether the correlation between delay and probability dis-
counting was assessed for each amount condition sepa-
rately or whether the AuC measures for the control
group were averaged across the smaller and larger reward
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conditions (» = .163, p = .389). The finding of a nonsignif-
icant positive correlation between delay and probability
discounting is consistent with the benchmark set by many
previous studies of discounting in healthy adults (Green &
Myerson, 2010). Finally, the control group showed both of
the benchmark magnitude effects commonly observed in
healthy adults: shallower discounting of larger delayed re-
wards (¢t = 3.87,p < .001,d = 0.71) but steeper discount-
ing of larger probabilistic rewards (¢t = 5.78, p < .001,d =
1.06).

With the patient and neurotypical control groups estab-
lished as appropriate comparison groups, the AuC data
for all three groups were submitted to a 3 (Group) X 2
(Task) X 2 (Amount) mixed ANOVA. Although the main
effect of Group was not significant, F(2, 45) = 1.97, p =
151, Group strongly interacted with Task, F(2, 45) =
6.32, p = .004, nf) = .219, consistent with the fact that
the vimPFC group showed steeper delay discounting

and shallower probability discounting than the other
two groups. A three-way Group X Task X Amount interac-
tion also was observed, F(2, 45) = 4.10, p = .023, 1, =.154,
consistent with the fact that larger group differences were ob-
served in the larger amount condition. Finally, there was a
significant Task X Amount interaction, consistent with the
fact that, overall, the amount effects on the probability dis-
counting task tended to be larger than those on the delay dis-
counting task: F(1, 45) = 5.73, p = .021, nj, =.113.

Delay Discounting

Figure 2 presents group mean subjective values of the
delayed rewards plotted as a function of the delay until
their receipt. Both patient groups and control participants
showed clear evidence of delay discounting as indicated
by decreases in subjective value as the delay until the
reward increased.
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Group mean AuC scores are presented in Figure 3. The
vmPFC patients appear to have discounted delayed rewards
more steeply than the participants in the control group, as
indicated by their smaller AuCs. Only the control group
appears to show the usual magnitude effect in which
smaller delayed rewards are discounted more steeply than
larger ones (Green, Myerson, & McFadden, 1997).

Our first planned comparison was conducted on the
AuCs of the MTL and control groups for the delay dis-
counting task. Neither the main effect of Group nor the
effect of Amount was significant: F(1, 38) = 0.011, p =
917, and F(1, 38) = 4.08, p = .051, respectively. The inter-
action between Amount and Group also failed to reach sig-
nificance, F(1, 38) = 1.73, p = .196, although as noted
previously, there was a significant effect of Amount (shal-
lower discounting of larger delayed rewards) in the control
group.

Our second planned comparison, conducted on the
delay discounting AuCs of the vmPFC and control groups,
also failed to reveal significant effects of Group or Amount:
F(1,36) = 1.74, p = .196 and F(1, 36) = 1.43, p = .239.
However, these results must be interpreted in light of
the significant interaction between Group and Amount,

F(1,36) = 6.50, p = .015, T]Izj = .038, which suggests that
the magnitude of the differences between the groups are
significantly different between the two amount conditions.
This is consistent with the fact that the difference between
the patients and control participants (i.e., steeper dis-
counting by vimPFC patients) was larger for the larger
delayed reward than for the smaller delayed reward condi-
tion, although neither was significant (ps = .07 and .51,
respectively; see Figure 3).

Probability Discounting

Figure 4 presents group mean subjective values of the
probabilistic rewards as a function of the odds against their
receipt. Again, both patient groups, as well as the controls,
exhibited discounting of both the smaller and larger re-
wards. In contrast to the delay discounting curves seen
in Figure 2, however, the vimPFC patients tended to show
higher subjective values for probabilistic rewards than
MTL patients and participants in the control group, partic-
ularly when the probability of reward was low (and the
odds against were high).

Figure 4. Mean subjective value
250

as a function of the odds against
receiving the reward for the
vmPFC, MTL, and control
groups. The top and bottom
present the data from the
smaller ($250) and larger
($2000) probabilistic reward
amount conditions,
respectively.
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Group mean AuC scores on the probability discounting
task are presented in Figure 5. The vimPFC patients appear
to have discounted probabilistic rewards less steeply than
the participants in the control group in both amount con-
ditions, and less steeply than the MTL group in the large
amount condition. Whereas both the MTL patients and
the control participants appear to have discounted smaller
probabilistic rewards less steeply than larger ones, the
vmPFC group discounted both smaller and larger amounts
to approximately the same degree.

Our third planned comparison was conducted on the
AuCs of the MTL and control groups for the probability dis-
counting task. This analysis revealed a significant effect of
Group, reflecting shallower discounting by the MTL
group: F(1, 38) = 10.13, p = .003, nlz) = .211. There also
was a significant effect of Amount, F(1, 38) = 29.60, p <
.001, nf) = 438, consistent with the magnitude effect for
probabilistic rewards usually observed in healthy

participants. The interaction of group and amount was
not significant, F(1, 38) = 1.70, p = .200.

Finally, our fourth planned comparison focused on the
vmPFC and control groups’ probability discounting AuCs.
There was a significant main effect of Group, F(1, 36) =
23.10,p < .001, nf, =391, which may reflect the shallower
discounting of probabilistic rewards by the vmPFC group
compared to the controls. Although the main effect of
Amount was not significant, F(1, 36) = 1.28, p = .265,
there was a statistically significant interaction between
Amount and Group, F(1, 36) = 4.27, p = .046, Thz) =
.106, which may reflect the fact that, whereas the vimPFC
group’s discounting showed little effect of reward amount,
the control group showed the magnitude effect for prob-
ability discounting (steeper discounting of larger probabilis-
tic rewards) usually observed in healthy participants.
Consistent with this interpretation, tests for simple main
effects revealed group differences for both smaller and
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Figure 6. Individual mean AuCs (averaged across the two amount
conditions) for the delay discounting task, plotted as a function of their
mean AuCs for the probability discounting task. Data for the control
group are shown in the top, data for the MTL group are shown in the
middle, and data for the vmPFC group are shown in the bottom.

larger reward amounts: F(1, 36) = 13.54, and 30.40, ps
< .001, respectively.

Relations between Delay and
Probability Discounting

Our final set of analyses examined the relations between
individuals’ performance on the two types of discounting

1920  Journal of Cognitive Neuroscience

task. As already noted with respect to the control group,
the correlation between participants’ delay and probability
discounting was not significant: 7 = .163, p = .389 (see the
top of Figure 6). A similar lack of significant correlation be-
tween delay and probability discounting was observed for
the MTL group: » = .214, p = .553 (see the middle of
Figure 6). Contrary to the idea that a unitary impulsiveness
trait underlies both the ability to delay gratification and
risk aversion, these correlations not only failed to reach
significance; they also were in the direction opposite to
that predicted.

The correlation between the vinPFC patients’ delay and
probability discounting was not only significant, » =
—.750, p = .032; it also was negative (see the bottom of
Figure 6), in contrast to the nonsignificant correlations ob-
served for participants in both the MTL and neurotypical
control groups. That is, the correlation for the vmPFC
group was in the direction expected if these patients var-
ied in impulsiveness, such that those who were less willing
to wait (as indicated by their lower delay discounting
AuCs) were also more willing to take risks (as indicated
by their higher probability discounting AuCs).

DISCUSSION

Financial choices are sensitive to the temporal proximity,
likelihood, and amount of each option (Rangel, Camerer,
& Montague, 2008), as is evident from the way neurotypi-
cal individuals tend to discount the value of delayed and
probabilistic outcomes (Green & Myerson, 2010).
However, a neurotypical individual’s tendency to discount
delayed rewards more or less steeply is relatively indepen-
dent of their tendency to discount probabilistic rewards
(Green & Myerson, 2013). The current study tested
whether focal lesions that affect one type of discounting
necessarily affect the other type, with the goal of revealing
component processes shared by different forms of dis-
counting. Importantly, we tested this idea at both the
group level as well as at the level of the individual patient.

In the current study, the vmPFC and MTL patient and
control groups all showed systematic discounting of both
delayed and probabilistic rewards, although important
quantitative differences in degree of discounting were ob-
served. On average, vmPFC-lesioned individuals dis-
counted delayed rewards more steeply but discounted
probabilistic rewards less steeply than controls, whereas
MTL-lesioned individuals discounted delayed rewards at
normal rates but discounted probabilistic rewards less
steeply than neurotypical controls. These results suggest
that vimmPFC lesions affect the weighting of reward amount
relative to delay and certainty in opposite ways.

Notably, patients with MTL lesions did not differ from
controls in the degree to which they discounted delayed
rewards, but compared to the controls, they discounted
probabilistic rewards to a significantly lesser extent, sug-
gesting that they put less weight on the likelihood of actu-
ally getting a reward. That is, they were more likely to
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gamble on the possibility of getting a reward, whereas the
controls were significantly more risk averse. Importantly,
some of these patients have extensive lesions affecting the
hippocampus and surrounding MTL cortices (e.g., K. C.,
D. A) and yet these patients are indistinguishable from
controls in delay discounting despite impaired episodic
memory and episodic future thinking. In contrast, patients
with vimPFC lesions did tend to discount delayed rewards
more steeply than the control group, with the size of the
difference increasing with the amount of reward; like MTL
patients, they discounted probabilistic rewards less steeply
than controls. Differences between the vmPFC and con-
trols were amplified with larger reward amounts, reflecting
the control participants’ tendency to be more risk averse
when the stakes were higher, whereas the vmPFC patients
were unaffected in this regard.

As Green and Myerson (2013) and others have noted,
delay and probability discounting are similar in that, in
both cases, subjective value shows systematic, negatively
accelerated decreases that are well described by hyperbo-
loid functions (see Figures 2 and 4). They are different,
however, in that, in healthy adults, varying the amount
of reward has opposite effects on delay and probability dis-
counting (Myerson, Green, Hanson, Holt, & Estle, 2003;
Green, Myerson, & Ostaszewski, 1999). Myerson et al.
(2003) further showed that the degree to which an individ-
ual discounts delayed rewards is, at most, weakly positively
related to the degree to which that individual discounts
probabilistic rewards. This finding, which was replicated
in our analyses of participants in the control group, argues
against the hypothesis that delay and probability discount-
ing represent a unitary underlying trait of impulsiveness in
healthy adults. The unitary trait hypothesis implies that in-
dividuals’ delay and probability discounting should be
negatively correlated with one another. According to this
view, impulsive individuals have both a strong preference
for immediate rewards over delayed ones and a strong ten-
dency to gamble on getting a large reward rather than a
smaller, certain one, although with the former, they risk
getting no reward at all.

As already noted, the correlation between delay and
probability discounting in the control group was weakly
positive, but not significantly so. Importantly, whereas a
similar relation was observed in the MTL patients, the
vmPFC patients showed a strong negative correlation be-
tween individual patients’ delay and probability discount-
ing (see Figure 06), a finding that would be expected if
vmPFC lesions affected the degree of their “impulsiveness.”
The fact that, as a group, vimPFC patients also showed both
steeper delay discounting and shallower probability dis-
counting is consistent with that interpretation.

Previously, researchers examining the effects of vimPFC
lesions in humans have primarily studied intertemporal
choice, which includes delay discounting (Peters &
D’Esposito, 2016; Sellitto et al., 2010; Fellows & Farah,
2005). Lesion studies on the vmPFC have also considered
risky choice but have relied for the most part on

laboratory-based gambling tasks or animal models (e.g.,
Spaniol et al., 2019; St. Onge & Floresco, 2010; Bechara
etal., 2000), or have not observed consistent findings sup-
porting comparative differences between patients and
matched controls in probability discounting (Pujara
etal., 2015). The overall patterns (i.e., steeper discounting
for delayed rewards or preference for risky rewards com-
pared to controls) have been reported, but this study is
among the first to observe both these patterns in the same
patients (see also Peters & D’Esposito, 2020). Importantly,
the present investigation did so by using analogous tasks
specifically designed to facilitate direct comparisons of in-
tertemporal and risky choice (Green & Myerson, 2004). It
is also the first study to directly compare performance of
vmPFC patients on both discounting tasks with that of
MTL patients who have similar deficits in episodic future
thinking. The results have important implications for the
localization of function in decision-making and for the
nature of the mechanisms involved.

Decision-making by Intact Brains

In neurotypical adults, there appear to be neural systems
for which activity reflects valuation of both delayed and
probabilistic rewards as well as other systems involved
in domain-specific valuation (e.g., Seaman et al., 2018).
Using fMRI to examine the neural bases of delay and
probability discounting, Peters and Biichel (2009) found
that activity in fronto-polar, lateral parietal, and posterior
cingulate cortices correlated with the value of delayed,
but not probabilistic, rewards, whereas activity in superior
parietal cortex and middle occipital areas correlated with
the value of probabilistic, but not delayed, rewards.
Notably, activity in ventral striatum and vmPFC coded for
subjective value in a domain-general manner, suggesting
that these regions integrate results from the domain-
specific valuation systems into a common neural currency
that is involved in value computation across tasks and is
utilized across different reward types and stages of
decision-making (Clithero & Rangel, 2014; Bartra et al.,
2013; Levy & Glimcher, 2012). Furthermore, activity in
these regions can be dissociated from activity in other re-
ward valuation regions (including anterior insula, other
striatal regions, and dorsomedial PFC) involved in arousal,
saliency of reward options, and meta-decision processes
(e.g., confidence and deliberation time of choices; see also
Clairis & Pessiglione, 2020). Studying individuals with focal
lesions to these brain regions provides more definitive ev-
idence regarding the localization of function in decision-
making mechanisms, particularly with respect to the issue
of domain-general versus domain-specific processes.

Decision-making by Brains with Focal Lesions

In this study, patients with vimPFC lesions not only showed
steeper delay discounting than controls, but they also
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showed shallower probability discounting, and within the
vmPFC group, those who showed the steepest delay dis-
counting also showed the shallowest probability discount-
ing. These findings are consistent with the results of
previous studies that investigated each kind of decision-
making in isolation (for reviews, see Bechara, 2011;
Sellitto, Ciaramelli, & di Pellegrino, 2011). Sellitto et al.
(2010) demonstrated that vimPFC lesions affect delay dis-
counting (see also Peters & D’Esposito, 2016; but see
Leland & Grafman, 2005), systematically increasing pa-
tients’ preferences for immediate rewards even when
those rewards are smaller than delayed ones. Although
previous studies suggest vimPFC lesions also affect risky
choice, the procedures usually required the participants
to learn probabilities from experience (Iowa Gambling
Task; Bechara et al., 1996; Bechara, Damasio, Damasio,
& Anderson, 1994). As a result, findings from these proce-
dures may be confounded, as studies comparing younger
and older adults have shown (for a review, see Mata et al.,
2011). That is, observed differences could reflect deficits
in either decision-making, learning, or both.

Fortunately, the present probability discounting proce-
dures do not require new learning by participants, and
therefore our finding that vimPFC patients show shallower
probability discounting than controls strongly support
previous conclusions regarding the effects of vmPFC le-
sions on risky choice. Our results are consistent with those
of a recent study of decision-making by Peters and
D’Esposito (2020) that also found both steeper delay dis-
counting and shallower probability discounting in patients
with focal lesions to vmPFC/orbitofrontal than in controls.
Consistent with previous work is the current finding that
MTL patients’ probability discounting was shallower than
that of controls (Rosenbaum et al., 2016; Gupta et al.,
2009; Gutbrod et al., 2006) and that their delay discount-
ing did not differ from that of controls (e.g., Kwan et al.,
2012, 2013). Notably, MTL patients’ pattern of impaired
probability discounting with preserved delay discounting
provides additional evidence that the two kinds of dis-
counting involve at least some separate processes.

Nevertheless, there still could be a cognitive process or
processes common to both delay and probability dis-
counting that might be affected by lesions of the vmPFC.
The present findings provide an answer to Peters’ (2011)
question of whether vmPFC/orbitofrontal cortex damage
affects only the valuation of delayed rewards, or whether
it leads to “a more general impairment in cost-benefit
decision-making that extends beyond the domain of inter-
temporal choice.” The present findings support the latter
view: Patients with focal vimPFC lesions differed from con-
trols in both the intemporal and risky choice domains, as
indicated by performance on both delay and probability
discounting tasks. The question that remains is why this
might be so. Intuitively, it would seem likely that delay
and probability discounting would involve a common pro-
cess because the future is inherently risky, but this intuition
is not borne in the data: Were this the case, vmPFC patients
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should have evinced steep probability discounting and
should be risk averse just as they are attracted to immedi-
ate rewards. In this study, we found the opposite pattern.

One common process that may underlie performance
on delay and probability discounting is prospection (see
Szpunar, Spreng, & Schacter, 2014; Gilbert & Wilson,
2007), a hypothesis we can test, as the current study in-
volves two patient populations with important, yet qualita-
tively different, prospection deficits (Verfaellie, Wank,
Reid, Race, & Keane, 2019; Bertossi, Tesini, et al., 2016;
Rosenbaum et al., 2016; Kwan et al., 2013, 2015).
Although prospection is more commonly associated with
delay discounting (Boyer, 2008), some theories of risky
choice posit that choices involving probabilistic outcomes
also involve consideration of future outcomes (e.g.,
Loomes & Sugden, 1982). For example, regret theories
of risky choice posit that gambles involve prospection in
the form of imagining possible future outcomes (i.e., win-
ning and losing the gamble and the regret that would fol-
low a loss). The fact that both vimPFC patients and MTL
patients show steep probability discounting, and that both
groups fail to show consistent effects of reward magni-
tude, might support a link between discounting behavior
and prospection. However, the results observed on delay
discounting argue against this possibility.

Although previous studies of the effects of episodic cue-
ing demonstrate that prospection can play a role in delay
discounting (e.g., Mok et al., 2020; Bulley et al., 2019;
O’Donnell, Daniel, & Epstein, 2017), patients with MTL le-
sions who have severe prospection deficits nevertheless
exhibit typical, systematic discounting of delayed rewards.
As an extension of our previous findings, this systematic
discounting was observed at the group level and with a
larger group of patients than previously described by
Kwan et al. (2013). MTL patients also show the certainty
and common ratio effects (i.e., the Allais paradox; Craver
etal., 2014) benchmark characteristics of risky choice that
have been attributed to anticipated regret (Bell, 1982; see
also Klein, 2013).

Importantly, in this study, both patients with MTL le-
sions and patients with vimPFC lesions had deficits in pros-
pection, but only the vmPFC group differed significantly
from controls in delay discounting. One possibility is that,
although prospection can contribute to effective decision-
making, and may even compensate for cognitive deficits, it
is not required. Another possibility is that vmPFC and MTL
patients have qualitatively different prospection deficits,
and it is the form of prospection affected in vmPFC—but
not MTL—patients that has an impact on the valuation, or
even the conception, of future rewards. What then might
be the common process or mechanism that underlies the
observed effects of vimPFC lesions on delay and probability
discounting? It should be noted, of course, that there need
not be one. That is, the vmPFC could contain some neu-
rons contributing to intertemporal decision-making and
other neurons contributing to decisions involving risky
options, or it could contain neurons that do both.
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Delay and probability discounting require complex de-
cisions involving multiple cognitive processes. It is possi-
ble that performance on both tasks depends on schemas,
which refer to knowledge structures extracted across mul-
tiple experiences. Schemas influence how new events
(e.g., choice options) are perceived, and they have been
linked to the vmPFC in neuroimaging and patient-lesion
studies (Hebscher & Gilboa, 2016; Ghosh, Moscovitch,
Colella, & Gilboa, 2014; for a review, see Gilboa &
Marlatte, 2017). Reliance on schemas could explain the
surprising finding by Kwan et al. (2013) that MTL patients’
delay discounting does not differ from controls despite the
patients’ deficits in prospection. These results hold in the
current study, even with the addition of seven new MTL
patients to the patients described by Kwan et al. MTL patients
may compensate for their episodic memory deficits by rely-
ing on schemas along with simple heuristics or even apho-
risms that provide the basis for heuristics (e.g., sooner is
better, a bird in the hand). Although vmPFC patients, like
MTL patients, have prospection deficits, their schemas may
be compromised, unlike those of MTL patients, leading to
deficits in both delay and probability discounting for
vmPFC (but not MTL) patients.

An explanation for the direction of the differences on
the discounting tasks would not be necessary if impulsive-
ness were a basic behavioral tendency, as accounts that pit
impulsiveness against self-control imply. If it were, then
one could imagine a tendency toward impulsiveness being
“unmasked” or disinhibited by brain damage that some-
how weakened self-control. However, correlational data
from healthy adults do not support this view (for a review,
see Green & Myerson, 2010). This view is also not sup-
ported in light of previous findings by Donald Stuss
et al. who have shown that risk-taking can be dissociated
from impulsiveness within PFC (Floden et al., 2008). If
anything, the data support the opposite view; other things
being equal, the fundamental tendency may be to choose
rewards that are both immediate and certain, because
people generally prefer their rewards to come sooner
and with greater certainty.

Reward size also matters. People tend to want more (i.e.,
larger rewards), and they want their rewards sooner and for
sure. Reward amount is frequently pitted against immedi-
acy and certainty in choice situations. In light of the pres-
ent findings, the critical question no longer appears to be
whether the vmPFC’s contribution to decision-making
concerns valuation or prospection, as Peters (2011) had
suggested. Rather, the issue is how and why vmPFC le-
sions decrease the weight given to a reward’s amount rel-
ative to its immediacy, as reflected in steeper delay
discounting, but increase the weight given to a reward’s
amount relative to its likelihood, as reflected in shallower
probability discounting. An adequate account of the ef-
fects of vmPFC lesions will need to explain the differential
weighting of reward amount depending on whether a re-
ward is delayed or probabilistic. It is unclear at this time
how a single mechanism could underlie both of these

effects given that this pattern of behavior is not at all ob-
served in controls and likely plays no significant role in
reward discounting in neurotypical individuals.

There is indeed an alternative way to approach this is-
sue, as recently described by Hiser and Koenigs (2018).
They view the vmPFC as an area containing at least three
functionally specialized subregions, with each subregion
characterized by a pattern of connections with cortical
and subcortical structures appropriate to the subregion’s
function. Additional evidence is required to establish
whether or not this view of vmPFC function(s) is correct,
and, in any case, it is unclear how the proposed tripartite
structure could account for the apparent paradox of differ-
ential weighting of reward amount following vmPFC
lesions. Nevertheless, if the vmPFC is inherently multi-
functional, a thesis that forms the backbone of Donald
Stuss’s general approach to the PFC (Stuss, 2006, 2017;
Stuss, Rosenbaum, Malcolm, Christiana, & Keenan, 2005;
Stuss & Levine, 2002), then rather than being two aspects
of a single computational function, the integration of im-
mediacy and amount might well be a separate function
from the integration of likelihood and amount. In the ab-
sence of an alternative explanation for why focal lesions of
the vimmPFC would have opposite effects on the weighting
of amount relative to other reward attributes (e.g., imme-
diacy, likelihood), the present findings suggest that these
are two distinct functions. Why these functions are differ-
entially affected by vmPFC lesions remains to be
understood.

Conclusions

Regardless of whether a multifunctional view or a more
traditional view of vmPFC function holds the key to under-
standing the issues raised by the current findings, we be-
lieve that these issues are fundamental and have
potentially important implications for our understanding
of both the vmmPFC and decision-making itself. The present
findings suggest that, rather than being two aspects of a
single attribute-integration function involved in the valua-
tion of multi-attribute rewards, separate functions are
involved in the integration of amount with reward
immediacy and the integration of amount with reward
likelihood. This view raises the possibility that integration
of other outcome attributes also may involve separate
functions, although it should be noted that separate func-
tions do not require separate substrates (i.e., locations) or
even separate neurons, just separate circuits. The puzzle
of opposite effects of vmPFC lesions on the relative
weighting of reward amount remains, but one implication
is that consideration of the integration of other outcome
attributes, perhaps most prominently losses (Estle, Green,
& Myerson, 2019), may shed light on specialized integra-
tion functions in general. Although considerable effort,
both experimental and theoretical, may be required to
resolve these issues, we believe that their fundamental
nature justifies the effort.

Mok et al. 1923
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Discounting is an especially interesting aspect of
decision-making for two reasons: first, because the
outcomes of everyday choices typically have multiple attri-
butes and discounting focuses specifically on the problem
of attribute-integration, and second, because the relative
weighting of attributes like immediacy and likelihood ap-
pears to underlie many important behavioral problems at
both the individual (e.g., substance abuse) and societal
(e.g., climate change, pandemic) levels. The functions of
the vmPFC appear to be key to understanding such
attribute-integration issues, and as this study shows, focal
lesion patients can provide insight into these issues,
particularly when the same patients are studied using
tasks like delay and probability discounting that require
integration of different attributes.
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