
Cerebral Cortex, November 2018;28: 3857–3867

doi: 10.1093/cercor/bhx246
Advance Access Publication Date: 23 October 2017
Original Article

O R I G I NA L ART I C L E

Ventromedial Frontal Lobe Damage Alters how
Specific Attributes are Weighed in Subjective
Valuation
Avinash R. Vaidya1,2, Marcus Sefranek1 and Lesley K. Fellows1

1Montreal Neurological Institute, Department of Neurology & Neurosurgery, McGill University, 3801 University
St., Montreal, QC H3A 2B4, Canada and 2Brown University, Department of Cognitive, Linguistic and
Psychological Sciences, 190 Thayer St, Providence, RI 02912, USA

Address correspondence to Avinash R. Vaidya, Brown University, Department of Cognitive, Linguistic and Psychological Sciences, 190 Thayer St,
Providence, RI 02912, USA. Email: avinash_vaidya@brown.edu

Abstract
The concept of subjective value is central to current neurobiological views of economic decision-making. Much of this work
has focused on signals in the ventromedial frontal lobe (VMF) that correlate with the subjective value of a variety of stimuli
(e.g., food, monetary gambles), and are thought to support decision-making. However, the neural processes involved in
assessing and integrating value information from the attributes of such complex options remain to be defined. Here, we
tested the necessary role of VMF in weighting attributes of naturalistic stimuli during value judgments. We asked how
distinct attributes of visual artworks influenced the subjective value ratings of subjects with VMF damage, compared to
healthy participants and a frontal lobe damaged control group. Subjects with VMF damage were less influenced by the
energy (emotion, complexity) and color radiance (warmth, saturation) of the artwork, while they were similar to control
groups in considering saliency, balance and concreteness. These dissociations argue that VMF is critical for allowing certain
affective content to influence subjective value, while sparing the influence of perceptual or representational information.
These distinctions are important for better defining the often-underspecified concept of subjective value and developing
more detailed models of the brain mechanisms underlying decision behavior.
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Introduction
Whether a fresh apple or a favorite painting, the things we
enjoy in daily life come in the form of complex experiences
with multiple, distinct attributes. Even apparently simple deci-
sions, such as between an apple and an orange, require inte-
grating expectations of multiple sensory features (crisp acidity,
juicy sweetness) as well as considerations of cost, health, and
so on. How this type of information is weighed and integrated
shapes individual preferences, in turn affecting behavior. For
example, successful dieters give greater emphasis to health
attributes of foods (Hare et al. 2009), and attention to the

arousing properties of rewards increases impulsive behavior
(Mischel et al. 1989).

Economic models propose that decision-making is guided by a
common currency representation of subjective value, allowing dis-
parate options to be judged and compared. Neuroscientists have
sought evidence for such value representations in the brain (Kable
and Glimcher 2009). A number of studies have shown that activity
in the ventromedial frontal lobe (VMF), encompassing ventrome-
dial prefrontal (vmPFC) and orbitofrontal cortex (OFC), reflects
the subjective value of diverse options ranging from sips of water
to attractive faces (Bartra et al. 2013; Clithero and Rangel 2014),
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and can predict choice behavior (Tusche et al. 2010; Brown et al.
2011; Levy et al. 2011). These findings support the hypothesis
that this area represents value in a common currency, enabling
choices that are consistent with subjective preferences (Padoa-
Schioppa and Cai 2011; Levy and Glimcher 2012).

However, this view of VMF as central to subjective value
representation is not fully consistent with evidence from lesion
studies. People with VMF damage make value-based choices that
are somewhat internally inconsistent, though these effects are
relatively subtle, and the underlying mechanism is unclear
(Fellows and Farah 2007; Camille et al. 2011; Henri-Bhargava et al.
2012). In a recent study of the effects of frontal lobe damage on
value-based judgment and choice, we found that subjects with
VMF damage provided consistent value ratings for artwork over
the course of the experiment, and made choices between artworks
that were consistent with these ratings. However, the correlation
between the value ratings of the VMF and the healthy control
group was lower than those between controls and other groups
with frontal lobe damage (Vaidya and Fellows 2015). These results
argue that VMF is not critical for forming a subjective value esti-
mate for these naturalistic stimuli in a general sense, but may
affect what stimuli are considered valuable. Taken with other sim-
ilar findings (Xia et al. 2015), we hypothesized that VMF damage
alters the information used to arrive at a value judgment: that is,
we propose that there are dissociable components of subjective
value, only some of which rely critically on VMF.

Here we tested whether VMF damage alters the attributes that
are drawn upon to construct a value judgment for complex stimu-
li. We first characterized potentially value-predictive attributes of
the artwork stimuli from our original experiment. We then exam-
ined the extent to which the value ratings of healthy controls,
subjects with VMF damage and frontal lobe damaged controls
correlated with these underlying attributes, asking if the weights
given to these attributes differed systematically between groups.

Materials and Methods
Subjects

Detailed information regarding the frontal lobe damaged subjects
and healthy, demographically matched control subjects who par-
ticipated in this study has been reported previously in Vaidya and
Fellows (2015). Briefly, subjects with focal lesions involving the
frontal lobes (N = 33) were recruited from the Cognitive
Neuroscience Research Registry at McGill University (Fellows et al.
2008). They were eligible if they had a fixed lesion primarily affect-
ing the frontal lobes, and were classified into groups based on the
location of damage by a neurologist who was blind to task perfor-
mance. The groupings followed broad divisions of this region
often used in neuropsychological studies of frontal damage (Stuss
et al. 2005). The VMF group consisted of subjects with damage
near the medial wall of the frontal lobe beneath the genu of the
corpus callosum, including medial and central OFC, frontal polar

cortex, and rostral cingulate cortex, consistent with past work
using this definition (Stuss and Levine 2002; Fellows 2007). The
hypothesized region-of-interest here was the VMF. Patients with
frontal lobe damage sparing VMF were thus assigned to a single
frontal control (FC) group (N = 20). In the VMF group, there were 2
subjects with bilateral lesions, 2 with lesions of the left hemi-
sphere, and 9 with right hemisphere lesions. In the FC group there
were 4 patients with bilateral lesions, 9 with left hemisphere
lesions, and 6 with right hemisphere lesions. Lesion location and
overlap for these groups are shown in Supplementary Figure 1.
Lesion subjects were tested a minimum of 5 months after the
injury (median, 4.76 years; range: 5 months to 48 years). The VMF
and FC group were comparable in lesion volume (Table 1).

Age- and education-matched healthy control subjects (N =
27) were recruited through local advertisement in Montreal.
They were free of neurological or psychiatric disease and were
not taking any psychoactive drugs. Frontal lobe damaged groups
and healthy controls were matched for age and education. FC
and VMF groups scored higher than healthy controls in the Beck
Depression Inventory (BDI-II), but did not differ from each other
on this measure (Table 1).

All participants were asked about visual problems, and cor-
rected visual acuity was assessed with a hand-held Snellen chart
at the time of testing. Most subjects had 20/20 vision in one or
both eyes. A similar proportion of each group had visual acuity
worse than 20/20 (ranging from 20/25 to 20/70) (11 healthy control
subjects, 6 FC subjects and 5 VMF subjects; χ2 (2) = 0.74, P = 0.7).
Three subjects reported red-green color blindness (2 healthy
controls, 1 VMF). Potential effects of decreased acuity on the
relationship between attributes and value ratings were tested
in control analyses.

A separate group of 15 healthy, artistically experienced sub-
jects (10 females) were recruited to provide artwork attribute
ratings. These subjects were recruited by advertisement in the
local community. All of these artistically experienced subjects
had taken at least 2 art classes (studio art, art history, or art
theory) at a high school level, or above. These subjects com-
pleted a questionnaire created by Chatterjee et al. (2010) to
gauge art experience. Demographic information for these sub-
jects and the results of this questionnaire are provided in
Supplementary Table 1. Artistically experienced subjects had
no history of neurological or psychiatric illness and were not
using psychoactive drugs. All artistically experienced subjects
had normal or corrected to normal vision.

All subjects provided written, informed consent in accor-
dance with the Declaration of Helsinki and were paid a nominal
fee for their time. The study protocol was approved by the
McGill University Research Ethics Board.

Lesion Analysis

Individual lesions were traced from the most recent clinical
computed tomography or magnetic resonance imaging onto

Table 1 Demographic information for healthy matched controls (HC), frontal lobe damaged controls (FC), and ventromedial frontal lobe dam-
aged subjects (VMF)

Group Age (years) Sex (M/F) Education (years) BDI-II AMNART IQ a Lesion volume (cc)

HC (N = 27) 58.8 (12.9) 9/18 16.4 (3.1) 4.2 (4.9) 121 (5) —

FC (N = 20) 56.2 (10.2) 6/14 15.0 (3.8) 8.8 (4.9)* 118 (6) 23 (3–96)
VMF (N = 13) 58.8 (12.0) 5/8 15.8 (2.9) 8.2 (4.9)* 119 (6) 16 (7–77)

Values represent means with standard deviations in parentheses, except for lesion volume where the median and range are provided.
aNot all subjects were able to complete the AMNART. *P < 0.05, two-tailed t-test against healthy control scores, uncorrected.
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the standard Montreal Neurological Institute (MNI) brain using
MRIcro software (Rorden and Brett 2000) (freely available at
www.mccauslandcenter.sc.edu/mricro/) by a neurologist expe-
rienced in imaging analysis and blind to task performance.
A related software tool (MRIcron) was used to generate lesion
overlap images and estimate lesion volumes. FC lesions
were due to tumor resection in 13 cases, ischemic stroke in
5 cases, aneurysm rupture in 1 case and hemorrhagic stroke
in 1 case. Lesions affecting VMF were due to tumor resection in
9 cases, aneurysm rupture in 3 cases, and hemorrhagic stroke in
1 case.

Neuropsychological Screening

All frontal lobe damaged subjects underwent neuropsychologi-
cal screening to assess cognitive functions more generally.
These subjects completed a task that tested visual memory for
faces without explicit instructions (incidental memory) (Bower
and Karlin 1974), 2 tests of verbal fluency (Fluency-F, Animals)
(Benton et al. 1989), a test of working memory (backwards digit
span) (Lezak et al. 2012), and a test of the ability to understand
and follow one, two, and three-step verbal instructions (sen-
tence comprehension, similar to the Token Test (Derenzi and
Vignolo 1962)). Frontal lobe damaged groups were comparable
in their performance on neuropsychological screening tests
(Table 2).

Apparatus

All experimental tests were programmed using E-Prime 1.2
(Psychology Software Tools, Inc.). Stimuli were presented on a
19-inch monitor.

Value Rating Task

Frontal lobe damaged subjects and matched healthy con-
trols were asked to judge how much they wanted 175 visual
artworks, presented one at a time. The artwork was sampled
from a wide range of styles and periods, including work
from both famous and lesser-known artists. This wide range
was intended to be potentially appealing to very diverse
tastes in art. We tested the reliability of subjects’ responses
by asking them to re-rate the value of a subset of 50 art-
works after a delay with intervening tasks (mean delay =
46min, SD = 9min).

Subjects were asked to rate how much they wanted to have
each artwork on a seven-point scale from −3 to 3. On each trial,
a central fixation cross was presented for 500ms. Subjects would
then see the artwork in the center of the screen, as well as a
prompt above the artwork reading “How much do you want this
artwork?” The scale was presented below the artwork, labeled
−3 (“Not at all”), 0 (“Indifferent”), and 3 (“Very much.”) Subjects
verbally reported their rating to the experimenter, who would
then click the corresponding number using a computer mouse.

Responses were made verbally to allow for a second manual
response condition considered during pilot testing. In the end,
for simplicity, this additional manual response condition was
not included during data collection in the full study. The first
125 artworks presented to subjects in the rating task were used
to generate pairs of artwork for the choice task (see below). The
remaining 50 artworks were presented to subjects again after
the choice task in the retest phase. The order of artwork presen-
tation was randomized for every subject. This task is described
in detail in Vaidya and Fellows (2015).

Assessment of Art Attributes

The Assessment of Art Attributes is an instrument designed by
Chatterjee et al. (2010) for quantitative measurement of the
component attributes of visual artwork. Artistically experi-
enced subjects were asked to judge artworks on 6 perceptual
(balance, color saturation, color temperature, depth, complex-
ity, and stroke), and 6 conceptual-representational attributes
(abstraction, animacy, emotion, realism, objective accuracy,
and symbolism). This instrument was intended primarily to
provide a stronger empirical basis for neuropsychological stud-
ies of art production, and hence focuses on attributes thought
more likely to be affected by brain damage. Thus, this instru-
ment was well suited for the current investigation of the effects
of frontal lobe damage on the weighting of these attributes dur-
ing value judgment. While artistically experienced raters have
better insight into artwork variables, these same attributes are
detectable to healthy, artistically naïve subjects, albeit with
somewhat lower reliability (Chatterjee et al. 2010). There is
thus reason to believe that these attributes were perceptible to
healthy controls and frontal lobe damaged groups, even though
these subjects were not asked to judge artworks for these
features.

Artistically experienced subjects judged the attributes of 175
artworks from the value rating task, as well as 24 artworks
from Chatterjee et al. (2010) for the purpose of validating attri-
bute ratings. Before beginning the first block, artistically experi-
enced subjects were shown the 24 artworks from Chatterjee
et al. (2010), each displayed serially for 2500ms, to familiarize
subjects with the approximate range of artworks in the study.
In each block, artistically experienced subjects rated the entire
series of 199 artworks on a five-point scale for a single attribute,
with labels below the ends of the scale corresponding to the
current attribute (e.g., “less animate” and “more animate”). On
each trial, the artwork was preceded by a central fixation cross
for 500ms, followed by central presentation of the artwork
below a prompt asking the subjects to judge the current attri-
bute (e.g., “How animate is this artwork?”), and the rating scale.
Before each block, artistically experienced subjects were given
written instructions and 2 extreme examples for the current
attribute (not included in the 199 artworks described above), as
in Chatterjee et al. (2010). The experimenter verbally confirmed
that the artistically experienced subjects understood the

Table 2 Performance on neuropsychological screening tests for frontal lobe damaged controls (FC) and ventromedial frontal lobe damaged
subjects (VMF)

Group Incidental memory P (Correct) Fluency –animals Fluency-F Backwards digit span Sentence comprehension P (Correct)

FC (N = 20) 0.78 (0.14)a 19.5 (8.0)a 11.4 (5.1)a 2.6 (1.2)a 0.96 (0.07)a

VMF (N = 13) 0.87 (0.09)a 20.0 (3.8) 10.4 (3.9) 3.3 (1.3) 0.98 (0.06)a

Values represent means with standard deviations inparentheses.
aData missing from one patient.
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meaning of the attribute in question before the block began. A
paper copy of the training examples for the current attribute was
placed on the desk in front of the artistically experienced sub-
jects to use as a reference for their ratings throughout the block.

The experiment was separated into 2 experimental sessions,
where artistically experienced subjects rated 6 attributes in
each session (3 conceptual-representational, 3 perceptual). The
sequence of these sessions alternated between subjects.
Artistically experienced subjects took 1 h and 20min to com-
plete each session on average (range: 1–2.5 h). The order of
blocks within each session, and the order of artwork presenta-
tion within each block, were randomized.

Analysis of Artwork Attribute Ratings

Artwork attribute ratings were averaged across subjects to
obtain assessments on all 12 attributes for each artwork.
Pearson correlations were used to test if the average attribute
ratings of artistically experienced subjects in the current study
were related to the average ratings of artistically experienced
subjects in Chatterjee et al. (2010) for 24 artworks used in both
studies. Inter-rater reliability was assessed through pairwise
Pearson correlations between individual artistically experi-
enced subjects’ attribute ratings and the average ratings of the
rest of the group with that subject removed.

Pearson correlations were used to test for relationships
between attributes for the main set of 175 artworks. As there
were high correlations between several of these attributes, a
principal components analysis (PCA) was used to reduce these
attributes to components that captured a large proportion of
the variance (www.R-project.org). An initial parallel analysis
indicated that the 12 artwork attributes could be reduced to 3
principal components, capturing 70% of the variance. However,
the attribute “balance” was not strongly correlated with other
attributes and had low communality with these components
(0.36). After removing this attribute, 75% of the variance in the
remaining attributes was captured by 3 components.

Saliency Analysis

In addition to the Assessment of Art Attributes, we tested if value
ratings were related to the visual saliency of artwork perceptual
features. Saliency ratings for each artwork were calculated using
the SaliencyToolbox, an open-access Matlab (Mathworks) toolbox
(Walther and Koch 2006). The sum of these saliency maps was
calculated and this value was corrected for the area of the image.
A detailed description of this procedure is provided in Vaidya
and Fellows (2015). Artwork saliency values were converted to
z-scores for the purpose of analysis here.

Characteristics of Value Ratings

We tested for differences in the distribution and intragroup
consistency of value ratings for the 175 artworks. The mean
and standard deviation of value ratings for each subject were
calculated, and groups were compared on these measures with
one-way ANOVAs. Intragroup consistency was measured by
calculating the Pearson correlation of each subject’s 175 value
ratings with the average ratings of the group with that subject
removed. These correlation coefficients were also compared
between groups using a one-way ANOVA. Follow-up post-hoc
tests were carried out with two-way Bonferroni corrected t-
tests (α = 0.017 for P = 0.05).

Relationship of Artwork Attributes and Value Ratings

We examined the relationship of artwork components, balance
and saliency with the value ratings given by healthy controls and
tested if these relationships were different in frontal lobe dam-
aged subjects. Ordinal generalized estimating equations (GEEs),
as implemented in SAS (version 9.4, SAS Institute Inc.), were
used for these comparisons. GEEs are similar to mixed regression
models, but are less sensitive to assumptions about the underly-
ing correlation structure of the data (Hubbard et al. 2010). Value
ratings at the extremes of the scale (−3 or 3) were not made by
all subjects (N = 7), and were generally less frequent. Thus, to
improve the fit of our GEE model at the ends of the rating scale,
we collapsed these responses with the nearest response (−2 and
2) for all subjects. A model was also tested using subjects’ origi-
nal ratings, yielding the same pattern of results as the model
using collapsed responses described below.

A simple cumulative logit GEE model with 5 predictor attri-
butes (concreteness, energy, color, balance, and saliency) was
first tested in healthy controls alone. Effects of frontal lobe
damage were then assessed through interactions between
group status and these attributes, referenced to the healthy
control group. Significant interactions between attributes and
group status were followed up by assessing differences
between GEE parameter estimates of patient groups using two-
way Bonferroni corrected t-tests (α = 0.017 for P = 0.05).

We also tested the relationship of value ratings with the
original 11 artwork attributes in the instrument (excluding “bal-
ance”). Attribute ratings were converted to z-scores, and GEEs
were used to test these relationships first in the healthy control
group, and then to test for interactions with group status to
compare these estimates with the FC and VMF groups. These
analyses were carried out separately for each attribute, as there
were many strong interattribute correlations, and the threshold
for significance was corrected for multiple comparisons
(Bonferroni correction: α = 0.0045 for P = 0.05).

Individual Coefficients

Coefficients for the relationship between the 5 attributes and
value ratings for 175 artworks from the rating task were
estimated for individual subjects using ordinal regression
analyses. To estimate the intragroup variance in these coeffi-
cients, we calculated the root-squared differences of subjects’
coefficients from the group mean coefficient in each of our 5
model attributes. Effects of group status were tested using a
non-parametric Kruskal–Wallis test, as these data were not
normally distributed. McFadden’s pseudo R2 values for this
model were also estimated for each subject to determine the
variance in value ratings captured by these attributes. These
data were also compared using a non-parametric Kruskal–
Wallis test.

Reliability of Attribute Coefficients

To examine the reliability of attribute coefficients, we com-
pared coefficients for all 5 model attributes estimated for the 50
artworks presented in the test and retest period. Ordinal regres-
sion analyses were used to separately estimate these coeffi-
cients in individual subjects in the test and retest phase. The
absolute difference between coefficients for each phase was
then calculated for each subject. Group comparisons were car-
ried out using non-parametric Kruskal–Wallis tests.
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Voxel-based Lesion Symptom Mapping

The Non-Parametric Mapping (NPM, version 6 June 2013) soft-
ware (freely available at www.mccauslandcenter.sc.edu/mricro/
npm/) was used for voxel-based lesion symptom mapping
(VLSM) analysis. This analysis does not hinge on a priori lesion
group categorization, providing insights into the specific subre-
gions where damage may be critical for a behavioral effect
identified in the region-of-interest analysis described above, as
well as the possibility of identifying effects of damage to areas
not predicted by our hypothesis, such as to subregions within
the FC group (Fellows 2012). Voxel-wise comparisons of the
coefficients for energy and color radiance components were
carried out using non-parametric Brunner–Munzel (BM) tests
(Brunner and Munzel 2000) in all voxels where there were 3 or
more patients with lesion damage.

The power map shown in Figure 4a indicates where there
was sufficient lesion overlap to test for VLSM effects, and is a
guide to the regional power for detecting these effects in the
current sample. Notably, power is uneven across the frontal
lobes, and asymmetric between hemispheres (there was gener-
ally more lesion overlap in the right hemisphere than the left).
Any apparent lateralization of the VLSM results in this study
may be a consequence of this idiosyncratic distribution of
lesion damage.

To control for multiple comparisons, a null distribution of
BM Z-scores was calculated from the same dataset using per-
mutation tests (3000 permutations) (Nichols and Holmes 2002).
This method provides an assumption-free means of controlling
for multiple comparisons that is also more powerful than com-
monly used corrections like the Bonferroni method (Kimberg
et al. 2007). Images of the results of this analysis were created
using the software MRICron. A cluster threshold of k = 50 vox-
els was applied to statistical maps from this analysis for the
images produced here.

Results
Artwork Attribute Ratings

As a validity check for the instrument used here to characterize
the attributes of artworks, we compared the correlation
between the average ratings of our artistically experienced sub-
jects and a similar group in Chatterjee et al. (2010), for the same
24 artworks. Correlations between ratings of these artworks
were high across the 2 studies for all 12 attributes (r’s (23) ≥
0.77, P’s < 0.0001; Fig. 1a), and inter-rater reliability was also
high for most attributes in the current study (Fig. 1b).

We next examined the correlation between these attributes
to assess their independence in the set of 175 artworks that was
the focus here. We found that several attributes were strongly
correlated with each other (e.g., accuracy and realism; Fig. 2a), so
we submitted the attribute ratings to a principal components
analysis (PCA) to reduce data redundancy. As the balance attri-
bute was mostly independent, it was removed from this analysis
(see Methods). Parallel analysis and comparison of component
eigenvalues with simulated data indicated that 3 principal com-
ponents should be retained (see Supplementary Fig. 2). These 3
components captured a cumulative 75% of the variance of the
remaining 11 attributes. The component loadings of these attri-
butes are shown in Figure 2b. The first component loaded on
attributes pertaining to the “concreteness” of the artwork (i.e.,
abstractness, accuracy, and realism). The second loaded on attri-
butes related to the artwork “energy” (i.e., emotion, animacy,
and complexity), while the third loaded on information about

“color radiance” of the artwork (i.e., color saturation and temper-
ature). In addition to these subject rated attributes, we also
included a measure of the objectively defined visual saliency of
these stimuli, as this has also been shown to predict preference-
based choice (Towal et al. 2013; Vaidya and Fellows 2015).

Relationship of Artwork Attributes with Value Ratings

To characterize the subjective value ratings of healthy controls
and lesion-damaged groups, we compared the mean and stan-
dard deviation of value ratings of artworks between groups, as
well as the intragroup reliability of value ratings (see
Supplementary Table 2). There were no group differences in
the mean (F2,57 = 0.76, P = 0.5), or standard deviation (F2,57 =
1.11, P = 0.3), of value ratings between groups. However, there
was a significant effect of group status on intragroup rating
reliability (F2,57 = 6.67, P = 0.003). Post-hoc tests found that the
VMF group had lower intragroup consistency than healthy con-
trols (P < 0.005, Bonferroni corrected t-test), and no other group
differences. While groups did not differ in their use of the value
rating scale, VMF damaged subjects’ preferences were more
variable as a group.

We tested the relationship of 5 model attributes (3 principal
components, balance, and visual saliency) with the subjective
value ratings of healthy control participants from the previously
published study (Vaidya and Fellows 2015). This group gave high-
er value ratings to artworks that were more concrete (OR = 0.69,
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Figure 1. Validation of artistically experienced subjects’ ratings of artwork attri-

butes. (a) Pearson correlation coefficients for relationship between average

attributes ratings of artistically experienced subjects in the current study and

artistically experienced subjects tested by Chatterjee et al. (2010) for the same

set of 24 artworks. (b) Pearson correlations of individual artistically experienced

subjects’ attribute ratings for all 199 artworks with the average attribute ratings

of the rest of this group. Box plots show the 10th, 25th, 50th, 75th, and 90th per-

centiles of data.
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CI: 0.58–0.83, P < 0.0001, i.e., lower odds of giving high ratings to
less concrete art), lower in energy (OR = 0.86, CI: 0.77–0.96, P =
0.01), lower in color radiance (OR = 1.23, CI: 1.14–1.32, P < 0.0001),
less balanced (OR = 1.09, CI: 1.03–1.15, P = 0.004), and more
salient (OR = 1.08, CI: 1.01–1.16, P = 0.02). Thus, the subjective
value ratings of healthy control subjects were systematically
related to distinct attributes of these complex stimuli.

To examine the effects of VMF damage on the consideration
of option attributes, we compared frontal lobe damaged groups
and healthy controls in their weighting of the concreteness,
energy, color radiance, balance, and saliency of these artworks
(Fig. 3). Relative to healthy controls, the VMF group gave signifi-
cantly less weight to the energy (group × energy interaction,
VMF: OR = 1.27, CI: 1.08–1.49, P = 0.004), and color radiance
components (group × color radiance interaction, VMF: OR =
0.88, CI: 0.78–0.98, P = 0.03) in their subjective value ratings, but
did not differ in their weighting of concreteness, balance or
salience (P’s > 0.1). There were no significant differences
between the healthy control and FC group in the relationships
between value ratings and any of these 5 attributes (group × all
attribute interactions, FC: P’s ≥ 0.1). Post-hoc t-tests comparing
FC and VMF groups also revealed that the VMF group gave less
weight to energy (P = 0.02, Bonferroni corrected) and color radi-
ance (P = 0.05, Bonferroni corrected) than this group.

We also took a more granular, exploratory approach to
examine which of the individual attributes rated in the
Assessment of Art Attributes instrument were weighted differ-
ently by the frontal lobe damaged subjects compared to healthy
controls, testing the effects of group status on each attribute
separately (see Supplementary Table 3). We found significant
relationships between controls’ value judgments and several of
these attributes, which aligned with the analysis using princi-
pal components. There were no significant interactions of
group status for the relationships of value ratings with these
original attributes after stringent correction for multiple com-
parisons. However, there were differences at an uncorrected
threshold between the VMF group and healthy controls for the

emotion, complexity, symbolism, realism, and color saturation
attributes. There were no significant differences between the
FC group and healthy controls at either statistical threshold.

Given that the VMF group had less intragroup consistency in
their value ratings, we tested if these subjects were less consis-
tent as a group in using any of these artwork attributes during
their value judgments. We carried out separate ordinal regres-
sion analyses for each subject with all 5 attributes. Odds ratios
for individual subjects for each of these attributes are plotted in
Supplementary Figure 3a–e, showing the variance within each
group for these relationships. Given that VMF damaged subjects
had less internally consistent value ratings as a group, we com-
pared the within-group variance of attribute–value coefficients
to test if there were group differences in the heterogeneity of
these relationships within any particular attribute. This test
revealed no significant effects of group status on this measure
for any of the 5 attributes tested here (between-subjects
Kruskal–Wallis tests, χ2 (2) ≤ 2.93, P ≥ 0.2).

One potential explanation for the reduced weights of art-
work attributes in the VMF group is that the value ratings of
individual VMF damaged subjects are more random and less
coherently linked to the underlying artwork attributes in gen-
eral. We calculated McFadden’s pseudo R2 values for the full
ordinal regression model run on individual subjects to estimate
the variance in each subject’s value ratings explained by these
artwork attributes (see Supplementary Fig. 3f). There was no
significant difference between groups in pseudo R2 values
between groups (between-subjects Kruskal–Wallis test, χ2 (2) =
0.48, P = 0.8). These data argue that VMF damage did not cause
a more generic disruption in utilizing information from artwork
attributes to form value ratings.

Voxel-based Lesion Symptom Mapping

The anatomical specificity of the region-of-interest analysis is
limited by the a priori region definition. We therefore also
applied VLSM to explore the relationship between location of

Figure 2. Relationship of artwork attributes. (a) Correlation matrix showing the strength of relationships between 12 artwork attributes rated by artistically experi-

enced subjects for 175 artworks. Direction of scale is indicated by parentheticals on the vertical axis. (b) Standardized loadings of artwork attributes for 3 principal

components.
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damage and altered attribute–value relationships at a finer ana-
tomical resolution (Bates et al. 2003). VLSM power depends on
the specific patterns of lesion overlap in any given sample.
Figure 4a shows where there was statistical power for testing
lesion effects here. VLSM revealed that damage near the border
of the rostral anterior cingulate cortex and frontal pole in the
right hemisphere (BA 32/10; MNI: 15, 54, 19) was significantly
associated with decreased coefficients for the energy compo-
nent (Z = 3.61, P < 0.01, permutation corrected; Fig. 4b). No voxel
cluster reached the permutation threshold for the color radi-
ance component coefficient, however the pattern of results
above the uncorrected threshold was similar to that of artwork
energy (see Supplementary Fig. 4).

VLSM does not account for demographic or clinical variables
beyond lesion location. Therefore, we tested whether age, edu-
cation or BDI-II scores were correlated with coefficients for the
energy and color radiance components in healthy controls.
None of these factors were significantly related to these coeffi-
cients (see Supplementary Table 4), making it unlikely that
they contribute to the VLSM findings.

Reliability of Value-attribute Relationships

In our previous study, we found that the value ratings of VMF
damaged subjects were consistent over the course of an experi-
mental session (Vaidya and Fellows 2015), in contrast to the
increased intransitivity of choices over option pairs in
preference-based choice observed in prior work (Fellows and
Farah 2007; Camille et al. 2011; Henri-Bhargava et al. 2012). One
possibility for this difference is that the weights given to cer-
tain attributes are noisier for VMF damaged patients, resulting
in inconsistent choices across option pairs, but the effects of
this noise are not evident when attribute information is pooled
together into a single value rating. To test this possibility, we
compared the absolute difference of individual-level coeffi-
cients for 50 artworks that each participant rated twice over the

course of the experiment. There were no effects of group status
on this measure for any of these predictor attributes (Kruskal–
Wallis tests: χ2’s (2) ≤ 4.96, P’s ≥ 0.08; Fig. 5). Thus, the within-
session reliability of attribute weights was similar across
groups.

Visual-perceptual Effects

Given that not all subjects had normal or corrected to normal
vision, and that 3 subjects reported red-green color blindness,
we undertook control analyses to ensure that none of the
effects were due to impaired vision. We tested if there was any
relationship between low visual acuity and the association of
value ratings with each of the 5 model attributes, comparing all
participants divided into normal acuity and lower acuity
groups. There were no significant interactions between vision
group status and any of the 5 predictors (all P’s > 0.7), arguing
against any role for visual acuity in explaining our results. The
single VMF patient reporting color blindness had a relationship
between color radiance and value ratings that was similar to
the VMF group mean (subject OR = 1.08, mean VMF OR = 1.15,
range: 0.72–1.64), indicating that this patient was not driving
the group effect.

Discussion
We found that VMF damage alters how certain option attri-
butes influence value judgments for complex, naturalistic sti-
muli. Compared to healthy and frontal lobe damaged controls,
participants with VMF damage were less influenced by 2 com-
ponents that we have termed energy and color radiance, but
were swayed to the same extent as controls by concreteness,
and more basic perceptual attributes like saliency and balance.
These findings argue that VMF is critically involved in valua-
tion, but only with respect to a subset of the information that
healthy people rely on. That is, some aspects of valuation are
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affected, but others remain intact after VMF damage. These dis-
sociations suggest a need to refine common currency models of
valuation, at least in relation to how these are implemented in
the brain, and provide a starting point for specifying the value
information that requires VMF.

VMF, as defined here, encompasses a broad region, reflect-
ing the inherent limitations in spatial resolution of human
lesion studies. VLSM allows the brain basis of the observed
effects to be tentatively mapped at a finer resolution. This anal-
ysis revealed that underweighting of the energy component
was most closely associated with damage in an area of ventro-
medial prefrontal cortex that has been a major focus in studies
of economic decision-making (Levy and Glimcher 2012), emo-
tional stimulus processing (Roy et al. 2012; Winecoff et al.
2013), and powerful esthetic experiences (Blood and Zatorre
2001; Vessel et al. 2013). The statistical peak observed here was
somewhat more dorsal and anterior than commonly found in
studies of value-based decision-making (Bartra et al. 2013;
Clithero and Rangel 2014), though significant effects were also

found ventrally in the frontal pole. Functional imaging studies
have suggested ventral-to-dorsal, and posterior-to-anterior gra-
dients for value coding within medial PFC, with more abstract
value information (i.e., goals, secondary reinforcers) encoded in
more dorsal and anterior sectors (McNamee et al. 2013;
Sescousse et al. 2013). Our VLSM findings may reflect this dis-
tinction, given the higher-order nature of the artwork energy
component. However, the anatomical specificity of this result
should be interpreted cautiously, given the limitations of
regional power for testing VLSM effects in this sample, and the
potential for spurious localization inherent to this analytic
approach, due to the non-independence of damage across vox-
els (Mah et al. 2014).

The underweighting of the energy component by the VMF
group may stem from deficits in detecting affective content, or
discounting of this information during value judgment, or a
combination of the two. We cannot distinguish between these
possible explanations in the current experiment, as the artwork
attribute ratings were provided by an independent sample of
subjects with artistic experience, not the VMF-damaged sub-
jects themselves. The existing literature provides some support
for either possibility: In a previous study, we found that VMF
damaged subjects differed in how social attributes predicted
value-based choices. In that work, we established that VMF
damage did not alter the ability to rate the attribute (a higher-
order social attribute), but did affect its influence on choice (Xia
et al. 2015). This result argues that VMF damaged subjects may
perceive artwork energy, but discount this information during
value judgments. However, VMF damage can impair the ability
to detect subtle emotion from facial expressions (Heberlein
et al. 2008; Tsuchida and Fellows 2012; Jenkins et al. 2014),
which might relate to a more general difficulty in detecting and
interpreting affective information in visual stimuli (Stone et al.
1998; Adolphs 2002).

We also found that VMF damaged subjects differed in
weighing a component we termed “color radiance.” While
ostensibly perceptual, color preferences strongly relate to the
emotional valence of common environmental associations that
are likely learned (Palmer and Schloss 2010; Taylor et al. 2013).
Thus, the altered weighting of this component by the VMF
group may be a consequence of impaired retrieval of these
emotional associations, though further work will be needed to
test this interpretation.

Figure 4. Voxel-based lesion symptom mapping (VLSM) analysis. (a) Power map

for VLSM analysis shown on 3D views of MNI brain and in representative axial

slices. Color bar indicates maximum detectable Wilcoxon rank-sum Z score for

each voxel included in this analysis. Numbers above the axial slices correspond

to z-coordinates in MNI space. R, Right L, Left. (b) VLSM results showing where

damage was associated with a reduced relationship between energy compo-

nent and value ratings at an uncorrected threshold in three-dimensional sagit-

tal view, and in axial slices. Color scale indicates Brunner–Munzel Z-scores.

Voxels in red indicate where this effect was P < 0.05, and in yellow at P < 0.01,

corrected with permutation tests.
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The preferences of VMF damaged subjects were also more
heterogeneous as a group compared to those of the healthy
and frontal control groups. The source of this heterogeneity as
not clear, however it did not appear to arise from greater vari-
ance in the weights given to the option attributes tested here.
Moreover, the total variance explained by our full model did
not differ between groups, arguing that these predictors cap-
tured roughly equivalent variance in the VMF group as in con-
trol groups. Our main findings are thus not readily explained by
within-group differences in the consistency of relationships
between value ratings and these predictors. However, it is pos-
sible that the within-group variance of these subjects’ prefer-
ences may arise from other aspects of these artworks that were
not well captured in the attributes measured here.

Artwork preferences in artistically naïve subjects are shaped
by familiarity and normative ideas about esthetics (Palmer
et al. 2013), which are reflected in the correlated value judg-
ments of a population (Eysenck 1940). VMF damage affects
retrieval of schema knowledge (Moscovitch and Melo 1997;
Spalding et al. 2015), which may impair option judgment and
generation in realistic decision-making tasks (Peters et al.
2017). Similarly, a deficit in representing normative schema
knowledge about artwork could explain the increased heteroge-
neity of preferences in the VMF group.

These findings indicate that VMF damage affects the under-
lying information considered during value judgment, but not
the ability to form a subjective value judgment per se. We pre-
viously showed, in the same sample, that these value judg-
ments guide choice to the same extent, and show the same
reliability, in VMF damaged subjects and healthy controls
(Vaidya and Fellows 2015). In a separate study of social
decision-making (political choice) we observed a similar pat-
tern: people with VMF damage made use of less information to
guide value-based choice (Xia et al. 2015), consistent with the
claim that these patients draw on an impoverished representa-
tion of option attributes during valuation. In the context of
political choice, subjects with VMF damage were influenced by
attractiveness of the candidates, but not the more complex
(and arguably more pertinent) impression of competence. Here,
the artwork value judgments of VMF damaged subjects
reflected external information like balance, saliency and repre-
sentational concreteness. Valuation of artwork energy likely
depends on higher-order analysis and inference about the
latent information in the stimulus (Leder et al. 2004; Chatterjee
and Vartanian 2014). The judgments of VMF damaged subjects
may have been limited to information that was more easily
accessible, or directly observable. This distinction between
levels of esthetic analysis echoes suggestions that VMF is
involved in inferring latent task variables, or forming concep-
tual representations for guiding attentional selection (Wilson
et al. 2014; Mack et al. 2017). Our findings suggest that VMF
may similarly contribute to subjective preferences by providing
value information based on complex, higher level attributes.

The dissociable effects of VMF damage on attribute weights
suggest that value judgment may be dissected into component
processes. Lesion studies have played an important role in
demonstrating that concepts or percepts that are experienced
as a unified whole in subjects with healthy brains (e.g., vision),
may dramatically break down with focal damage. These phe-
nomena are now understood as originating from dissociable
processes (e.g., object and spatial vision), reliant on different
neural substrates (e.g., ventral and dorsal visual streams)
(Mishkin et al. 1983; Goodale and Milner 1992). We argue that
subjective value might similarly be decomposed into

component valuation processes, with the values of different
types of information processed in distinct brain areas. Our cur-
rent results point to potential divisions between perceptual fea-
tures and more complex latent affective information, although
more work is needed to better specify the relevant categories of
value information that might be represented in distinct brain
circuits. Imaging work has shown that dissociable value ratings
for visual and semantic attributes of a stimulus correlate with
areas involved in processing this information (fusiform and
posterior superior temporal gyri, respectively) (Lim et al. 2013),
arguing that value information for different attributes may be
tagged on representations in multiple brain areas. Subjective
value judgment may arise from a parallel, competitive process
involving multiple brain areas, including VMF, rather than a
serial process where information is integrated into a common
code for comparison (Cisek 2012; Hunt and Hayden 2017).
Further study will be needed to test the extent to which latent
and directly experienced attributes are used during value judg-
ment in other domains (e.g., foods, social stimuli), and the
extent to which value information for these components is
regionally dissociable.

Functional imaging work has suggested that vmPFC inte-
grates the subjective value of options across multiple attributes
(Philiastides et al. 2010; Kahnt et al. 2011; Lim et al. 2013). In the
current study, the value ratings of VMF damaged subjects, both
as individuals and as a group, were stably related to multiple
attributes over the course of the testing session, indicating an
ability to utilize different information sources during value
judgment. Other work from our lab has found that these sub-
jects are affected by the incidental values of irrelevant stimulus
dimensions during reinforcement learning to the same extent
as healthy controls (Vaidya and Fellows 2016), also arguing that
VMF damaged subjects are utilizing value associations in multi-
ple dimensions. However, both these analyses average data
over several trials and cannot determine whether these sub-
jects are necessarily integrating information across dimensions
in individual value judgments. Notably, we have also found
that VMF damage affects how these subjects explore option
attributes within a trial, suggesting that the process of integrat-
ing value information may be affected by VMF damage in more
subtle ways (Fellows 2006).

Previous studies of esthetic preferences have found that
judgments of visual artwork are shaped by several attributes.
This work has shown that preferences are affected by the
visual properties of the artwork, representational depiction
(i.e., abstract or concrete), content and semantic meaning
(Kettlewell et al. 1990; Vessel and Rubin 2010; Lim et al. 2013;
see review by Palmer et al. 2013). The subjective value of an art-
work therefore depends on attributes that vary in complexity,
from visual features to higher-order information embedded in
the content and meaning of the art. Consistent with these stud-
ies, we found that the preferences of control subjects were cor-
related with definable component attributes. Brain lesions and
neurodegenerative disease in visual artists can also affect dis-
tinct visual and conceptual attributes during artistic expres-
sion, indicating links between artwork components and
functionally related neural systems (reviewed in Chatterjee
2004; Zaidel 2005). These stimuli are thus a rich source of infor-
mation for subjective value judgment, with features that may
map to separate neural substrates.

It is notable that despite drawing on systematically different
information, subjects with VMF damage made value judgments
nonetheless, and did not express any difficulty in doing so,
pointing to the inherent flexibility of valuation. In addition to
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underlining the need to better define valuation processes in
decision neuroscience, these observations raise questions for
normative ethical and legal frameworks for judging decision-
making capacity in people with neurological and psychiatric
disorders (Grisso and Applebaum 1998). To be legitimate, must
a value judgment include considerations of emotional mean-
ing, if people without brain injury typically rely on such infor-
mation? Fundamental work on the mechanisms of valuation
could provide new models and measurement tools to better
characterize, and perhaps remediate, decisional disability in
people suffering from brain disorders.

The idiosyncrasy of subjective value makes this concept
appealing in explaining variability in motivated behavior, but its
subjectivity also poses both experimental and practical chal-
lenges. Contrary to the old adage, here we show that there is
“accounting for taste,” and that defining what elements go into
subjective value construction is crucial for understanding the
brain mechanisms of decision-making. Our findings provide a
window into the mechanisms of value construction, and demon-
strate that components of subjective value are dependent on dis-
tinct neural substrates. A more complete understanding of how
values are formed will require further dissection of the construct
of subjective value, with a fuller investigation of the brain bases
that underlie valuation of options attributes, and how this infor-
mation is eventually combined and utilized in a decision. The
current study is a step in this direction, pointing to the complex
representational machinery under the hood of subjective value.

Supplementary Material
Supplementary data are available at Cerebral Cortex online.
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