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a b s t r a c t

One paradigmatic example of “irrational” bias in human economic decision-making—known as the
“reflection effect”—is a tendency to prefer sure amounts over risky gambles in situations involving po-
tential gain, but to prefer risky gambles over sure amounts in situations involving potential loss. To date,
there is no causal evidence regarding the neural basis of the reflection effect. The ventromedial prefrontal
cortex (vmPFC) is believed to play a critical role in mediating value-based decision-making. In this study,
we administered a behavioral test of the reflection effect to three groups of subjects: neurosurgical
patients with focal bilateral vmPFC lesions, neurosurgical patients with lesions outside vmPFC, and
neurologically healthy adults. Subjects made a series of choices between a sure amount (e.g., gain of $50)
and a gamble (e.g., 50% chance of gaining $100, 50% chance of gaining $0). Half the trials featured po-
tential gains while the other half featured potential losses. The sure amounts varied across trials. Relative
to the two comparison groups, the vmPFC lesion patients exhibited a significantly greater reflection
effect; more gambles selected in the loss condition and fewer gambles selected in the gain condition. This
finding demonstrates a critical role for vmPFC in governing susceptibility to bias in decision-making.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Human decision-making is susceptible to influence by a num-
ber of cognitive and affective biases that yield systematic deviation
from the ostensibly rational (i.e., financially optimal) choice. The
“reflection effect” is a classic example of such bias (Kahneman and
Tversky, 1979; Tversky and Kahneman, 1981). In this paradigm,
which features a choice between a sure outcome and a risky
gamble, individuals are more likely to gamble when the choices
are prospective losses, as compared to when mathematically
equivalent choices are prospective gains.1 This pattern of choices
violates “expected utility” models of decision-making and de-
monstrates that economic prospects are evaluated differently
when conceived as gains versus losses. The reflection effect has
been invoked to explain real-world choices deviating from ex-
pected utility, as commonly observed in casino gambling, financial
investing, and insurance markets (Camerer, 2001). Identifying the
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brain regions responsible for the reflection effect would thus help
illuminate the neuropsychological mechanisms governing pivotal
aspects of human choice behavior. Although functional imaging
studies have correlated activity in certain brain areas with the
degree of rationality across individuals, there has not yet been any
demonstration that a particular brain region plays a causal role in
mediating the reflection effect. In this study, we investigate this
causal brain–behavior relationship through the study of neurolo-
gical lesion patients. To test this prediction, we administered a
behavioral test of the reflection effect to a sample of neurosurgical
patients with focal, bilateral vmPFC lesions.
2. Materials and methods

2.1. Participants

The target lesion group consisted of five neurosurgical patients with extensive
bilateral parenchymal changes, largely confined to the vmPFC, where vmPFC is
defined as Brodmann areas 11, 25, 32, and the medial portion of 10 below the level
of the genu of the corpus callosum (Mackey and Petrides, 2014) (Fig. 1). All five
patients had large anterior cranial fossa meningiomas with vasogenic edema. Their
clinical presentations were subtle or obvious personality changes over at least
several months preceding surgery. Each patient underwent gross total tumor re-
section without any intraoperative or postoperative complications. On post-surgical
MRI, although vasogenic edema largely resolved, there were persistent
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Fig. 1. Lesion overlap of vmPFC patients. Color indicates the number of overlapping
lesions at each voxel. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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circumscribed bilateral vmPFC lesions in each patient.
Five neurosurgical patients who had focal lesions outside of vmPFC comprised

a brain-damaged comparison (BDC) group, which included n¼2 patients who had
undergone tumor resections and n¼3 patients who had undergone surgery for
aneurysm clipping following subarachnoid hemorrhage. Lesions in the BDC group
involved anterior and lateral temporal cortex (n¼3) and dorsal frontal cortex
(n¼2). All vmPFC and BDC patients' neurosurgeries were performed in adulthood,
and all experimental data were collected at least three months after surgery, during
the chronic phase of recovery (vmPFC range: 31.9–74.8 months). The inclusion of
these BDC patients allowed us to rule out the possibility that the pattern of choices
observed in the vmPFC lesion group could be due to anatomically non-specific
effects of brain damage or history of related medical issues (e.g., craniotomy,
edema, seizure, past medications, etc.). At the time of testing, one BDC patient and
two vmPFC lesion patients were on psychoactive medications (one vmPFC patient
on SSRI, one vmPFC patient and one BDC patient on anti-seizure medication). All
neurosurgical patients (vmPFC and BDC) were recruited through a patient registry
established by Drs. Koenigs and Baskaya through the University of Wisconsin De-
partment of Neurological Surgery.

Thirty neurologically healthy adults also participated as a normal comparison
(NC) group. NC participants had no history of brain injury, neurological or psy-
chiatric illness, or current use of psychoactive medication. NC participants were
between the ages of 54 and 70, matched to the ages of the lesion groups (see Ta-
ble 1 for group demographic and neuropsychological data). NC participants were
recruited through community advertisement. All participants had normal or cor-
rected to normal vision.

2.2. Lesion segmentation and image normalization

vmPFC Patients' lesions were visually identified and manually segmented on a
high-resolution (1 mm3) T1-weighted anatomical MRI image. Lesion boundaries
were drawn to include areas with evidence of gross tissue damage or abnormal
signal characteristics. A T2*-weighted FLAIR anatomical image was used to identify
additional damage surrounding the core lesion area not apparent on the T1-
weighted image (tissue with signal characteristics differing from healthy gray or
white matter, e.g., hyperintensity). All structural MRI data were obtained at least
three months after surgery (range: 13.6–55.5 months). T1-weighted anatomical
images were preprocessed with AFNI (Cox, 1996) to remove non-brain tissue. The
resulting skull-stripped anatomical images were diffeomorphically aligned to the
Table 1
Demographic and neuropsychological data.

Group Age Sex Edu WRAT Read

vmPFC (n¼5) 59.8 (5.2) 3 M 15.6 (3.6) 105.2 (11.2
2 F

BDC (n¼5) 60.0 (7.0) 3 M 14.8 (1.8) 101.2* (8.1)
2 F

NC (n¼30) 62.0 (4.1) 17 M 17.1 (2.6) 112.5 (6.0)
13 F

Age¼age of participant at time of testing; Edu¼years of education completed; WRAT R
score on the WRAT Blue Arithmetic subtest (for both WRAT tests, standardized mean¼
Arithmetic¼scaled score on the WAIS arithmetic subtest (for both WAIS tests, stand
parentheses.

* Significant difference from NC group (po0.05). All subjects scored in the “average
Montreal Neurological Institute (MNI) coordinate system using a Symmetric Nor-
malization algorithm (Avants and Gee, 2004) with constrained cost-function
masking to prevent warping of tissue within the lesion mask (Brett et al., 2001). A
lesion overlap map (Fig. 1) was created by computing the sum of lesion masks for
all subjects in MNI space.

2.3. Decision-making task

Participants performed a financial decision-making test adapted from original
tests of Prospect Theory (Kahneman and Tversky, 1979; Tversky and Kahneman,
1981) (Fig. 2a). At the beginning of each trial, participants saw a fixation cross (þ)
in the center of the screen for two seconds followed by the question “Which would
you prefer?”. Underneath this question, two hypothetical options were presented: a
sure option and a gamble. Sure options ranged from gains or losses of $5 to $95, in
increments of $5. Each sure value was presented twice for both the gain and loss
conditions, for a total of 76 trials. The sure value was presented next to a gamble for
a 50% chance to win or lose $100, depending on the condition (i.e., sure gains
presented alongside a gamble to win $0 or $100 and sure losses presented
alongside a gamble to lose $0 or $100). To ensure that all participants understood
the task structure and the stakes of the gambles, practice trials involving the $5 and
$95 sure values were presented for each gain/loss condition for a total of four
practice trials. Participants were instructed to press the left or right arrow keys to
choose one of the two options and to treat each trial independently of the other
trials. There was no limit on decision time. Participants did not see feedback of their
gains and losses following their choice. Trial presentation was pseudorandomized
such that all participants saw the same randomized trial order. The position of the
sure option (left or right side of screen) was counterbalanced across trials.

2.4. Supplementary cognitive tasks

All vmPFC patients completed several tests to ensure intact basic elements of
cognitive function germane to the demands of the decision-making task. vmPFC
patients completed the Wechsler Adult Intelligence Scale-IV (WAIS) Working
Memory Index (Wechsler, 2008), which consists of Digit Span and Arithmetic
subtests to measure attention, concentration, mental control, and concentration
while performing math problems. All participants completed the Wide Range
Achievement Test (WRAT) 4 blue arithmetic test (Wilkinson and Robertson, 2006),
a measure of basic arithmetic abilities. All vmPFC patients exhibited normal per-
formance on each of these tests (Table 1).

2.5. Statistical analysis

We performed non-parametric statistical tests because of the small sample
sizes of vmPFC lesion patients (n¼5) and BDC patients (n¼5) using SPSS. We used
a two-tailed Wilcoxon signed-rank test for paired data to compare the proportion
of gambles selected for the loss condition as compared to the gain condition, within
each group. For between-group analyses we used a two-tailed Kruskal–Wallis test
along with two-tailed Mann–Whitney U tests for pairwise comparisons. Because
these tests collapse across all sure amount values, they are extremely conservative
estimates of our within- and between-group reflection effects. We therefore also
ran a mixed effects logistic regression using the R statistical package (https://www.
R-project.org) that allowed us to test for an overall interaction of group (vmPFC, NC,
BDC) and condition (gain, loss), controlling for the effect of different levels of sure
value (e.g., $5–$95), with respect to the subject's preference for the gamble versus
the sure option.
ing WRAT Arithmetic WAIS Digit Span WAIS Arithmetic

) 92.6* (10.4) 13.0 (3.2) 9.6 (2.9)

100.4 (5.6) N/A N/A

106.0 (9.8) N/A N/A

eading¼scaled score on the WRAT Blue Reading subtest; WRAT Arithmetic¼scaled
100, SD¼15); WAIS Digit Span¼scaled score on the WAIS digit span subtest; WAIS
ardized mean¼10, SD¼3). For test data, group means are presented with SD in

” range or better on all WRAT and WAIS tests.

https://www.R-project.org
https://www.R-project.org


Fig. 2. Example trials and summary data. (A) Examples of trials from the loss condition (top panel) and gain condition (bottom panel). In both examples, the difference
between the gamble and the sure option is mathematically equivalent. The reflection effect is demonstrated by a greater likelihood to choose the gamble in the loss condition
than in the gain condition. (B) Comparison of gamble frequency for the loss condition and gain condition, for each group. Error bars indicate standard error. The bar graph
inset shows the difference in gamble frequency between the loss and gain conditions for each group. *Po0.05. (C) Each vertical bar represents the magnitude of reflection
effect for an individual subject.
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3. Results

As expected, the NC subjects exhibited a significant difference
between conditions (reflection effect), selecting the gamble more
frequently overall in the loss condition (61.0%; SD: 15.5%) than in
the gain condition (30.3%; SD: 17.5%) (Wilcoxon Z¼�4.64,
P¼3�10�6) (Fig. 2b). As the key test of the study hypothesis, we
compared the strength of the reflection effect (i.e., the difference
between the proportion of trials gambled in the loss condition and
the gain condition) between groups. Collapsing across all trials
within each condition, the vmPFC patients (69.5% gamble fre-
quency in loss condition; SD: 10.6%, 15.8% gamble frequency in
gain condition; SD: 10.9%) exhibited a significantly stronger re-
flection effect than NC subjects (Mann–Whitney U¼29.50,
P¼0.032) (Fig. 2b and c). This enhanced reflection effect cannot be
attributed to non-specific effects of brain damage, as the BDC
group exhibited a similar magnitude reflection effect to the NC
group (59.5% gamble frequency in loss condition; SD: 12.6%, 36.8%
gamble frequency in gain condition; SD: 16.4%) (Mann–Whitney
U¼57.50, P¼0.41), but a smaller reflection effect than the vmPFC
group (Mann–Whitney U¼3.0, P¼0.05). Nor can the group dif-
ferences in the reflection effect be attributed to overall differences
in gambling rates (Kruskal–Wallis χ2¼0.61, P¼0.74) or reaction
times (Kruskal–Wallis χ2¼1.77, P¼0.41).

We confirmed the significant group difference in reflection
effect using a mixed effects logistic regression that accounted for
variable non-independent choices across the different levels of
sure values and group differences in standardized WRAT ar-
ithmetic scores (Fig. 3). This analysis demonstrated a significant
overall group by condition interaction (χ2¼31.22, P¼1.66�10�7),
which held for specific comparisons between the NC and vmPFC
groups (Z¼3.28, P¼8.00�10�7) as well as between the BDC and
vmPFC groups (Z¼4.83, P¼1.02�10�6).

We conducted post-hoc Mann–Whitney U and logistic regres-
sion analyses to examine choices for the gain and loss conditions
separately. Between the NC and vmPFC groups, there was no sig-
nificant difference in gambling for the loss condition (Mann–
Whitney U¼41.5, P¼0.11; logistic regression: Z¼�1.01, P¼0.78)
but a trending significant difference for the gain condition (Mann–
Whitney U¼36.5, P¼0.07; logistic regression: Z¼2.26, P¼0.11).
Between the BDC and vmPFC group, there was no significant dif-
ference in gambling for the loss condition (Mann–Whitney U¼7.0,
P¼0.25; logistic regression: Z¼1.34, P¼0.73) but a significant
difference for the gain condition (Mann–Whitney U¼3.5, P¼0.06;
logistic regression: Z¼�3.49, P¼0.03). Between the NC and BDC
groups, there was no difference in gambling for the loss condition
(Mann–Whitney U¼70.5, P¼0.83; logistic regression: Z¼0.32,
P¼0.99) or for the gain condition (Mann–Whitney U¼63.0,
P¼0.57; logistic regression: Z¼�1.22, P¼0.76).

To examine the vmPFC patients' pattern of choices in relation to
“rational” choice, we calculated the average cumulative hypothe-
tical earnings for each group across all trials. For this calculation
we used the expected value of the gamble for any trial in which
the gamble was selected (i.e., the product of the potential outcome



Fig. 3. Reflection effect data for each sure option amount within each group. Each
data point represents the overall proportion of selected gambles for each condition,
for a given sure value amount. The x-axis indicates the sure value amounts (each
column represents mathematically equivalent choices as either gains or losses). The
lines represent the smoothed estimated probability of gambling for each condition,
corresponding to the logistic regression analysis.

Fig. 4. Reaction time data for each sure option amount within each group. Each
data point represents the average reaction time for each condition, for a given sure
value amount. The x-axis indicates the sure value amounts (each column re-
presents mathematically equivalent choices as either gains or losses). The lines
represent the smoothed estimated reaction time for each condition, corresponding
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and the probability of that outcome; $50 for the gain condition or
�$50 for the loss condition). A purely “rational” actor who always
selects the greater (or less negative) option between the expected
value of the gamble and the sure amount would finish this task
with a net balance of $900. The average hypothetical ending bal-
ance for the vmPFC group ($480, SD: $190.53) trended toward a
significantly lower value than the NC group ($638.50, SD: $207.49;
Mann–Whitney U¼37.5, P¼0.08) and the BDC group ($718.00, SD:
$125.62; Mann–Whitney U¼4.0, P¼0.10). There was no significant
difference between the NC and BDC groups (Mann–Whitney
U¼64.5, P¼0.63).

To further examine the choice behavior of each group, we
calculated the sure value amounts at which the choice probability
for each group was equal to 0.5. These values serve as an index of
to the logistic regression analysis.
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subjective equality (indifference) between the sure and gamble
options. In the gain condition, the indifference point for the vmPFC
lesion group ($8.25) was lower than either comparison group (NC:
$27.73; BDC: $38.30), consistent with the selection of fewer
gambles. In the loss condition, the indifference point for the
vmPFC lesion group was less negative (�$29.60) than either
comparison group (NC: �$38.31; BDC: �$41.08), consistent with
the selection of more gambles.

Finally, we found no significant group by condition interaction
for reaction times (χ2¼2.25, p¼0.32;Fig. 4).
4. Discussion

The difference in risk-taking for prospective gains relative to
losses is one of the seminal demonstrations of irrational bias in
human decision-making. This study is the first to identify a brain
region that plays a causal role in moderating this effect. Further-
more, this study provides novel evidence regarding the function of
vmPFC, which is a key node in the brain network underlying va-
lue-based decision-making. Human functional imaging research
has shown that, across a wide variety of experimental stimuli,
tasks, and outcomes, vmPFC activity is commonly linked to reward
and subjective value (Knutson et al., 2003; Grabenhorst and Rolls,
2011; Liu et al., 2011; Levy and Glimcher, 2012). Moreover, vmPFC
damage has been associated with impairments in real-world de-
cision-making (Blumer and Benson, 1975; Eslinger and Damasio,
1985; Barrash et al., 2000), as well as in laboratory paradigms
involving risky gambles (Bechara et al., 1997; Camille et al., 2004),
moral judgment (Ciaramelli et al., 2007; Koenigs et al., 2007;
Young et al., 2010), probabilistic reinforcement learning (Fellows
and Farah, 2003; Wheeler and Fellows, 2008), economic exchange
(Koenigs and Tranel, 2007; Krajbich et al., 2009), and simple bin-
ary item preference (Henri-Bhargava et al., 2012). Despite the
well-established role for vmPFC in value-based decision-making,
the specific cognitive and affective functions subserved by this
brain area are still a matter of debate and inquiry.

The reflection effect can be interpreted in terms of a dual-
process model of decision-making, where one process is intuitive,
affective, fast, heuristic, and automatic, whereas the other process
is deliberative, effortful, slow, analytical, and based on conscious
reasoning (Kahneman, 2003). It is assumed that the reflection ef-
fect is based on a relative predominance of the former process
over the latter. Previous studies have suggested that vmPFC
mediates the intuitive/affective contribution to value-based deci-
sion-making (Damasio, 1996; Bechara et al., 1997; Greene, 2007;
Koenigs et al., 2007). The present results challenge this inter-
pretation, as damage to the vmPFC resulted in a putatively less
rational pattern of choices. It is important to note that the vmPFC
patients’ choices were not simply more erratic or less consistent,
as has been shown in simple preference studies (Fellows and
Farah, 2007; Henri-Bhargava et al., 2012). As can be seen in Fig. 3,
the vmPFC patients exhibited choice functions (proportions of
trials gambled across different sure amounts) that were at least as
“smooth” or consistent as the choice functions of the NC and BDC
groups, in that the proportion of gambles for a given sure gain
amount was almost always greater than or equal to the proportion
of gambles for smaller sure gain amounts, and almost always less
than or equal to the proportion of gambles for larger sure gain
amounts (and vice versa for sure loss amounts). Nor were vmPFC
patients simply more apt to gamble, regardless of condition. Ra-
ther, the vmPFC patients evinced a systematically enhanced re-
flection effect, indicating a more complicated, multi-faceted role
for vmPFC in decision-making.

One possibility is that vmPFC plays a critical role in triggering
emotional responses to imagined, hypothetical gambles. It has
been proposed that affective responses to hypothetical outcomes
are critical input during value-based decision-making (Damasio,
1996; Bechara et al., 1997). For example, imagining winning
money in a gamble could engender a positive emotional response
(thereby making the gamble an attractive option), whereas ima-
gining losing money in a gamble could engender a negative
emotional response (thereby making the gamble an unattractive
option). A previous study found that vmPFC patients were emo-
tionally insensitive (in terms of subjective ratings and skin con-
ductance responses) to the results of hypothetical gambles that
they could have (but did not) engage in (Camille et al., 2004). If the
vmPFC patients in the present study were similarly insensitive to
the hypothetical outcomes of the gamble options, then their
choice behavior would be driven predominantly by their reactions
to the sure options. The vmPFC patients would exhibit reduced
attraction to the potential gamble gains relative to the sure gains
(i.e., fewer gambles chosen in the gain condition) and reduced
aversion to the potential gamble losses relative to the sure losses
(i.e., more gambles chosen in the loss condition)—in other words,
an abnormally large reflection effect. We therefore see our results
as consistent with the general idea that vmPFC contributes to
value-based decision-making by triggering affective responses to
hypothetical risks and rewards (Bechara et al., 2003). However, it
should be noted that all options in the task (sure amounts and
gambles) were hypothetical, so this interpretation presumes that
the gamble options require one to compare and contrast multiple
uncertain hypothetical outcomes in a way that the sure options do
not. Future studies that compare responses for real, immediate
gains/losses as opposed to hypothetical or distant gains/losses
could more definitively test this interpretation.

The paradigm used in this study to examine the reflection ef-
fect is similar, conceptually and methodologically, to paradigms
used to examine the framing effect. The framing effect and re-
flection effect were two key initial pillars of empirical support for
prospect theory. Both paradigms involve a series of choices be-
tween a sure amount and a risky gamble; the main difference is
that framing effects refer to a choice between options that have
mathematically equivalent outcomes, but are framed differently
(i.e., highlighting what may be lost in a particular transaction in-
stead of what may be gained, or vice versa), whereas reflection
effects refer to choices in conditions of potential gain versus po-
tential loss. Regardless of this difference, both paradigms have
shown that normal individuals are more likely to gamble when
considering prospective losses as compared to prospective gains.
Consistent with our results, a previous neuroimaging study of the
framing effect in healthy individuals showed that vmPFC activity
correlated with the “rational” choice (i.e., lower levels of vmPFC
activity were associated with larger framing effects) (De Martino
et al., 2006).

One feature of the study design that warrants further discus-
sion is the limited sample size of vmPFC lesion patients (n¼5). For
this study, we employed stringent selection criteria for our target
group; lesions had to involve substantial portions of vmPFC bi-
laterally, but could not extend significantly outside vmPFC. This
patient selection strategy is distinct from typical vmPFC lesion
studies, which often include patients with lesions that are ex-
clusively or primarily unilateral and/or lesions that extend beyond
the boundaries of vmPFC (e.g., into adjacent dorsomedial PFC,
lateral PFC, or anterior temporal lobe). Limiting the vmPFC lesion
patient group to these more stringent criteria increases lesion
homogeneity and reduces the likelihood of preservation of func-
tion by a single hemisphere. We believe the uniformity of lesion
characteristics in this vmPFC patient sample likely contributes to
the remarkable consistency of the individual results. As can be
seen in Fig. 2c, the reflection effects for each vmPFC patient were
similar to one another, and all well above the median of each
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comparison group (medianNC¼0.26, medianBDC¼0.18; rangevmPFC

¼0.34–0.71). These results provide novel insight into the neu-
ropsychological mechanisms that instill irrational bias in human
decision-making.
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