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Abstract

B Although the ventromedial frontal lobe (VMF) has been im-
plicated in several complex cognitive tasks such as decision-
making and problem solving, the processes for which this
region is critical remain unclear. Laboratory studies have largely
focused on how the VMF contributes to decision-making when
outcomes or options are provided, but in the real world gener-
ating appropriate options is likely a crucial and rate-limiting ini-
tial step. Here, we determined how VMF damage affected the
option generation phase of naturalistic problem solving. A
group of patients with VMF damage and two controls groups
—age-matched healthy participants and patients with frontal
damage sparing VMF—were asked to generate as many options

INTRODUCTION

Daily life provides a steady stream of ambiguous prob-
lems, from deciding what to eat for dinner to figuring
out how to deal with an obnoxious neighbor. A first step
in solving such problems is to construct a set of potential
options that can be evaluated with respect to how effec-
tively each resolves the current dilemma. Much of the re-
search investigating the neural mechanisms of problem
solving has focused on the role of the pFC and specifically
the ventromedial frontal lobe (VMF; here referring both
to ventromedial pFC and adjacent OFC) in the later eval-
uation and decision stages (Gerlach, Spreng, Gilmore, &
Schacter, 2011; Tom, Fox, Trepel, & Poldrack, 2007,
Valentin, Dickinson, & O’Doherty, 2007; Manes et al.,
2002; Bechara, Damasio, Damasio, & Lee, 1999; Baker
et al., 1996; Shallice, 1982). Less is known about the neu-
ral correlates of the initial generation or identification of
options, which represents a key step in real-life decision-
making and problem solving (Kaiser et al., 2013; Klein,
2008; Fellows, 2006). The aim of the current study was
to investigate the brain basis of this option generation
phase in real-world problem solving, focusing specifically
on the contributions of the VMF.

To date, the majority of problem solving studies have
employed structured or well-defined tasks (e.g., Tower of
Hanoi) to provide evidence that selective lesions to the
pFC affect general problem-solving ability (Baker et al.,
1996; Owen, Downes, Sahakian, Polkey, & Robbins, 1990;
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as possible to five scenarios depicting open-ended, real-world
problems (e.g., having lunch at a restaurant and forgetting your
wallet at home). Both the number of options and the effective-
ness of each option generated were examined. Damage to VMF
led to a significant reduction in both the number of options
produced across all problem-solving scenarios and the ability
to generate effective options, most notably for scenarios that
were social in nature. We discuss these findings in terms of
the mechanisms by which the VMF may contribute to option
generation, focusing on proposals suggesting this region is im-
portant for integrating subjective value and retrieving schematic
representations. [l

Shallice, 1982). Yet, real-world problems are often open-
ended in that they are not associated with a set algorithm
to reach a well-defined goal (Sheldon et al., 2015; Sheldon,
McAndrews, & Moscovitch, 2011). Solving such problems
requires several different cognitive stages (Kaiser et al.,
2013; Smaldino & Richerson, 2012; Porcelli & Delgado,
2009; Fellows, 2004; Johnson & Raab, 2003; Klein, Wolf,
Militello, & Zsambok, 1995; Keller & Ho, 1988), beginning
with accessing relevant knowledge to create and evaluate
multiple solutions or options (Goel, 2010; Channon, 2004;
Goel & Grafman, 2000; Goel, Grafman, Tajik, Gana, &
Danto, 1997) before a decision can be made.

There are suggestions that the VMF contributes to real-
world open-ended problem solving. For example, a single
case study described a patient where damage to the VMF
resulted in striking deficits in navigating real-world prob-
lem scenarios (Eslinger & Damasio, 1985). Although this
patient performed well on lab-based tasks related to
choice and planning (e.g., the Wisconsin Card Sorting
task) and could logically reason his way through hypo-
thetical ethical dilemmas, he was unable to make appro-
priate decisions or solve simple problems in real-world
open-ended settings (e.g., deciding on a restaurant for
dinner). Although clinical observations, such as the case
noted above, point to a general role for the VMF in open-
ended problem solving, evidence that this region might
contribute specifically to the option generation phase
comes from the decision-making literature, which sup-
ports VMF involvement in evaluating outcomes for goal-
oriented behaviors (Fellows, 2011; Grabenhorst & Rolls,
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2011; Padoa-Schioppa, 2011; Rushworth, 2008). The VMF is
thought to be involved in encoding and comparing the rel-
ative value of potential problem outcomes or decision
choices (for a review, see Levy & Glimcher, 2012). In
support, neuroimaging reports have found that VMF activ-
ity correlates with value judgments and predicts choice
behavior (Levy, Lazzaro, Rutledge, & Glimcher, 2011;
Padoa-Schioppa, 2011; Rangel & Hare, 2010; Plassmann,
O’Doherty, & Rangel, 2007), and neuropsychological
data have shown that VMF lesions result in inconsistent
choice behavior and deficits in linking value to choice op-
tions (Henri-Bhargava, Simioni, & Fellows, 2012; Camille,
Griffiths, Vo, Fellows, & Kable, 2011; Tsuchida, Doll, &
Fellows, 2010). One possibility is that the same VMF pro-
cesses involved in evaluation of specified options are also
involved in identifying potential options in ambiguous or
open-ended situations. In line with this hypothesis is work
demonstrating that the value of options are computed
“online” as they are generated (Padoa-Schioppa, 2011),
and the relative quality of these options is continuously eval-
uated (and updated) until the most appropriate one comes
to mind and option generation is terminated (Johnson &
Raab, 2003; Gigerenzer & Goldstein, 1996).

Another process plausibly important for option genera-
tion is retrieving associated scripts and schemas. In the con-
text of problem solving, schemas can act as knowledge
structures or scaffolds to direct a controlled search through
memory for details related to potential options (Moscovitch
& Melo, 1997). Damage to VMF has been shown to result in
deficits in schema reinstatement, in memory and nonmem-
ory tasks (Ghosh, Moscovitch, Colella, & Gilboa, 2014), and
impaired information search during predecisional stages of
unstructured problem solving (Eggen et al., 2015). VMF-
dependent schema reinstatement may be critical for imple-
menting an appropriate framework that can help one both
construct and “test out” hypothetical solutions during op-
tion generation (Sheldon et al., 2011, 2015; Vandermorris,
Sheldon, Winocur, & Moscovitch, 2013).

In short, these two literatures suggest that the VMF
might contribute to option generation. To directly test
this hypothesis, we presented a series of naturalistic
open-ended scenarios to three groups of participants—
individuals with lesions affecting the VMF, individuals with
frontal damage sparing the VMF, and healthy controls—
and asked them to generate as many options as possible.
Our main objective was to test the prediction that VMF le-
sions would impair the number and quality of options gen-
erated in response to these open-ended problems. As a
secondary objective, we explored whether predicted im-
pairments were related to the nature of the problem, con-
trasting social and nonsocial scenarios. This was based on
work that has implicated a preferential role for the VMF in
self-insight as well as social and emotional processing (e.g.,
Beer, John, Scabini, & Knight, 2006; Channon, 2004;
Damasio, Tranel, & Damasio, 1990), which we hypothesize
is important for constructing appropriate options to social
problems.
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METHODS
Participants

Twenty-three patients with stable focal damage to the fron-
tal lobe of at least 6 months duration were recruited from
the research database of the Center for Cognitive Neurosci-
ence at the University of Pennsylvania. The patients were
further categorized into two groups, based on their most
recent CT or MR imaging: Those with damage affecting
the VMF, defined as the medial portion of the OFC and
the adjacent ventral portion of the medial wall of the pFC
(Wheeler & Fellows, 2008; Fellows, 2007), were assigned
to the group of interest (» = 12; 7 women). Damage to
the VMF was due to aneurysm rupture (72 = 8), low-grade
tumor resection (z = 1), or ischemic stroke (z = 3), and
five patients were taking at least one psychoactive medica-
tion, most commonly an anticonvulsant. Of the 12 VMF pa-
tients, seven had lesions that were primarily left-lateralized,
three that were primarily right-lateralized, and two that
were bilateral. Three VMF patients had lesions extending
into the dorsomedial frontal region (see Figure 1, slice
40); however, none of the reported results were driven
by their performance on experimental tasks as their scores
were well within the range for VMF group as a whole.

Patients with frontal damage sparing this region were
assigned to the frontal control group (z = 11; 7 women).
Here, damage was due to ischemic stroke (z = 7), hem-
orrhagic stroke (z = 1), or low-grade tumor resection
(n = 2), and five patients were taking a psychoactive med-
ication, again, most commonly an anticonvulsant. Lesions
were manually registered to a standard template by a neu-
rologist with experience in image analysis to allow lesion
overlap images to be created (Figure 1).

Healthy control participants (zz = 22; 17 women), age-
matched to the patient groups (VMF: ¢ = 0.962, p > .05;
frontal control: ¢ = 0.369, p > .05), were recruited from
the local community by advertisement. All of the control
participants indicated that they were free of neurological
or psychiatric conditions. On average, all groups were ed-
ucated to a high school level or beyond (Table 1), and
there was no significant difference in years of education
between groups (F(2, 42) = 3.187, p > .05). Although
the difference between VMF and frontal control groups
approached significance (¢ = 2.399, p = .053), variation
in years of education beyond high school has been
shown not to affect real-world problem solving (Burton,
Strauss, Hultsch, & Hunter, 2006; Cornelius & Caspi,
1987). To test this assumption in our own sample, we
have, where appropriate, included years of education as
a covariate in analyses. The protocol used in this study
was approved by the institutional research ethics board,
all participants received an honorarium in exchange for
participation and provided written informed consent.

Neuropsychological Measures

A battery of standardized measures was administered to
each participant to establish general intellectual functioning,
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Figure 1. Lesion overlap images for VMF (top) and frontal control (bottom) groups, shown on axial (oriented so that left is right) and
midsaggital slices of the MNI brain. The same slices are shown for both groups with slide numbers provided for reference. Warmer colors indicate
greater degree of lesion overlap, as shown in the legends. Pale purple indicates voxel damage in only one subject.

verbal fluency, and subjective reports of mood. Crystallized
intelligence was estimated using the American National
Adult Reading Test (Grober, Sliwinsk, & Korey, 1991). The
Beck Depression Inventory (BDI-II; Beck, Ward, & Mendelson,
1961), a 21-item self-administered measure, was used to
assess symptoms associated with depression. Participants
also completed two measures of verbal fluency: a semantic
fluency task, which required participants to generate as
many instances as possible of a particular category (animals)
in 60 sec, and a phonemic fluency task, in which participants
generated as many words as possible that began with a spe-
cific letter (“F”, “A,” and “S”) in 60 sec (Bechtoldt, Benton, &
Fogel, 1962; Thurstone, 1938). Mean scores for all measures
are presented in Table 1.

Problem-solving Measure

Participants were given a battery of experimental tasks
that included the problem-solving measure of interest:
the option generation task. The experimenter adminis-
tering the task was blind to the patient groups and study
hypotheses, although he or she was aware of the patient
to healthy control distinction.

Stimuli.  Five real-world scenarios representing prob-

lems individuals could encounter in everyday life were
developed for the experiment and are presented below.

Table 1. Demographic and Clinical Information, Mean (SD)

All of the problem scenarios were designed to be open-
ended, in that there was no single solution or established
script associated with resolving the problem. Because the
VMF has been linked to social processing during every-
day problem-solving tasks (e.g., Channon, 2004), both
social and nonsocial scenarios were included. Social sce-
narios (Problems 1 and 2) contained an interpersonal
conflict that was to be resolved, whereas nonsocial prob-
lems (Problems 3-5) did not include social confrontation
as a central feature of the problem. All scenarios (listed
below) were presented as a short statement, setting the
scene with a description of the problem to be resolved.

Problem 1 (Social): You go to a dinner party at a friend’s
house. When you get there, you find that another of
your friends is angry with you and won’t speak to you.
What can you do?

Problem 2 (Social): You are involved in a group project
that requires you to work with several of your co-
workers. One coworker has not been doing all of his
assigned work and, as a result, you have had to take on
more work to make up for this. What can you do?

Problem 3 (Nonsocial): You treat yourself to a nice
lunch at a fancy restaurant. When the bill for $25
comes, you realize that you have left your wallet at
home. You have no money to pay for lunch. What
can you do?

Beck Phonemic Category Lesion
Age Education Estimated Depression Fluency Fluency Volume
Group (years) (vears) 10 Inventory (“F”) (“Animal”) (cc)
Healthycry, 57.7 (2.0) 14.8 (2.3) 124.1 (2.1) 4.0 (0.8) 13.9 (4.9) 214 (7.2)
(n = 22)
Frontalcry, 58.0 (3.3) 155 (2.7) 120.2 (3.8) 10.27 (1.4) 10.3 (3.8) 15.6 (4.4) 27.5 (18.3)
(n = 11)
VMF 55.7 (3.4) 13.1 (2.2) 114.6 (2.6) 12.75 (2.6) 10.7 (5.4) 15.4 (5.4) 22.9 (21.0)
(n = 12)
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Problem 4 (Nonsocial): You are awoken at 2 a.m. by the
sound of loud music. It seems that your next-door
neighbors are having a big party. What can you do?

Problem 5 (Nonsocial): You usually drive your car to
work each morning. One morning you get in your
car to drive to work and you discover that the car
won’t start. What can you do?

To validate the social versus nonsocial problem classi-
fication, we collected ratings on the social content of
each problem via Amazon’s Mechanical Turk (MTurk)
crowdsourcing platform (www.mturk.com). Eighty raters
used a sliding scale ranging from 0 (nonsocial) to 100
(social) to indicate the amount of interpersonal contact
they believed would be involved in the resolution of each
problem. After removing one respondent for rating every
problem as 0% social, we found that our social problems
(Problems 1 and 2) were given a significantly higher rat-
ing of social content (average = 75) compared with our
nonsocial problems (Problems 3-5; average = 57; t =
5.714, p < .001).

Procedure

The five problems were delivered verbally to participants,
in the same order, alternating between social and non-
social. For each problem, participants were instructed to
generate as many options or ways to solve the problem
as they could. No time limit was given; participants were
allowed to speak until they felt they had exhausted all po-
tential options, thereby eliminating some of the influence
of individual differences in verbal fluency and cognitive
speed. A single general prompt to “keep thinking” was
given when a participant stopped generating options.
The experimenter recorded all responses for scoring.

Problem-solving Scoring: Option Fluency

Before scoring, each participant was assigned a code by a
separate experimenter, and files containing response
data were scrambled. Only when all scoring was complete
and verified by a second scorer were deidentified partici-
pants assigned back to their experimental groups. For
each problem, the total number of options generated
was tallied. These options were further classified as valid
or nonvalid. An option was considered valid if it de-
scribed an action an individual was capable of carrying
out in the given situation, regardless of whether the ac-
tion was practical. An option was scored as nonvalid if it
was unrelated to the given problem, if it was a repetition
of a previous response with minor variations (e.g., “call
mom,” “call dad,” “call sister”), or if it was not an action
but a thought (e.g., “I like the mall”) or value judgment
(e.g., “stealing is wrong”). We summed the number of
valid options across all problem scenarios as well as for
social and nonsocial problems.
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Problem-solving Scoring: Option Quality

We established the quality of all of the options generated
by participants by collecting independent ratings of option
effectiveness from 50 unbiased raters (average age = 33.13
[+£1.7] years; average education = 14.8 [+0.3] years)
recruited online via MTurk. To limit MTurk rater burden,
similar options that were generated to a given problem
were summarized as a single, more general option. For
example, “call family member or friend to bring money”
is specific enough that it represents a unique option but
broad enough to include multiple variations on the same
option (e.g., “call my mother,” “call a work colleague,” “call
my roommate”). The first author (S.P.) determined a max-
imum of 20 general option categories for each problem,
which were independently verified by a second researcher.
Only options previously scored as valid were included in
this analysis.

MTurk respondents were presented with each of the
five problems followed by a list of these general options.
The order of options was randomized for each respon-
dent. MTurk raters rank-ordered the options from most
to least effective. We averaged the rank order ratings
across all 50 respondents and then applied this score to
each option generated by each participant. Using this
method, higher-quality options were associated with
lower average ratings (e.g., 1 = most effective, 20 = least
effective). For the sake of clarity, we plotted the inverse
of average rankings in the associated figures. In this way,
higher average rankings were associated with more
effective options. Outlandish options (e.g., “sell my first-
born”), which failed to fit into any of the general MTurk
option categories, were given the same score as the
option category with the highest average rating (indi-
cating lowest effectiveness) within that response set. For
example, for the Lunch Problem, “yell fire and run” was
rated the least effective option with an average MTurk
score of 15.59. The response “sell my firstborn” did not
fit into any of the MTurk ranking categories so it was as-
signed a score of 15.59. These independent quality ratings
were used to generate measures of total, social, and non-
social problem-solving effectiveness.

” «

Statistical Analyses

ANOVA and ANCOVA tests were performed in JASP (Ver-
sion 0.7.5.5), and nonparametric chi-square tests of inde-
pendence were performed in SPSS statistical software
(Version 23; IBM Armonk, NY). All tests used o = 0.05
as a cutoff for determining statistical significance, al-
though effect size was also of interest and is reported
throughout. Group comparisons were performed with
ANOVA, using Group (VMF lesion, frontal control,
healthy control) as the between-subject factor and Total
number of options, Number of valid options, and MTurk
quality scores as dependent variables. Additional compar-
isons were performed using ANCOVA with Group as the
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between-subject factor while covarying out semantic flu-
ency scores or years to education to account for potential
group differences in verbal output or education. For
ANCOVA analyses, models were computed using Type 1
Sums of Squares. Sample sizes were unequal, and this
model uses weighted marginal means and therefore is
more appropriate. Furthermore, we were primarily inter-
ested in the main effect of group on option generation
performance, and using Type I Sums of Squares in our
model offers more power to address this interest. In all
cases, group was entered into the model first, followed by
category fluency scores or years of education. All post hoc
comparisons were performed with Tukey’s honest sig-
nificant difference to control for multiple comparisons.

RESULTS
Neuropsychological Screening

Demographic information and neuropsychological test
results are presented in Table 1. Participants did not dif-
fer on the measure of crystallized IQ (American National
Adult Reading Test). As is typical for neurological clinical
samples, scores on the Beck Depression Inventory were
slightly higher for the VMF lesion group and the frontal
control group compared with healthy control participants
(F(2, 39) = 8.463, p < .001), although none of the par-
ticipants were diagnosed with clinical depression.

Phonemic and semantic (“Animal”) verbal fluency
scores are presented in Table 1 (note that we report only
results from the “F” trial of the phonemic fluency task as
incomplete data was collected for the “A” and “S” trials).
An ANOVA with Group (3; healthy control, frontal con-
trol, and VMF lesion) as a between-subject factor revealed
a significant effect on Semantic fluency (F(2, 42) = 5.110,
p = .01). Healthy controls generated significantly more
items than both the VMF lesion group (¢ = 2.703, piukey =
.026) and frontal control group (£ = 2.531, prukey = -039),
whereas the VMF lesion and frontal control groups gen-
erated a similar number of exemplars (¢ = 0.085, pkey =
.996). There was no group difference in the number of
items generated in the phonemic fluency task (F(2, 42) =
2.824, p = 071).

Problem-solving Measures
Option Fluency

On average, participants generated 25.5 (£9.3) options
across all five problems. Although there were no statisti-
cal differences in total number of generated options be-
tween the three tested groups (F(2, 42) = 1.936, p =
157, 1 = 0.084; Figure 2A), there was a statistically sig-
nificant effect of Group on the Number of valid options
generated (F(2, 42) = 3.291, p = .047, 7 = 0.135). This
effect remained significant when Years of education (F(2,
41) = 5.099, p = .011, 4 = 0.135) or Semantic fluency
scores (F(2, 41) = 3.284, p = .048, n* = 0.122) were
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Figure 2. Option fluency in open-ended problem solving. (A) Average
number of responses generated by patients with lesion to the VMF as
compared with healthy and frontal controls summed across all problem
types. (B) Average valid options produced by the VMF group compared
with healthy and frontal control groups. (C) Average number of valid
options generated by the VMF group compared with both healthy and
frontal control groups for social and nonsocial problem subtypes.
Standard errors bars are shown. *p < .05.

included as covariates to control for potential differences
in education or verbal output, respectively (Figure 2B).
On the basis of a priori hypotheses concerning VMF
contributions to option generation, we ran select pair-
wise comparisons to better understand the main effect
of Group on valid option fluency. First, we directly com-
pared those with VMF damage to healthy control partic-
ipants. The VMF group generated significantly fewer valid
options compared with healthy controls (F(1, 32) =
4.486, p = .042, W* = 0.123; Mconwol = 23.73 [SD = 7.9]
vs. Myyr = 18.50 [SD = 6.4]; Figure 2B). This pattern was
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evident for social problems (F(1,32) = 5.295,p = .028, 1" =
0.142; Mconuol = 8.35 [SD = 3.4] vs. Mynp = 5.75 [SD =
2.1]) but not for nonsocial problems (F(1, 32) = 2.899,
Dp =098, 1" = 0.083; Mconwol = 15.55 [SD = 4.4] vs. Mg =
12.75 [SD = 4.9]; Figure 2C). There were no differences in
the number of options produced between the frontal and
healthy control groups (Figure 2A-C).

Next, we directly compared the performance of the
VMF group with that of the frontal control group. An
ANOVA with Group (frontal controls and VMF) as a
between-subject factor found a significant effect on
the Number of valid options generated (F(1, 21) =
5.833, p = .025, n* = 0.217) with the VMF group
providing significantly fewer valid options than frontal
controls Meontaictr, = 25.73 [SD = 7.9] vs. Myyr =
18.50 [SD = 6.4]; Figure 2B). A subsequent analysis
revealed that this pattern was present for both social
(F(1, 21) = 4.962, p = .037, n* = 0.191) and nonsocial
problems (F(1, 20) = 5.354, p = .031, n° = 0.203;
Figure 2C).

Option Quality
Option Effectiveness

To compare overall quality of the valid options, while
controlling for the above-reported differences in option
fluency, we averaged the effectiveness ratings gathered
from the MTurk raters for each participant. An ANOVA
revealed a significant effect of Group (healthy controls,
frontal controls, and VMF) on the Average effectiveness
ratings across all problems types (F(2, 42) = 6.074, p =
.005, 1 = 0.224; Figure 3A). These Group differences re-
mained significant when Years of education was included
as a covariate (F(2, 41) = 5.917, p = .006, n* = 0.221).

Follow-up analyses revealed that the VMF group pro-
duced valid options of lower overall quality across all prob-
lems relative to healthy control participants; however, this
difference was not statistically significant (F(1, 32) = 2.940,
p = .096, 1* = 0.084; Figure 3A). A closer look revealed
that the VMF group exhibited an impairment in providing
effective options to social problems (F(1, 32) = 14.57,p <
.001, n* = 0.313) but not to nonsocial problems (F(1, 32) =
2.779, p = .105, W* = 0.080) as compared with the healthy
controls (Figure 3B). There was no significant difference
in the quality of valid options between the VMF and
frontal control groups, across all problems (F(1, 21) =
1.643, p = .214, n* = 0.073). Further examination re-
vealed that the VMF group generated valid options of
lower quality for social problems and relatively higher
quality for nonsocial problems compared with frontal con-
trols (Figure 3B); however, these differences were not
statistically significant.

Differences were found in the quality of options gener-
ated by the frontal and healthy control groups (F(1, 31) =
17.84, p < .001, n* = 0.365; Figure 3A), which we report
for the sake of completeness. This effect was driven almost
exclusively by a deficit in nonsocial problem solving, where
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Figure 3. Effectiveness of options generated during open-ended
problem solving. (A) Average quality, as determined by unbiased raters,
of options generated by patients with lesion to the VMF as compared
with healthy and frontal control participants across all problem types.
(B) Average quality of options generated by the VMF group compared
with healthy and frontal control groups to social and nonsocial
problems. Standard errors bars are shown. *p < .05.

frontal controls produced options of significantly poorer
quality compared with healthy controls (F(1, 31) =
14.93, p < .001, w* = 0.325; Figure 3B). The quality of valid
options produced for social problems did not differ be-
tween the two control groups.

Presence of the Most Effective Option

To further investigate the quality of generated options,
the most effective option was identified based on the
MTurk quality ratings for each of the five problems. We
searched each participant’s response set to the problem
scenarios for the option ranked as most effective. A prob-
lem was coded a “1” if participants included the most
effective option and a “0” if they did not. We used a
chi-square test of independence with Yates Continuity
Correction to determine if the proportion of participants
who included the best option in their response set was
significantly different between groups. A 3 (Group) X 2
(Social, nonsocial) contingency table indicated that, be-
tween groups, the difference in the proportion of individ-
uals who included the most effective option approached
significance (X%Z) = 5.373,p = .068, Cramer’s V = 0.158).
Follow-up comparisons revealed a significant difference
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between the VMF group and healthy control group (X%D =
5.386, p = .020). The VMF group was significantly less likely
to generate the best option across all problems compared
with healthy controls (Control: 84% vs. VMF: 68.3% of
problems; Figure 4A). Subsequent analyses showed that
this finding was driven by differences in options generated
to social problems, with 92.5% of healthy controls com-
pared with 66.7% of the VMF group including the most
effective option in their response set (x?l) = 5.386,p =
.008; two-tailed Fisher’s exact test, p = .014, Cramer’s
V = 0.331; Figure 4B). There was no significant difference
between the VMF and healthy control groups for the non-
social problems (Control: 78.3% vs. VMF: 69.4%; X{1) =
0.948, p = .330; two-tailed Fisher’s exact test, p = .342,
Cramer’s V = 0.099; Figure 4B).

A final set of chi-square tests of independence revealed
no significant differences between VMF group and frontal
control group in the probability of including the most
effective option to all problem scenarios (X%l) = 1.551,
p = .213, Cramer’s V = 0.117; Figure 4A) as well as social
(X%l) = 2.448, p = .118, Cramer’s V = 0.231) and non-
social (Xgl) = 0.090, p = .764, Cramer’s V = 0.036;
Figure 4B) problems when examined separately.
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Figure 4. Presence of the most effective option in the response set
generated to real-world problems. (A) Percentage of patients with
damage to the VMF compared with healthy and frontal controls who
included the most effective option in the response set generated across
all problems. (B) Percentage of the VMF group who included the most
effective option to social and nonsocial problems compared with
healthy and frontal controls. Option effectiveness was determined by
unbiased raters. Standard errors bars are shown. *p < .05.

DISCUSSION

The primary objective of this study was to test whether
VMF, a brain region implicated in multiple aspects of
complex goal-oriented behavior, is involved in the option
generation phase of open-ended real-world problem
solving. We measured the ability of three groups of
participants—patients with VMF lesions, patients with
frontal damage sparing the VMF, and healthy controls—
to generate multiple potential options to open-ended
problem scenarios. We observed that patients with VMF
lesions produced fewer valid options for these problems
than both the frontal and healthy control groups. More-
over, we found that VMF patients produced options that
were significantly less effective than either control group,
as judged by an independent sample of raters recruited
from an online testing platform. This effect was most prom-
inent for social problems; the quality of options produced
by the VMF group to nonsocial problems appeared rela-
tively spared. Taken together, these data expand upon
the established role of the VMF by suggesting that this re-
gion also contributes to the early option generation phase
of problem solving. Below we discuss potential processing
contributions of the VMF to this phase.

VMF and Option Generation

The majority of the studies examining how VMF damage
affects higher-order cognitive tasks (i.e., decision-making
and problem solving) have reported deficits in evaluation
and choice behavior when options are externally provided
(for reviews, see, e.g., Fellows, 2011; Zald & Andreotti,
2010; Channon, 2004). In the decision-making literature,
this deficit is often explained using an economic frame-
work, wherein VMF lesions result in errors in computing
the subjective value of presented options (e.g., Camille
et al., 2011). Applying this framework to option genera-
tion during open-ended problem solving, it may be that
the VMF is important for accurately assigning and inte-
grating the value of different options as they come to
mind, a process that is disrupted following damage to this
region. In other words, when the VMF is compromised,
potentially effective options may be discarded (i.e., not
generated) before conscious deliberation and choice. Fur-
thermore, because the influence of evaluation and option
generation is likely bidirectional (Fellows, 2011), over- or
undervaluing certain options could lead to prematurely
terminating option generation before the most appropri-
ate option is produced.

Another possibility is that the VMF contributes to op-
tion generation by retrieving schemas related to a given
problem (i.e., thinking about a familiar life script or sce-
nario), thereby guiding the mental search for potential
options and allowing an individual to appropriately inte-
grate relevant past information with a current context or
scenario (Spalding, Jones, Duff, Tranel, & Warren, 2015;
Ghosh et al., 2014). Along these lines, prior research has

Peters, Fellows, and Sheldon 997


http://www.mitpressjournals.org/action/showImage?doi=10.1162/jocn_a_01088&iName=master.img-003.jpg&w=228&h=267

specifically implicated VMF in strategic search processes
and response monitoring during a variety of tasks (Eggen
et al., 2015; Ghosh et al., 2014; van Kesteren, Ferndndez,
Norris, & Hermans, 2010; Zeithamova & Preston, 2010;
Kumaran, Summerfield, Hassabis, & Maguire, 2009;
Moscovitch & Melo, 1997). Other work has noted that the
VMF is functionally connected to brain regions important
for schematic knowledge processing (e.g., the dorsal medial
pFC and parahippocampal cortex), and these connections
are stronger when individuals are prompted to think of
familiar (i.e., more schematic) as compared with novel sce-
narios (Benoit, Szpunar, & Schacter, 2014). It follows that if
VMF lesions result in defective schema-driven strategic
search processes, this would effectively reduce the number
of options generated by limiting access to relevant informa-
tion and/or related past events.

Although the VMF likely supports knowledge recruit-
ment and evaluation during option generation, it still re-
mains to be determined if this support is contingent on
the type of representation being retrieved. Our findings
indicate this may be case. Specifically, we found that the
deficit in option generation following VMF lesion was
most pronounced for social problems, particularly with
respect to option quality. One possibility is that this rep-
resents a more generalized deficit in processing social or
self-based information following lesions affecting the
VMF (Xia, Stolle, Gidengil, & Fellows, 2015; Anderson,
Damasio, Tranel, & Damasio, 2000). In line with this view
are studies implicating the VMF in tasks such as theory of
mind (Leopoldetal., 2012; Gallagher & Frith, 2003) and those
recruiting self-referential processing or “self-awareness”
(Beer et al., 2006; Mitchell, Banaji, & MacRae, 2005). Alter-
natively, the pronounced deficits in social option genera-
tion observed in the VMF group could be a function of
the nature of the problem representation. Social problems
are generally thought of as more ambiguous than nonsocial
problems (Vandermorris et al., 2013; Sheldon et al., 2011),
and the ability to generate appropriate options is likely
heavily influenced by the background knowledge and goals
of the problem solver (Channon, 2004). As a result, associa-
tive processes, directed by VMF-dependent schematic
frameworks (discussed above), would be especially impor-
tant for drawing links between prior experiences during the
construction of options in ambiguous social scenarios
(Sheldon et al., 2011, 2015). However, social and nonsocial
problems may differ on other dimensions, such as difficulty
or novelty, which could have led to this pattern of results. A
more rigorous examination of the differential contributions
of the VMF to such distinct forms of problem solving is a
fruitful area of future research.

A final possibility to consider is that the reported re-
sults stem from generalized deficits in cognitive flexibili-
ty. This can be operationalized as the ability to generate
novel, unconventional responses, shift between generated
thoughts, and/or adjust behavior in response to feedback
and can be impaired after frontal lobe damage (Eslinger
& Grattan, 1993). Cognitive flexibility captures several
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specific processes, with both VMF and more dorsal frontal
regions involved. The present experiment was not de-
signed to address this perspective. However, the fact that
we observed a specific effect of VMF damage and that the
VMF group seemed to have particular impairment in social
problems argues against a generic flexibility account.

Limitations and Future Directions

This study represents an important first step in providing
direct evidence for the involvement of the VMF in the op-
tion generation phase of problem solving. However, as
with any study, there are limitations. First, the VMF is
not an anatomically or functionally homogenous struc-
ture, and frontal lesions in humans are rarely confined
to distinct subregions. The data presented here cannot
disentangle differential ventromedial pFC and OFC con-
tributions or the effect of white matter disconnection to
open-ended problem solving. In fact, several groups have
reported distinct contributions of specific subregions of
the macaque OFC to goal-directed behaviors (e.g.,
Rudebeck & Murray, 2011; Noonan et al., 2010), high-
lighting the need for converging methods to provide
more anatomical specificity. Second, although typical
for studies of this nature, sample sizes for both VMF le-
sion and frontal controls were small and, as such, replica-
tion is desirable to strengthen confidence in the current
findings. Third, both years of education and estimates of
IQ were slightly lower for the VMF lesion group. Al-
though these differences were not statistically different
and the main findings were robust when education was
included as a covariate, the possibility exists that educa-
tion and IQ effects could be influencing results. That said,
it is reassuring that studies in healthy subjects have found
that small differences in years of education beyond high
school do not influence everyday problem-solving ability
(Burton et al., 2006; Cornelius & Caspi, 1987). Lastly, al-
though we had a priori hypotheses about social versus
nonsocial problem solving that were supported by the
current findings, the mechanisms by which the VMF con-
tributes to option generation in social problem solving re-
main to be clarified. Furthermore, our hypotheses were
tested using five problems, only two of which were con-
sidered social in nature, making this distinction tentative
and in need of further study. More generally, additional
work is needed to specify the mechanistic contribution
of the VMF to option generation. Such work should aim
to reconcile value, strategic search, and schema-related
perspectives on the processes supported by this region.
Another future direction of research is to situate VMF
contributions to open-ended problem solving in relation
to the contribution of other brain regions. Prior research
has shown that medial-temporal lobe structures, particu-
larly the hippocampus, are critical for elaborating upon
chosen solutions to open-ended problems (Sheldon
et al., 2011, 2015; Vandermorris et al., 2013). Given that
the VMF and the medial-temporal lobe are interconnected
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and that both are integral regions in the default mode net-
work, a collection of brain regions active during a number
of internally directed thought processes (Schacter et al.,
2012; Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner,
2010; Addis, Wong, & Schacter, 2007), we suggest that
reciprocal interactions between these structures support
disparate problem-solving processes. On the basis of past
work and the current study, we hypothesize that the VMF
is important for evaluating and choosing outcomes to
open-ended problems whereas hippocampal-dependent
processes are important for supplementing a chosen solu-
tion with detail, thereby facilitating the rich mental construc-
tion of a potential outcome. Interestingly, damage to the
VMF has been shown to cause dramatic deficits in some
hippocampally dependent tasks, such as episodic re-
membering and future imagining, but the mechanisms
underlying these deficits remain to be established (Bertossi,
Tesini, Cappelli, & Ciaramelli, 2016; Fellows & Farah, 2005).

Conclusions

Option generation is an important stage in open-ended
real-world problem solving, but little is known about its
neural substrates. Understanding how high-quality op-
tions are generated can clarify how we approach ambig-
uous scenarios in the real world. The quality of the
decision made hinges critically on the quality of options
considered, making the option generation process po-
tentially “rate limiting” in real-world decision-making.
The current study demonstrates a necessary role of the
VMF in the number and quality of options generated
for open-ended real-world problems. These findings
may provide a conceptual link between value-based and
schema- or model-based views of VMF function.

Reprint requests should be sent to Signy Sheldon, Department of
Psychology, McGill University, Stewart Biology Building, 1205 Dr.
Penfield Avenue, Montreal, QC, Canada, H3A 1Bl1, or via e-mail:
signy.sheldon@mcgill.ca.
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